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Abstract

Introduction: Cardiac conduction system (CCS) dysfunction contributes significantly to morbidity
and mortality associated with various pathologies, including heart failure. Evidence suggests that
remodelling of CCS gene expression, particularly inion channels regulating its function, are a leading
cause of CCS dysfunction. Despite the emergence of these promising therapeutic targets, few
methods are available to target the CCS for genetic modulation. Viral vectors offer a powerful
method for gene delivery, and AAV9 has been shown to target the working myocardium efficiently.
We aimed to utilise the cardiotropic AAV9 vector to modulate gene expression in the CCS from a
single systemic intravenous dose, and spatially restrict transgene expression via tissue specific
promoters. Doing so would provide a means of validating therapeutic targets of CCS disease, and
offer a targeted means of correcting function.

Methods: Firstly, tissue specific promoter candidates for use in a CCS specific gene therapy vector
were characterised. Two genes where expression is restricted to the CCS in the adult mouse heart
were selected; HCN4, a key pacemaking ion channel responsible for s, and KCNE1, which in
combination with KVLQT1 regulates /ks. We also selected the cardiac specific cTnT promoter and
the ubiquitous CMV promoter as a positive control. Promoters were cloned upstream of GFP to
provide quantitative information on their transcriptional activity. All promoters were first tested in
vitro in a sinoatrial node-like ESC derived cell line (Shox2) to assess transcriptional strength, and in
off-target cells including HEK293, HIH-3T3 to assess tissue specificity. To enhance transcriptional
strength, the 380 bp CMV enhancer was appended upstream of each promoter. After in vitro
validation, the most promising promoter constructs were packaged in AAV9 for in vivo testing.
Results: All CCS tissue specific promoter candidates showed relatively high activity in Shox2 cells,
and low activity in all off target cells. The CMV enhancer increased transcriptional strength modestly
in Shox2 cells, with only the CMVe 0.8 kb KCNE1 construct reaching significance. Some evidence of
promiscuous activity in HEK293 and NIH-3T3 cells was also noted with CMVe. AAV9-CMV induced
high level transgene expression in all tissues examined in vivo, particularly the heart and liver. The
SAN was effectively targeted by AAV9, with a transduction efficiency of 65% using AAV9-CMV. CCS
specific promoter candidates conferred no detectable transgene expression in any tissues
examined. AAV9-cTnT was highly active in the cardiac ventricles and atria, and achieved a

transduction efficiency of 7.23% in the SAN.

Conclusions: A single systemic intravenous injection of AAV9 is an effective means of targeting the
SAN in vivo. Further work is required to elucidate the mechanisms surrounding fine patterning of

gene expression in the CCS towards development of potent tissue specific promoter constructs.

7



Declaration

| declare that that no portion of the work referred to in the thesis has been submitted in support of
an application for another degree or qualification of this or any other university or other institute

of learning.



Copyright statement

The author of this thesis (including any appendices and/or schedules to this thesis) owns certain
copyright or related rights in it (the “Copyright”) and s/he has given the University of Manchester

certain rights to use such Copyright, including for administrative purposes.

Copies of this thesis, either in full or in extracts and whether in hard or electronic copy, may be
made only in accordance with the Copyright, Designs and Patents Act 1988 (as amended) and
regulations issued under it or, where appropriate, in accordance with licensing agreements which

the University has from time to time. This page must form part of any such copies made.

The ownership of certain Copyright, patents, designs, trademarks and other intellectual property
(the “Intellectual Property”) and any reproductions of copyright works in the thesis, for example
graphs and tables (“Reproductions”), which may be described in this thesis, may not be owned by
the author and may be owned by third parties. Such Intellectual Property and Reproductions cannot
and must not be made available for use without the prior written permission of the owner(s) of the

relevant Intellectual Property and/or Reproductions.

Further information on the conditions under which disclosure, publication and commercialisation
of this thesis, the Copyright and any Intellectual Property and/or Reproductions described in it may
take place is available in the University IP Policy (see
http://documents.manchester.ac.uk/Doculnfo.aspx?DoclD=2442 0), in any relevant Thesis
restriction declarations deposited in the University Library, the University Library’s regulations (see
http://www.library.manchester.ac.uk/about/regulations/) and in the University’s policy on

Presentation of Theses.



Acknowledgements

The work covered by this thesis encompasses many challenges faced, including the Covid-19
pandemic, laboratory electrical fires and supervisory restructuring. During the navigation of these
turbulent times however, | have gained the type of knowledge, skills and fortitude that can only be

derived through perseverance. For these opportunities | am extremely grateful.

None of this would have been possible without the help and guidance of many people. Firstly, |
would like to thank my supervisory team, particularly Dr. Delvac Oceandy and Professor Mark
Boyett and Dr. Halina Dobrzynski for their guidance and support. | am fortunate to have had
excellent mentors to guide my scientific pursuits. Thanks also to the members of the Oceandy and
Boyett labs for their technical support throughout. Particular thanks is also due to Dr. Alicia D’Souza
for providing valuable scientific support and expertise. Thanks also to Maria Petkova for her help

and support which was invaluable during the Covid-19 pandemic and otherwise.

| have also come to appreciate the value of collaboration, and the importance of seeking out help
and expertise when needed. To this end, | am indebted to collaborators in Trieste, Italy for their key
role in making this project possible and for their hospitality during my visit to Trieste. Thanks in
particular to Lorena Zentilin, Marina Dapas, Michaela Zotti and Professor Mauro Giacca for

accepting the invitation to collaborate, and providing important expertise and resources.

| would also like to extend profound gratitude towards my family for their ongoing support and
encouragement, which was particularly valuable in the latter stages where working a full time job
and preparing the thesis was particularly challenging. Extending from this, it is thanks to their
unwavering support and gentle guidance that | am where | am today. | would like to dedicate this
thesis to my mother Isobel Stuart, father Charles Stuart, and brother Dr. Charles Stuart Jr. Particular

thanks to Charles Jr. for always providing a high benchmark to reach for!

10



1.0 Chapter 1: General introduction

1.1 Introduction to the cardiac conduction system

The cardiac conduction system (CCS) comprises the sinoatrial node (SAN), atrioventricular node
(AVN) and the His-Purkinje network. These tissues comprise specialized cells involved in either
generation or propagation of action potentials, and their molecular and structural architecture is
directly related to their precise function?. Synchronous function of these tissues is required for
efficient heart function. Dysfunction of the CCS is a significant cause of morbidity and mortality in

cardiovascular disease including heart failure (HF)>!, hypertension® and diabetes®.

1.1.1 Structure of the sinoatrial node (SAN)

The SAN was first identified and described by Keith and Flack in 1907°. The SAN is located at the
junction of the superior vena cava within the right atrium® (figure 1.1). In humans, the SAN is more
extensive than initially thought, and comprises also a transitional paranodal region’. This region,
situated inferiorly to the main SAN structure, is comprised of intermediate tissue with both atrial
and SAN characteristics’ (figure 1.1). Pacemaking from inferior regions of the SAN is known to be
slower, and thus shift of the leading pacemaker site to the inferior paranodal region could be a

mechanism underlying bradycardia in sinus node dysfunction (SND)®° (see figure 1.2 for structure).

The cellular makeup of the SAN heterogeneous, and characteristics vary depending on the
anatomical location within the node. In the centre, typical nodal cells are found, thought to be
primarily responsible for pacemaker activity, with distinctive characteristics including a spindle
shape, small size, few poorly organised myofilaments and low mitochondrial density*!. Moving out
from the centre of the node towards surrounding atrial muscle, cellular characteristics gradually
change towards a more atrial myocyte-like appearance!. Compared to the central nodal myocytes,
peripheral nodal myocytes have a more organised myofilament network, contain more
mitochondria and are larger'*™23, These peripheral transitional cells act to conduct the pacemaker

action potential to surrounding atrial muscle?4,
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Figure 1.1: Gross anatomy of the human CCS, visualized by microCT scanning. Conduction
tissues are superimposed within the working myocardium. Primary structures include
the sinoatrial node (SAN) (green) located at the junction of the RA and SVC,
atrioventricular node (AVN) (turquoise), left and right Purkinje fibres (blue and dark
green respectively). From Stephenson et al., 2013%7 RA- right atrium; LA- left atrium; RV-

right ventricle; LV- left ventricle.
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Crista terminalis

|

Figure 1.2: computer generated 3D map determined by immunohistochemical and histological data
showing structure and location of the SAN within the human heart. Red represents the SAN with
white circle denoting the leading pacemaker site, yellow depicts a transitional region known as the
paranodal tissue. Ao= aorta; IVC= inferior vena cava; PA= pulmonary artery; PV= pulmonary vein;

RA=right atrium; RV=right ventricle; SVC= superior vena cava. From Chandler et al., (2011) .

1.1.2 Function of the SAN- pacemaking mechanisms and regulation

The SAN is the pacemaker of the heart, and spontaneously generates action potentials. A key
characteristic of SAN electrical activity is the lack of a steady state resting potential due to the
absence of K;i:2.1 channels and their corresponding ionic current /1. In the working myocardium,
depolarisation occurs when an action potential is conducted from one cell to the next via connexin
containing gap junctions®®. In the SAN, action potentials are spontaneously generated. A key aspect
of SAN automaticity is the diastolic depolarisation phase (figure 3). A gradual depolarisation derived
from multiple ionic currents is initiated until threshold potential (approximately -40 to -30mV) is
reached, at which point the next action potential is triggered?’. A key mediator of the diastolic
depolarisation is I, or the ‘funny current’ brought about by hyperpolarisation activated cyclic
nucleotide gated channels (HCN), among which the key player is the HCN4 isoform*®. HCN channels
possess a high conductance for Na*and K* but are also somewhat permeable to Ca***°. I; is initiated

at hyperpolarised potentials, usually below -40/-45mV, which are achieved at the end of an action

13



potential?®. The resultant inward mixed K* and Na* current contributes to depolarisation necessary

to achieve threshold potential.

HCN channels possess a cAMP binding domain in the C-terminal region, and modulation of /s by
cAMP represents an important mechanism through which the heart responds to autonomic input;
a key aspect of the chonotropic response to emotion and exercise?!. For example, sympathetic
stimulation would elevate cAMP levels and thus heart rate, whereas vagal stimulation would
decrease cAMP and heart rate?2. This is achieved via a shift in the activation kinetics of /s towards a
more depolarised potential, increasing the number of open HCN channels and thus increasing the
rate of diastolic depolarisation and shortening time between successive spontaneous action

potentials?.

Although undoubtedly a key player, Is is not the only mechanism of involved in pacemaker activity.
To this end, pharmacological blockade of /s using ivabradine causes only a modest decrease in
pacemaker firing rate®*, and genetic knockout of Ifdoes not abolish spontaneous pacemaker action
potential firing, albeit animals suffer arrhythmia and sinus bradycardia®-%¢. Notably however, HCN4

27,28 ‘and gain of

loss of function mutations in humans have been linked to familial sinus bradycardia
function mutations increasing cAMP sensitivity have been linked to familial inappropriate sinus
tachycardia®. As well as induction of I, a net increase in other inward ionic currents including L and
T type calcium currents (lca., Ica7)®® and the calcium dependent sodium-calcium exchange current
(Inex)Y, as well as a net reduction in outward currents including the rapid and slow delayed rectifier
potassium currents (I, and ks respectively)®>33 contributes to depolarisation towards threshold
potential (figure 1.3). The combined activity of these plasmalemmal voltage sensitive ion channels

and their corresponding currents comprise the membrane clock mechanism of pacemaking (figure

1.3).

Another key aspect of SAN pacemaking and automaticity referred to as the calcium clock
mechanism, identifies localised ryanodine receptor type 2 (RYR2) mediated sarcolemmal calcium
transients as key mediators of diastolic depolarisation®. Calcium release through inositol
triphosphate receptors (IP3Rs) is also involved in modulating RYR2 activity, via regulating local Ca*
concentration®. Released Ca?* activates the sodium-calcium exchanger NCX13%%, NCX1 which
extrudes 1 Ca?* and internalises 3 Na* ions per cycle, generating an net depolarising current which
brings about membrane depolarisation®!. Although much controversy exists over which of these
pacemaking mechanisms is dominant, the accepted view is that of a ‘coupled clock’ mechanism,
where the calcium and membrane clocks act synergistically to regulate pacemaker activity®” (figure

1.3). A multitude of complex crosstalk mechanisms are thought to exist- for example, membrane

14



clock L-type calcium channels determine the intracellular Ca** concentration, and thus influence
localised calcium induced calcium release from RYR2s*’. Refinements to this paradigm include a
role for calcium calmodulin kinase Il (CaMKIl) in modulating L-type calcium channel activity*®.
Furthermore, cardiac knockout of /s causes altered calcium handling and aberrant calcium release
from the sarcoplasmic reticulum (SR) in SAN cells, suggesting a mechanistic link between these two
signalling units?. Ablation of Cav3.1 and Cav1.3 also perturbs late diastolic intracellular calcium
release, suggesting that Cav1.3 and Cav3.1 support the correct function of calcium clock signalling

pathways®.

15
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Figure 1.3: Mechanisms of membrane clock and calcium clock in pacemaking, and interactions.
Activation of outward plasmalemmal cation currents (such as HCN/ funny channels, /e, Ica1) and
reduction of outward cation currents (e.g. k,, lks) results in depolarisation to threshold potential
and action potential generation (see figure 3 for temporal activation timing during AP generation).
Local Ca2+ releases occur spontaneously in SAN cells under basal conditions in the form of calcium
sparks from RYR2s in the SR. SR Ca®* flux increases during diastolic depolarization, peaking when
RYRs are activated by cytosolic Ca?* derived from influx through L-type Ca?* channels. This
interaction is known as calcium induced calcium release. Released Ca** activates the sodium-
calcium exchanger NCX1, which generates a net intracellular charge of +2 per cycle that contributes
to depolarisation3'3¢, The figure represents baseline physiological conditions. Here, constitutively
active Ca?*-activated adenylate cyclases create high intracellular cAMP levels. As well as directly
activating HCN channels, cAMP activates protein kinase A (PKA), which subsequently
phosphorylates multiple membrane (lcay, Ik, Ics) and Ca?* clock (RyR, PKA) components, leading to
increased intracellular calcium concentration. Elevated calcium provides a substrate for further
activation of adenylate cyclases in a positive feedback loop. PKA also phosphorylates
phospholamban, relieving it’s inhibition upon SERCA, exerting dynamic control over SR Ca?* cycling.

(Figure created using BioRender).
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The SAN action potential has distinctive characteristics from that of the working myocardium,
including a slower upstroke and longer duration®®*!, Differences in ion channels responsible for
each action potential phase explain these varying characteristics- for example, slow L type calcium
channels, which also generate a smaller amplitude, are primarily responsible for the upstroke in the

SAN as opposed to the working myocardium which utilises fast sodium channels ° (figure 1.4).

Sinoatrial node

action potential
Pacemaker potential

20 |, decay

<
o
0 o
b @
J\
R
20 £ 2
> B |2
40 @ g
© @
- J N UL Y R RY . SO
60 A4 Threshold potential
£
2
80 [ Resting potential 100 ms
| e |

/

Atrial muscle
action potential

Figure 1.4: Comparison of SAN pacemaker action potential characteristics, including contribution
of ions channels, with those of atrial muscle. Upstroke is rapid in atrial muscle due to the action of
Na* channels, contrasting with the slow activation kinetics of L-type calcium channels in the SAN.
Action potential duration is longer in the SAN and of smaller amplitude compared to atrial muscle.
Whereas the atrial muscle returns to a stable resting potential (approximately -80 mV) after
repolarisation, diastolic depolarization is initiated in the SAN, generating the pacemaker potential.

Decay of the outward Ix current, as well as induction of inward currents I, la o (sodium-calcium
exchange current), and L- and T-type calcium currents (I, and I, respectively) bring about

depolarisation up to threshold potential, at which point the next action potential is generated.

From Monfredi et al. (2010).
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1.1.3 Structure and function of the atrioventricular node

The atrioventricular node (AVN), located at the base of the atrial septum (figure 1.1), is a key
component of the atrioventricular conduction axis, through which action potentials generated in
the SAN are propagated to the ventricles. Conduction velocity is important at the AVN- action
potential propagation is delayed in order to allow ventricular filling following atrial systole. The
conduction delay and extended refractory period also protect the ventricles from
tachyarrhythmias®2. The AVN can act as a subsidiary pacemaker in the event that the SAN is
dysfunctional, although pacing is slower and less robust than that of the SAN is thus suppressed
under physiological conditions*’. Two conduction pathways have been characterised via the AVN;
the anterior ‘fast’ pathway and the posterior ‘slow’ pathway. The fast pathway travels in the
anterior portion of the triangle of Koch adjacent to the compact AVN, whereas the slow pathway
extends in the direction of the coronary sinus along the boundary demarcating the tricuspid valve®.
This ‘dual pathway’ electrophysiology is thought to be an important determinant of conduction
delay at the AVN, and is implicated in AV nodal re-entry***. It is the physical separation of these
two pathways (estimated at 15 mm) that facilitates safe ablation of the slow pathway for treatment

of AV nodal re-entrant tachycardia with minimal risk of inducing heart block*3.

As with the SAN, the AVN is comprised of a heterogeneous cell population. Nodal myocytes are
found towards the centre of the compact node, along with atrio-nodal and nodo-His cells, in the
atrial transitional zone and the pre-His bundle respectively*®. Nodal myocytes are capable of
diastolic depolarisation, albeit less robust than that of the SAN, with evidence for the contribution
of both membrane and calcium clock mechanisms*#’. As with the SAN, ion channel expression can
explain variations in electrophysiological characteristics of the AVN; for example, action potential
upstroke (depolarisation) is more rapid in transitional atrio-nodal and nodo-His myocytes of the

AVN compared to nodal myocytes, as a greater proportion of these cells express depolarising Ina*.

Slow conduction through the AVN may be partially explained by the expression connexins which
form gap junctions. The intermediate conductance isoform connexin 43, the abundant isoform
expressed in ventricular myocardium, is poorly expressed in the AVN where the small conductance
connexin 45 is predominant®®4%%°, Furthermore, connexins are poorly expressed and gap junctions
relatively sparse and are smaller in the AVN compared to working myocardium®.. In addition, low
expression of Na,1.5 channels and corresponding In, gives rise to slow action potential upstroke
velocity which relies on slow inward Ca?*, and thus slow conduction®2. AVN myocytes are also small
in diameter, and physically separated by interspersed connective tissue, further slowing and

limiting impulse conduction velocity®. These factors contribute to the conduction decrement that
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protects rapidly generated supraventricular impulses reaching the ventricles and causing
ventricular tachycardia. It is also noteworthy that the fast conduction pathway has a longer
refractory period as compared with the slow pathway, again limiting the number of impulses that

can be conducted to the ventricles*.

1.1.4 Structure and function of the His-Purkinje system

The His-Purkinje network is responsible for propagating the action potential to the ventricles,
promoting a highly ordered excitation and thus enabling efficient pump function. The bundle of His
extends from the AV conduction axis, and is distinguished histologically by its insulation from the
surrounding myocardium by a fibrous sheath. This singular bundle branches asymmetrically at the
top of the ventricular septum to form the left and right bundle branches which progressively branch
further downstream, eventually terminating at the Purkinje fibres. The bundle branches are
electrically insulated from the myocardium in order to prevent abnormal activation of the
ventricles, whereas at the Purkinje fibres, insulation is lost at specific sites in order to allow
ventricular activation®**4. Conduction velocity via the Purkinje fibres is much more rapid than that
through the working myocardium, occurring at rates of 2-3m/s and 0.2-0.4m/s respectively®.
Abundant expression of high conductance connexin isoforms 43 and 40, as well as the specialised
architecture of Purkinje cells within free running fibres is thought to facilitate high conduction
velocity®®>’. In addition, the characteristics of the Purkinje fibre action potential facilitate rapid
conduction; a steep, rapid upstroke velocity, high amplitude, rapid repolarisation and longer
duration compared to that of ventricular muscle has been noted>®%°. These characteristics are
related to ion channel expression, as described by Atkinson et al. (2011)%. Depolarisation during
the action potential upstroke is primarily mediated by the inward Na* current, Iv®. Nav1.5 and
Nav1.1 channels are highly expressed in the rabbit Purkinje fibres, concurrent with high Iy, density,
providing a robust depolarising current and facilitating the fast action potential upstroke®. Robust
expression of the fast recovering K* ion channel Kv.4.3, contributing to the transient outward

potassium current Iy is thought to be responsible for rapid phase 1 repolarisation?®962,

1.2 Disorders of the cardiac conduction system- clinical implications

CCS dysfunction, which may be attributable to congenital or acquired factors, results in
arrhythmias. Acquired CCS dysfunction is a hallmark of heart failure (HF) for example, where

dysfunction of the entire CCS has been noted***® From a congenital or inherited viewpoint,
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mutations in the HCN4 gene cause familial sinus bradycardia, and pathogenic variants in various ion
channel genes including SCN5A, HCN4 and KCNE3 have been linked to Brugada syndrome,

characterized by ventricular fibrillation and high risk of sudden cardiac death?”:%3,

1.2.1 SAN- sinus node dysfunction

Sick sinus syndrome, also known as sinus node dysfunction (SND), is characterised by abnormal
action potential generation and propagation by the SAN, which ultimately compromises the ability
of the heart to meet physiological demands. Arrhythmias including sinus bradycardia, sinus pauses
or arrest, atrial tachyarrhythmias among others are associated with SND*”*8, SND accounts up to
half of all electronic pacemaker implantations in the United States and Europe®. Ageing is a primary
risk factor for SND, with a median age of 74 reported in patients aged over 21 years®*°!, Studies
using Holter monitoring in end stage HF patients revealed that between 28 and 62% were
bradycardic at the point of death, suggesting SND as a contributing factor®?°. Endurance athletes
also exhibit sinus bradycardia and dysfunction®. Although initially a physiological adaptation to the
high workload placed on the heart during training, professional endurance athletes suffer increased
susceptibility to arrhythmias and SND with ageing, with a pacemaker implantation frequency
greater than in the general population®. More than half of all patients with SND also develop atrial
tachycardia, often atrial fibrillation (AF), giving rise to tachy-brady syndrome. The interactions
between tachycardia and bradycardia are bi-directional, where AF induces SAN electrophysiological
remodeling leading to dysfunction®. Widespread remodeling of key pacemaking ion channels in the
SAN, including HCN2 and HCN4, concurrent with SND has been documented in response to AF in
animal models®®®’ Tachy-brady syndrome is associated with greater risk of embolic stroke and AV

block, which manifests in up to 50% of SND patients®®.

1.2.3 Atrioventricular node- heart block

Dysfunction of the AVN commonly manifests as heart block, of which there are 3 types with varying
severity: 1% degree block involves a slowing of impulse conduction from atria to ventricles. 1%
degree heart block is common in HF, presenting in between 10 and 50% of cases®"%. Clinically, 1%
degree heart block is associated with poor prognosis in HF patients, and intermittent high degree
block in patients suffering from advanced stage HF is associated with a higher risk of sudden cardiac
death (SCD)>®%%, 2" degree block involves a more severe slowing of AV conduction, and occasional
failure of atrial to ventricular impulse propagation. 2" degree block can be further divided into
Mobitz type 1 (Wenckebach phenomenon) and Mobitz type 2. Wenckebach, a generally benign and

reversible phenomenon, is characterised by a gradual prolongation of the PR interval, resulting in
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non-conducted P waves. Conduction block is usually situated at the AVN. This may be caused by
reversible ischemia, myocarditis, or medications that result in slowed conduction through the AVN,
e.g. beta blockers’?. Mobitz type 2 is characterised by erratic non-conducted P waves. Unlike
Wenckebach, the conduction block is situated below the level of the AVN at the His bundle or
bundle branches’. Block is often caused by structural damage for example resulting from
myocardial infarction. In 3™ degree or complete heart block, there is a complete absence of AV
conduction, resulting in uncoordinated and inefficient pump function and uncoupling of P and QRS
complexes on ECG3. 3™ degree heart block is an independent risk factor for increased mortality risk
in patients with acute myocardial infarction (MI)7*. AV block is also associated with Lyme carditis, a
systemic complication of Lyme disease, where cardiac inflammation and fibrosis occurs as a result
of microbial invasion’. In these cases, severity of AV conduction block progresses quickly, resulting
in aberrant and slowed ventricular rhythm and potential development of critical arrhythmias
including ventricular fibrillation. Although potentially fatal in the acute setting, the condition is

usually reversible with intravenous antibiotics, and permanent pacing is not usually indicated.

1.2.4 His-Purkinje system- prolonged QRS and left bundle branch block

Approximately 26% of HF patients present with left bundle branch block (LBBB), characterised by a
prolonged QRS duration >120ms’®. SCD underlies approximately 40% of HF related deaths, and
evidence suggests a primary mediator of SCD is ventricular fibrillation arising from the His-Purkinje
network®®’”78, QRS prolongation is associated with poor prognosis, in terms of generalised
mortality and risk of SCD, in HF”*8 and non ischemic cardiomyopathy®. As well as contributing to
SCD via fatal arrhythmia, dysfunction of the His-Purkinje network also mechanistically contributes
to death via pump failure®. Purkinje dysfunction causes dys-synchronous activation of the
ventricles, a common hallmark of LBBB, and reduced left ventricular ejection fraction®. To this end,
a positive correlation between interventricular conduction delay, a hallmark of dys-synchrony, and

mortality has been demonstrated®.

1.3 Mechanistic insights into CCS dysfunction in animal models

1.3.1 Sinus node dysfunction

The primary pathophysiological mechanisms underlying SND are debated and likely context
specific. Degenerative fibrosis of the SAN is thought by some to be a key contributor, and has been

documented in the SAN®8 3s well as the working myocardium with age®. Fibrosis may be
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associated with SAN cell death, causing a shift in the leading pacemaker site to peripheral nodal
myocytes. Peripheral myocytes show a differing ion channel expression profile, including lower
HCN4 levels, which results in slower action potential generation and thus bradycardia®. However,
conflicting evidence exists, such as a lack of evidence for either fibrosis or SAN cell remodelling with
ageing, SND in the absence of fibrosis and stark fibrosis in the absence of SND¥92%2, Elevated SAN
fibrosis induced by Calsequestrin 2 (CASQ2) knockout disrupted electrical coupling between SAN
myocytes and caused slowed impulse propagation and sinus pauses, providing a potential

mechanism explaining how CASQ2 mutation predisposes to SND%,

1.3.1.1 Ion channel remodelling in health

lon channel remodelling linked to altered CCS function has been documented during the
physiological processes of ageing, athletic training and pregnancy. In the ageing rat, decreased
action potential upstroke velocity was observed in the SAN periphery, most likely due to a decrease
in Na,1.5 and corresponding In.>*. To this end, mutations in the SCN5A gene which encodes Na,1.5
are known to cause familial SND%. Recently, it was also demonstrated that age related remodelling
of Cavl.2 and Cavl.3 contributed to decreased instrinsic pacemaker rate and SND%. Ageing rats
also exhibited widespread changes in calcium clock associated genes including decreased RYR2, and

ion channels including Nav1.5, Cav1.2 and HCN1%.

Veteran athletes exhibit elevated rates of CCS dysfunction, exemplified by higher rates of
pacemaker implantation®1%, Sinus bradycardia similar to that in observed in human athletes was
induced in mice via swim-training, where SND was caused by decreased expression of HCN4 at
transcript and protein levels in the SAN, concurrent with reduced /s density’®l. Importantly, a
causative role was also established for /s remodelling in training induced bradycardia observed in
human athletes. Bradycardia persisted in the presence of complete autonomic blockade, ruling out
a significant mechanistic role for varying autonomic tone, and athletes showed a blunted response
to the /s blocking drug ivabradine, suggesting lower expression of the HCN4 channel upon which it

acts'?,

Heart rate is typically elevated during pregnancy as a physiological adaptation to raise cardiac
output!®, Elevated levels of HCN2 in the SAN of pregnant mice was found to contribute to
accelerated heart rate via upregulation of /s density, again highlighting the importance of HCN

channel expression in modulation of heart rate!®,
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1.3.1.2 Ion channel remodelling in disease

A vast body of literature supports a role for dysregulated ion channel expression as a primary
mechanism of SND associated with comorbidities such as AF®® and HF'®, For example, HF induced
by myocardial infarction in rats caused decreased intrinsic heart rate concurrent with widespread
changes in ion channel expression in the SAN®, Increased expression of K* subunits ERG (mediating
lkr), KvLQT1 (mediating lxs), Kir2.4, TASK1, TWIK1, and TWIK2, increased HCN2 and HCN4, and
increased Cavl.2 and Cav3.1 were observed'®. Increased Ik, and /s could slow pacemaking via
opposing diastolic depolarization and thus depressing automaticity. Particularly intriguing in this
model was increased expression of HCN4, which would usually be associated with an increase in
pacemaker activity and intrinsic heart rate. This could be explained as an adaptive response to
increased K* channel expression, as transcription factors (TFs) regulating it’s expression were also
elevated®. In the HF mouse, downregulated SAN HCN4, HCN1 and HCN2 and corresponding /s was
a key mechanism of SND via depressed SAN automaticity'®”. Interestingly, no changes in calcium
clock associated transcripts were observed, and rescuing HCN4 expression improved SAN and heart
function, and survival'®, These evidence point towards /s reduction as the dominant mechanism in

SAN dysfunction in this model, although some fibrosis was also noted?’

Mutations in the HCN4 gene often underlie familial sinus bradycardia, providing further evidence
of dysfunctional ion channel expression or activity as a mechanism of SND?%, SND associated with
certain HCN4 mutations has also been linked to AF and early onset of symptoms!®. Furthermore,
in a rabbit model of HF utilising combined pressure and volume overload, depressed intrinsic
pacemaker activity was observed!!!. Later studies utilising the same model reported a 40%
reduction in density of /sin SAN pacemaker cells concurrent with this phenotype. Downregulation

of the HCN4 gene was also reported in unison with decreased /s density in a canine HF mode|*%>112,

Diabetes is also associated with increased risk of arrhythmia, particularly AF, associated with
structural and molecular remodelling of heart (reviewed by Grisanti, 2018%). Remodelling of the
SAN has also been demonstrated in diabetic animal models. In a streptozotocin (STZ) induced
diabetic rat model, SAN conduction time was slowed, with elevated low conductance connexin 45
mMRNA expression whilst no connexin remodelling was observed the atria and ventricles!>, In the
same model, decreased connexin 45 protein levels in the SAN were seen!'®. It is possible that
aberrant post transcriptional modifications underlie these seemingly disparate results, perhaps
involving microRNAs (miRs), elevated expression of which would cause decreased protein levels.

Elevated connexin 45 mRNA was also observed in the SAN of rats in heart failure'®®. Connexin
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expression naturally varies throughout the SAN due to varying electrophysiological demands. Low
conductance connexin isoforms 45 and 30.2 are highly expressed in the central region, with low
expression of connexin 43. In peripheral regions, connexin 43 is robustly expressed in order to allow
efficient driving of the atrial muscle that surrounds the node'*®. To this end, it would be interesting
to evaluate if connexin distribution is altered across different regions of the SAN in response to
disease. Altered expression of key pacemaking ion channels including membrane clock (HCN4 and
I, Cavl.3, Cav3.1) and calcium clock proponents (NCX1) were also observed in the SAN of STZ
diabetic rats, presenting a mechanistic insight into cardiac electrophysiological disturbances

associated with this disease model*'4.

1.3.1.3 Mechanisms underlying SND associated ion channel remodeling

Mechanisms underlying the modification of ion channel expression in SND remain largely unknown,
although recent studies have pointed towards particular signal transduction pathways and miRs.
Transient activation of the embryonic CCS development-associated notch signalling pathway
induced long term alteration in the expression of genes such as SCN5A, resulting in reduced atrial
action potential upstroke velocity and slowed atrial conduction rate, manifesting as sinus
bradycardia with intermittent pauses!'®. Thioredoxin 2 (Trx2), a molecule involved in counteraction
of oxidative stress and reactive oxygen species (ROS) scavenging, was also linked to modulating
HCN4 expression®'’. Induction of oxidative stress via CCS specific knockout of Trx2 resulted in
drastically reduced HCN4 expression in the SAN, with severe sinus bradycardia and AV block!".
Elevated ROS led to increased transcription of histone deacetylase HDAC4 in the CCS, which bound
to a MEF2 site within the HCN4 enhancer, causing transcriptional repression of HCN4. Previous
studies have shown the important role of MEF2 TF binding to an intronic HCN4 enhancer, where
mutation of this binding site drastically reduced transcriptional activity in vitro8, Interestingly, Trx2
CCS deletion had no effect on fibrosis in the SAN, and so phenotypic observations could be
predominantly attributed to altered HCN4 expression'?’. Indeed, increased oxidative stress is a
hallmark of many disorders strongly associated with SND, including ageing®®, AF*?>12! HF and

hypertension?2,

Calcium-calmodulin dependent protein kinase Il (CaMKII) functions as an oxidation sensor in the
heart?3. Oxidation of CaMKIl leads to SAN cell apoptosis and fibrosis, culminating in SND after
chronic angiotensin 1l infusion'?®. Furthermore, CaMKII is involved in activation of TFs including
MEF2 via direct signalling with HDACs, suggesting interplay between pro fibrotic and ion channel

remodelling mechanisms in the pathogenesis of SND!?°. Inhibiting oxidation of CaMKIl also
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protected the SAN from dysfunction in an angiotensin Il induced hypertension SND model?,
Further supporting the notion of a multi-factorial mechanism for SND, decreased levels of SCN5A
(encoding Nav1.5) in SCN5A*" mice potentiated fibrosis via upregulation of pro fibrotic gene TGF-
B1in ageing, as well as widespread ion channel remodeling!?’. These changes resulted in decreased

SAN automaticity and slowed conduction through the SAN%’,

Studies in swim-trained mice identified miR-423-5p upregulation in the SAN and concurrent HCN4
and lrdownregulation as a key factor driving training induced SND*?, Inhibiting miR-423-5p in vivo
via systemic administration of an antimiR restored HCN4 expression and function to the SAN,
abolishing the training induced bradycardia'?®. MiR-370-3p, a repressor of HCN4, was upregulated
in the SAN in chronic HF mice, concurrent with decreased HCN4 expression®®. Decreasing MiR-370-
3p levels using an antagomiR rescued HCN4 expression and improved heart function and survival'®,
Furthermore, it is known that remodelling of calcium clock related ion channels can lead to SND in
the context of ageing'?®13097.% Recently, it was demonstrated that age related remodelling of
Cavl.2 and Cavl.3, which contributed to decreased instrinsic rate and depressed pacemaker
activity, was related to elevated miR-1976 in the SAN®®. Interestingly, this miR was also upregulated
in the plasma of both aged rabbits and humans, suggesting this could be a prospective therapeutic

target and biomarker for age related SND®®.

1.3.2 AVN- Heart Block

Animal models of cardiovascular dysfunction including HF*3'32 and pulmonary hypertension®33

develop AVN dysfunction, manifesting as heart block with prolonged PR interval. In the chronic
pulmonary hypertension rat, qPCR on the AVN revealed widespread ion channel remodelling
including a greater than 50% reduction of HCN1/2/4, as well as Ca,1.2/1.3, and biophysical in silico
modelling predicted these changes to result in heart block!*®. In a rabbit model of congestive heart
failure induced by pressure and volume overload, downregulation of HCN1 and connexins 40/43
was observed, likely contributing to slowed AV conduction, along with Ca,1.3, a key mediator of the
action potential upstroke phase®'. Ca,1.3 knockout models exhibit heart block and depressed
automaticity, and thus downregulation of this channel in HF likely contributes to heart block!34,
Furthermore, in rats with HF post MI, widespread structural and molecular AVN remodelling has
been demonstrated, including hypertrophy and apoptosis of AVN myocytes, elevated fibrosis and
downregulation of HCN4 at protein and mRNA levels'32, Finally, athletes are also prone to AVN

135

dysfunction™>. Recent studies conducted in racehorses and in mice trained by swimming

demonstrated a central role for /s and /e, reduction in the trained AVN, underscored by miR
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mediated transcriptional remodelling!®12%, Targeting miRs partially restored first degree AV block
to pre-training levels in mice!?. Thus, ion channel remodelling is central to AVN dysfunction in

animal models, as is the case with SAN dysfunction (table 1.1)

1.3.3 His-Purkinje System- Long QRS complex and left bundle branch block

Studies in animal models, particularly of HF, suggest a key role for remodelling of ion channels and
their corresponding currents in the pathogenesis of His-Purkinje dysfunction®*38, In a canine
ventricular tachypacing HF model, widespread ionic remodelling was observed in Purkinje cells,
including downregulation of ion channels responsible for action potential propagation (connexin
40/43) and repolarisation (K,3.4 and K,4.3)'%. Commensurate with these changes, slowed impulse
conduction velocity along Purkinje fibres was observed in ex vivo and in vivo preparations, causing
dys-synchronous ventricular activation*®. As discussed, this could have important prognostic
implications in HF patients, specifically those with LBBB. In the same model, remodelling of ionic
currents in Purkinje cells was observed®®’. Decreased density of K* currents I, (outward repolarising
current), and the inward rectifier /1 were evident, in addition to delayed L-type calcium current
inactivation causing prolongation of the action potential®®’. HF Purkinje cells showed an altered
response to K' channel blocking agents, commonly used antiarrhythmic drugs, including an
exaggerated action potential prolongation®®’. This could partially explain the increased propensity
of chronic HF patients for developing Torsades de Pointes, a potentially lethal ventricular

tachyarrhythmia precipitated by QT prolongation via drugs such as K* channel blockers®°.

Structural and molecular remodelling of Purkinje fibres has also been demonstrated in the mouse
in response to pressure overload via transverse aortic constriction (TAC)'3*%, Purkinje cells were
hypertrophic, and showed a shift in connexin isoform expression with elevated connexin 40 and
decreased connexin 4318, HCN4 was significantly upregulated at mRNA level but showed no
difference in protein expression'*®, This could suggest aberrant post-transcriptional modification of
gene expression in the TAC animals. In a pressure and volume overload induced rabbit HF model,
widespread ionic remodelling of the Purkinje fibres, particularly on the left side, was
documented!®. Of 36 transcripts central to Purkine fibre electrical function, 78% of these, including
HCN4, CaV1.2, RYR2, NCX1 and connexins 40 and 43 were significantly downregulated in left
Purkinje fibres within the failing heart'*°. Structural remodelling including rupture of the nuclear
membrane and infiltrating intranuclear mitochondria were also observed in Purkinje fibres isolated
from the failing rabbit heart*®. HCN4 expression showed no significant change in right Purkinje

fibres. To this end, the authors of the former mouse study isolated Purkinje fibres from both right
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and left sides for gPCR data, as well as pooling from 3 individual hearts, likely owing to the small
size of mouse Purkinje fibres. This could partially explain disparate results for HCN4 mRNA in HF
between the two studies. See table 1.1 for summary of proposed mechanisms for His-Purkinje

dysfunction in heart failure.
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Causes

Proposed aetiology

Effect on function

Sinus node
dysfunction/
altered SAN

function*®

Heart failure

MmiR-370-3p, NRSF, | Thx18, Isl1
leading to |, HCN4%,
MK+ channel expression (KVLQT1,
ERG)06,

Elevated negative
regulators of HCN4,
decreased positive
regulators of HCN4
expression, /s reduction
and depressed
automaticity.
Opposition of diastolic
depolarisation via
increased Ik, lxsdensity.

Athletic
training

MmiR-423-5p, TmiR-1, L Tbx3
leading toJ, HCN4101.128,

Depressed pacemaker
automaticity via
decreased HCN4 and /¢

Ageing

J'NaVv1l.5, TBX3'%,
SAN degenerative fibrosis
commensurate withMTGF-beta'?’.
J' SAN Connexin 43 expression?,

J AP upstroke velocity,
widespread ion channel
remodelling leading to
impaired pacemaking.
Physical separation of
SAN cells, impaired
conduction.

Slow SAN impulse
conduction, prolonged
conduction time.

Diabetes

Nconnexin 45.
JHCN4, Cavl.3, Cav3.1, NCX1%4,

Increased low
conductance connexin
expression, slowed
conduction.

{ key membrane and
calcium clock pacemaking
ion channels causing
depressed automaticity.

Oxidative
stress
(applicable
to all above)

Induced by TRX2 knockout?’,

Transcriptional
repression of HCN4 via
HDAC-MEF2

pathway, thus depressed
automaticity via
decreased /.

Pregnancy

THCN2™,

Elevated pacemaker
activity via increased /s
density, increased cardiac
output to meet
physiological demands.

Heart block
(AV nodal
dysfunction)

Heart failure

JHCN1, Connexin 40, 43, Cav1.3%3%,

AVN Myocyte hypertrophy and
apoptosis, elevated fibrosis'32.

Slowed and impaired AV
nodal impulse
conduction, reduced AP
upstroke velocity.

Athletic
training

MmiR-211-5p, miR-432.
J Connexin30.2.
J:Cavl.2, RYR2, HCN4®33,

Elevated negative
regulators of ion
channels responsible for
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I and Ica,, aberrant Ca?*
handling, impulse
conduction.

Shift in connexin isoform
expression, aberrant AV
nodal calcium handling
J Connexin 43, HCN4, Nav1.5, Ryr2; | and thus impulse

Ageing /M Connexin 40, serca2A*?, conduction.
Pulmonary | \ HCN1/2/4, Cav1.2, Cavl.3, TWIK1, | Slowed AV nodal impulse
hypertension Cx30.2, Ryr21%, conduction.

Decreased connexin
expression (and shift
towards low conductance
isoform expression)

J Connexin 43, connexin 40, resulting in slowed

JKv3.4, Kv4.3136, impulse conduction;

Purkinje myocyte hypertrophy®, delayed repolarisation;
His-Purknje JHCN4, Cavl.2, RYR2, NCX1, culminating of abnormal
dysfunction | Heart failure | connexin 40, connexin 434°, ventricular activation.

Table 1.1: summary of experimental evidence relating to the causes of SND, heart block/ AVN

dysfunction, and His-Purkinje dysfunction.

Mechanisms underlying aberrant miR expression are not well understood. As can be seen in table
1.1, different miRs and genes are dysregulated in different disease states. Many miRs lie within the
non-coding region between genes, so called ‘intergenic’ miRs. miRs may also exist in the intronic
regions of coding transcripts, known as intronic miRs, and thus upregulation of transcription of their
host gene can lead to upregulation of the respective miR expression. To this end, it has been shown
that intronic miRs often share promoters with their host genes, and thus the miR and host gene are
co-expressed?*®, miR-423-5p expression was elevated in exercise training and caused repression of
HCN4 in the SAN'?, It was also found that the miR host gene, NSRP1, was also significantly
upregulated, in line with upregulation of transcription factors regulating it’s expression'?, Thus,
different disease models and pathological stimuli produce aberrant expression of different
transcription factors and genes containing diverse miR elements, and thus dysregulated expression
of different miRs. The unique stressors of each pathophysiological state and associated adaptive
responses involve distinct signaling pathways and molecules. For example, myocardial infarction
and associated extensive cardiomyocyte death due to ischemia leads to high levels of inflammation
and activation of myofibroblasts'#*. Expression of intergenic miRs is commonly controlled by their
own specific promoters, which may be activated or inactivated by epigenetic changes such as

methylation*,

29



1.4 Gene therapy

Gene therapy can be described as the transfer of genes to target cells and organs in order to prevent
or treat disease. It can be considered that the ideal gene therapy ‘would be administered by a
noninvasive route, would target only the desired cells within the target tissue, and would express a
therapeutic amount of transgene products with desired regulation for a defined length of time*¢’
Each of these criteria presents inherent challenges. Perhaps one of the most significant challenges

is achieving transgene expression at therapeutic levels only within the desired target cell type. Each

of these points is considered in detail below.

1.4.1 Introduction and history of gene therapy

In early stages of gene therapy research, the main focus for treatment was inherited single gene
disorders, where replacement of a single defective gene could be curative!®. Furthermore, viral
gene delivery, especially to post-mitotic cells such as in the heart or central nervous system, could
achieve a long term therapeutic benefit, in contrast to many agents that require repeated
administration. Clinical studies began in the early 1990s, but were plagued by toxic effects, such as
insertional mutagenesis from integrating viral vectors used at the time and severe host immune
responses against the vectors'*®. Nonviral methods of gene delivery have also been explored, which
typically involves using naked DNA or encapsulating the DNA in lipid-based nanoparticles. These
have the advantage of being relatively non-immunogenic, as opposed to viral proteins, and onset
of gene expression is rapid, however transfection efficiency is significantly lower compared to many
viral vectors!®. Although lipid-based nanoparticles in standard form typically do not have tissue /
cell tropism or specificity, methods of functionalizing the surface of the particles have been
developed so as to confer and /or improve gene delivery to certain tissues. For example in cancer
therapy, nanoparticles can be modified to express tumor specific proteins to preferentially target
cancer cells®°, Despite efforts, gene delivery to many non-proliferative cells such as cardiomyocytes
is ineffective using these methods. For example, the best lipid based method (lipofectamine 2000)
tested by Djurovic et al. resulted in only 8.1% transfection efficiency in primary neonatal rat
cardiomyocytes, whereas AAV2 achieved 88.1% transduction in the absence of toxicity®.
Furthermore, such cationic lipid-based nanoparticles suffer from rapid clearance, toxicity and
induction of inflammatory responses when administered systemically in vivo partially due to their
positive charge®?. Neutral lipid nanoparticles are superior for systemic gene delivery, and induced
cardiac regeneration via overexpression of pro-proliferative miRs via systemic venous delivery®3,

Notably, repeated daily injections were required since induced transgene expression lasted only for
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24 hours from a single injection.

1.4.2 Retroviral and lentiviral vectors

There are a number of considerations when selecting any gene therapy vector; the target cells,
intended administration route, and therapeutic gene target all require careful and rational
consideration in order to maximize chances of success. Some early studies in gene therapy aimed
to augment or replace defective genes by ex vivo transfer into stem cells, following on from prior
success of bone marrow transplantation in the treatment of primary immunodeficiencies'®*. Bone
marrow transplantation however requires a human leukocyte antigen (HLA) identical donor, which
is often unavailable. The prospect of harvesting haematopoeitic stem cells from the patient,
genetically modifying the cells using gene therapy approaches, and transplanting back into the
same patient (autologous) was thus attractive. In these circumstances, it is essential that integrating
viral vectors are used for gene transfer in order to retain the transgene in light of multiple rounds
of cell division. However, oncogenic activation is a constant risk with these vectors and was
documented widely in early clinical trials using gamma-retroviral vectors®®>!¢  Later, lentiviral
vectors came into use, derived from the HIV-1 virus. These vectors were less genotoxic compared
to early retroviral vectors. This is thought to be due to differences in integration preferences.
Gamma retroviral vectors tend to integrate near transcriptional start sites (TSS) (upstream or
downstream) whereas lentiviral vectors integrate anywhere along the transcriptional unit, but not
upstream of the TSS*’. In addition, for clinical use, it is possible to use engineered lentiviruses with
deleted viral regulatory elements, further lowering pathogenicity. Despite these characteristics, the
persisting risk of insertional oncogenesis makes these vectors unfavourable in terms of safety
profile. Some tissues are inefficiently transduced in vivo despite efforts of pseudotyping capsids
with proteins / receptors to enhance specific tissue tropism*>®. For example, hepatocytes are
inefficiently transduced after systemic lentiviral administration due to rapid interferon based
immune response and clearance of transduced cells™°. Lentiviral transduction of the heart is also
relatively inefficient, especially when compared with AAV and adenoviral vectors'®. After direct
intramyocardial injection, lentiviral transgene delivery was shown to peak between 3 and 7 days
post injection and subsequently decline!®!. Studies have also shown that transduction of the adult
mouse heart is inefficient after systemic IV administration of lentivirus, whereas the neonatal heart
showed better transduction?®?. In addition, studies have shown that VSV-G pseudotyped lentiviral
vectors (the most commonly used and studied) are highly sensitive to serum based inactivation by
complement, presenting a significant challenge to their for systemic administration and gene

delivery!®. There is also an unmet need for a method to produce lentivirus at sufficient
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concentrations to be effective after systemic administration. Characteristics and primary

advantages and disadvantages associated with lentiviral vectors are laid out in table 1.2.

1.4.3 Adenoviral vectors

Adenoviruses were among the first used vectors in clinical gene therapy trials. Adenoviruses are
non-integrating DNA viruses commonly isolated from many species including humans, with a
generally low pathogenicity and high capacity for transgene cargo (around 7.5 kb). Adenoviruses
can also confer a very high transduction efficiency with rapid onset of gene expression across a
broad range of cell types, including non-dividing cells!*®. However, their endemic nature within the
human population presents challenges. An estimated 80% of humans carry neutralizing antibodies
against the most commonly used adenoviral serotype (Ad5), severely reducing the efficacy of the
vector and raising the possibility of severe inflammatory reactions upon administration®®4. This is
thought to have contributed to the high profile death of a patient in 1999 undergoing adenoviral
gene therapy for congenital ornithine transcarbamylase deficiency!®®. Since then, next generation
adenoviral vectors have been developed, where all viral regulatory gene elements aside from
inverted terminal repeat (ITR) sequences and a packaging signal are deleted, thus also increasing
gene cargo capacity to around 36 kb'®. These so called ‘gutless’ vectors are capable of longer term
transgene expression compared to early adenoviruses, where strong immune responses limited
transgene expression to around 2 weeks'®”1® Long term expression of transgenes from gutless
adenoviral vectors has been demonstrated, for example intramuscular injection of Ad5-lacZ
resulted in persistent expression over 84 days'®®. Promising results led to the trial of gutless
adenovirus in baboons, where expression of the alpha 1 antitrypsin gene in the liver persisted for
over a year, albeit gradually decreasing throughout this time’°, Thus, adenoviruses are still best
suited towards applications where transient gene expression is applicable as transgene expression
stability over extended periods is still challenging, and re-administration is met by rapid immune
response preventing subsequent viral gene expression. Marked inflammatory responses mediated
by the innate immune system recognizing the adenoviral capsid are also still a concern with gutless

vectors®’L.

The deletion of viral gene elements necessitates the use of helper viruses for adenoviral production,
commonly replication competent adenoviruses (RCAs). These could induce fatal immune reactions
if delivered to patients, and the complete exclusion of these contaminating viruses in final
preparations still presents a challenge!®®. However, a recent proof of concept study detailed a novel

system in which a helper plasmid substitutes place of helper viruses, designed to preclude
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conversion to RCA and eliminate production of RCA byproducts'’2. Using this system, no replication
competent adenovirus contaminants were detected in the final vector product!’?. Characteristics
and primary advantages and disadvantages associated with adenoviral vectors are laid out in table

1.2.

1.4.4 Adeno associated virus (AAV)

AAV is a non-pathogenic virus endemic to human and non-human primates!’®. AAV contains a 4.7
kb single stranded genome, which can be either sense or antisense, flanked by two ITRs which serve
as origins of replication and priming sites for host cell DNA polymerase to synthesise a second
complementary strand during infection (pathway summarized in figure 1.5)'7%. The wild type
genome comprises rep genes, encoding proteins required for viral replication, and cap genes which
encode capsid components. A third gene, assembly activating protein (AAP), contained within the

cap coding sequence has been shown to promote viral assembly®”.

For use in gene therapy,
recombinant adeno associated virus (rAAV, henceforth referred to as AAV) was developed, in which
all viral coding genes are deleted and replaced with synthetic transgene cassettes, aside from the
ITRs which are necessary for viral production. Although wild type AAV can integrate into the AAVS1
locus in humans to establish latency, this is significantly ameliorated by deletion of the rep gene in
recombinant AAVY®177.178 very small degrees of genomic insertion have been reported using

17%and at a frequency between 10*and 107 in the skeletal

recombinant AAV, at 0.05% in mouse liver
muscle and liver of non-human primates after clinically relevant dosages!®. One report associated
AAV genomic insertion with tumorigenesis, identifying inserted AAV2 genomes in 11/193
hepatocellular carcinoma samples derived from human patients®!. Importantly, a follow up to the
aforementioned primate study demonstrated no genomic integration at gene lociimplicated in AAV

182

mediated driving of hepatocellular carcinoma*“. Further evidence supporting AAV induced

neoplasia is extremely rare, and none of the 1000’s of ongoing AAV clinical trials have reported

oncogenesis!®

. ltis also important to consider that the study indicating AAV in driving HCC referred
to infection by the wild type AAV2 virus, and as previously discussed, AAVs used in gene therapy

have considerably less potential for genomic integration due to deletion of viral genes.

Despite its non-integrating nature, AAV is capable of conferring long term stable transgene
expression in terminally differentiated non dividing cells, where viral DNA is stablisied in episomes

within the nucleus!®*18> (

figure 1.5). Highlighting the promise and clinical utility of AAV, the first
approved gene therapies in both Europe and the USA are both AAV based. Glybera, an AAV1 vector

designed to overexpress lipoprotein lipase in deficient individuals received approval and
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recommendation by the European Medcines Agency in 20128, |n 2017, the FDA approved the use
of Luxturna in those with retinal dystrophy associated with mutations in the RPE65 gene. AAV2
vectors are injected directly into the sub-retinal space and deliver functional copies of the RPE65
gene, driven by a hybrid CMV enhancer/ chicken beta actin promoter, to restore production of
critical retinal proteins, halting visual degeneration in individuals who would otherwise progress to
complete blindness'®. The eye is considered an ideal gene therapy owing to its immunoprivileged

nature and relative ease of access'®®

. Mechanisms behind ocular immunoprivilege are debated, but
it is hypothesized the lack of lymphatic circulation, effective blood-retinal barrier, and existence of
immunosuppressive substances all limit inflammatory responses in a physiological mechanism
(reviewed by®.) Characteristics and primary advantages and disadvantages associated with AAV

vectors are laid out in table 1.2.

1.4.4.1 Distinct AAV capsid properties allow preferential tissue targeting

Another attractive feature of AAV is the ability to target tissues with a degree of selectivity owing
to differing tissue tropisms across serotype capsids. AAV gains access to cells via initial interactions
with specific receptors on the surface of target cells, including sialic acid, galactose, integrins and
laminins'®®. Each serotype preferentially interacts with different subsets of receptors, which
determines tissue tropism. For example, AAV2 utilises heparan sulphate proteoglycan as a primary
receptor mediating transduction®®. This receptor is widely expressed across many cell types, and
thus AAV2 has a broad tissue tropism. However, it is recognised that interaction with primary
receptors is insufficient to mediate viral attachment and entry, and further interactions with other
secondary receptors such as laminin receptors and integrins is necessary. AAV9’s primary cell
surface receptors are terminal B-galactose residues of glycans!®l. The Laminin receptor has also
been shown to play a key role in AAV9 transduction®. AAV9 is cleared from the blood slowly, a
characteristic that has been associated with specific structures within the capsid. Low blood
clearance is associated with the ability of this serotype to confer high cardiac transduction and lends
to its use as a systemic gene delivery vector'®3. After interaction with target cell surface receptors,
the virion enters the cell via endocytosis and is trafficked to the nucleus where gene expression is

induced. Detailed transduction pathway events are depicted in figure 1.5.
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Figure 1.5: Mechanism of AAV transduction and transgene expression. 1. AAV binds to cell surface
receptors, the preference for which depends upon the capsid serotype. 2. Following initial receptor
interactions, the virus is internalized via clathrin mediated endocytosis and enters the cytosol. 3. The
virus is trafficked within the cytosol via anchoring to the microtubules of the cytoskeleton. Studies
have estimated this transportation to occur at approximately 1.8 — 3.7 um/s*%. 4. Acidic pH within the
endosome induces conformational changes in the capsid, including externalization of nuclear
localization signals and phospholipase domains which facilitate nuclear transport and endosomal
escape. Vectors may be degraded before reaching the nucleus, most likely via the proteasome,
evidenced by the finding that inhibition of the proteasome enhances AAV mediated transduction®®.
5. Virions that reach the nucleus undergo uncoating, freeing the DNA cargo from the capsid protein
shell. ssAAV contains either sense or antisense single stranded DNA, which must be converted to
doubled stranded form in order to become transcriptionally active. This can be achieved by second
strand synthesis using host cell polymerases (6i), or annealing of sense and antisense strands that may
co-exist within the same cell as a result of transduction by multiple virions (6ii). ITRs in the DNA
structure prime the DNA for inter or intra molecular recombination generating circular episomes that

persist in the nucleus (7). At very low frequency, AAV can also integrate into the host chromosome (8).
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Viral vector Adenovirus rAAV Lentivirus
Transgene
expression Transient, long term in post
profile Transient mitotic tissues Transient or stable
Immunogenicity High Very low Low
Transduction
profile Broad Broad, serotype dependent Moderate
Moderate (integrating
Insertional vectors; although
mutagenesis Very low (non Low (very low frequency of integrase deficient
potential integrating) genomic integration) variants available)
Maximum 3.0-8.0kb/ 35 kb
insert size in gutless vectors <5 kb <9 kb
Transduction
efficiency Very high High Moderate
Infect dividing
cells? Yes Yes Yes
Infect non
dividing cells? Yes Yes Yes
Genomic
content dsDNA ssDNA ssRNA
Potential for
insertional
mutagenesis,
Limited packaging capacity, transgene expression
Transient gene requires helper viruses for and transduction
expression only, production, delayed peak efficiency lower than
Primary high transgene expression-up to | AAV, adenovirus, low
drawbacks immunogenicity 100 DPI using AAV9** transduction efficiency
Capable of transient or
High transgene Low immunogenicity, broad stable transgene
expression and transduction efficiency expression, sustained
transduction (tailored via serotype transgene expression
Primary efficiency with selection), high transgene in rapidly dividing
strengths rapid onset

expression

tissues

Table 1.2: comparison of commonly used viral vectors for gene therapy applications

36



1.4.4.2  Safety profile of AAV vectors

AAV vectors are generally considered to have a highly favorable safety profile, due to minimal
genomic integration and low level immunogenicity. Despite this, some reports linking AAV
integration to genotoxicity have been documented, although this remains controversial and the
precise link unclear. One study in dogs undergoing AAV mediated gene therapy for haemophilia
identified clonal expansion of transduced liver cells, with evidence of genomic integration proximal
to genes regulating cell growth®®>. Consensus is generally divided in terms of the true role, or lack
thereof, of AAV integration in driving hepatocellular carcinoma. Integration of vector gnomes is
inherently difficult to study, and it is difficult to parse out potential roles of the transgene,
promoter, mouse strain used, all of which commonly vary between studies (Russell, 2007). In the
context of the multitude of ongoing AAV clinical trials, and multiple FDA approved medicines, no

instances of oncogenesis have been observed to date!®®

. Analysis of AAV clinical trials encompassing
101 studies with 3328 enrolled patients revealed no cancer incidence, and an overwhelmingly
positive overall safety profile of the vectors®. Given the inherent shortcomings and risks of
complications arising from electronic pacemaker implantation including lead breakage, infection
and battery depletion, the safety profile of a prospective AAV based therapy, which would in turn
offer vast benefits such as complete chonotropic response and physiological function, lends toward
this being a favourable strategy to treat CCS dysfunction. Furthermore, whilst electronic pacing is
relatively effective for some conditions such as SND, many other arrhythmic conditions such as

LBBB, where an estimated 20-40% of patients do not derive any benefit from current CRT

approaches'¥.

The apparently extremely low risk of vector toxicity appears at an acceptable level when weighing
against the vast array of benefits of the propose therapeutic approach for those suffering from
arrhythmias. Rates of complications arising from electronic pacemaker implantation must also be
considered. To this end, the novel therapy should offer an improvement over the existing approach.
Major complications were observed in up to 15% of procedures involving implantation or
modification of implantable cardioverter defibrillator devices, presenting a significant healthcare
burden and negative impact on patient quality of life'®. In a review encompassing 3328 patients
enrolled in AAV clinical trials, no studies were terminated on safety grounds at the time of

publication, and all completed studies attained safety end points*®®.

1.4.4.3 AAV9is an effective vehicle for cardiac gene delivery

AAV9 is regarded as the most cardiotropic serotype and transduces the heart with excellent
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efficiency after systemic administration in mice and rats¥#19%29°_ After intravenous injection of 1 x
10! AAV9 particles carrying the ubiquitous CMV promoter driven LacZ transgene in adult mice, over
80% cardiac transduction was observed, whilst the liver was only transduced at a very low rate of
just over 5%2%, This suggests that at low doses, AAV9 targets the heart with high selectivity, even
without the use of tissue specific promoters. To this end, AAV transduces post-mitotic cells of the
cardiac and skeletal muscle extremely efficiently, whereas tissues undergoing higher turn-over and
thus cell cycling are less efficiently transduced®. Upon terminal differentiation, cardiac and
skeletal muscle cells downregulate proteins involved in DNA damage response (DDRs) in response
to the cessation of DNA replication?®. Specifically, DDR proteins of the MRN complex physically
bind to internalized rAAV genomes and may induce transcriptional silencing or block their
conversion to transcriptionally active dsDNA2%, Supporting this mechanism, delivery of shRNA
targeting MRN complex members markedly increased transduction efficiency in hepatocytes in
vivo?®, Further, treatment of cells with DNA damaging agents increases AAV transduction efficiency

by effectively baiting the DDR machinery away from infecting AAV genomes?%.

At a higher dose of 1 x 10* vg/ mouse, the heart was transduced with 100% efficiency, but liver
transduction was increased to over 50%2%. This suggests that intrinsic tissue tropism can be
partially overridden at high doses, and that the viral dosage is important when considering tissue
specific targeting. Indeed, due to the signal stranded nature of AAV, higher vector genome copies
per cell, correlating with higher dosage, would increase the likelihood of plus and minus strand
coinfection and annealing within target cells. To this end, single stranded AAV genomes must be
converted to double stranded DNA within mammalian cells to become transcriptionally active. As
discussed later, this mechanism is an important limiting factor in AAV transduction efficiency.
Furthermore, reporter gene expression driven by a cardiac specific cardiac troponin T (cTnT)
promoter was highest using AAV9 as a delivery vector after intravenous injection in neonatal mice,
closely followed by AAV8%%, Another study demonstrated that after intravenous injection of 1 x
10 AAV9 vector particles in adult mice, GFP expression was 92% higher in the heart compared to
liver using the CMV promoter, whilst expression was 40% higher in the liver compared to the heart
using the chicken beta actin (CBA) promoter, and expression in other organs such as lung and kidney
was negligible?®®. Another study compared the ability of AAV5, AAV6 and AAV9 to transduce the
heart after intracoronary perfusion or intravenous injection via the jugular vein. It was found that
AAV9 provided the best cardiac transduction regardless of administration route, and that
intracoronary perfusion was superior to intravenous injection. Interestingly, intracoronary

perfusion dramatically improved cardiac gene transfer in AAV serotypes 5 and 6 by 238 and 24 fold
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respectively, whilst AAV9 only saw a 2.5 fold higher in transgene expression®”’. This highlights the
distinct behavior of AAV serotypes, the need for characterization of all experimental variables when
selecting which serotype to use, and the potent efficacy of AAV9 after systemic administration in
mice. This was perhaps seen as AAV9 is known to be one of the least immunogenic AAV serotypes,
attributable to unique physical properties of the AAV9 capsid?®. Thus its ability to escape immune
clearance could result in higher concentrations reaching the heart after systemic intravenous
injection. Interestingly, it was found that in the context of intra cardiac injection in pigs, AAV6 out-
performed AAV9, again highlighting the context and species specific tropism disparities exhibited
by AAV vectors?®,

1.4.4.4 Second strand synthesis / annealing is a rate limiting factor in AAV mediated
transgene expression

One limiting factor intrinsic to AAV is the time taken to achieve maximal transgene expression.
Figures vary depending upon factors such age and species of animals used, administration route
(systemic vs localized) and capsid serotype. It has been demonstrated that onset of gene expression
varies greatly between serotypes. AAV9 and AAV7 are capable of rapid onset of gene expression,

194 After intravenous systemic administration of 1 x 10! viral

whereas AAV3 and 4 are much slower
particles containing the luciferase transgene under control of the CMV promoter, luciferase
expression was recorded from AAV9 and AAV7 7 days after administration, whereas expression
from AAV2 and AAV3 did not reach levels above background until 29 days after injection®
Although onset of expression from AAV9 was relatively fast, it did not peak until 100 days post
injection, where it recorded the highest expression of all serotypes'®. This referred to total
luciferase bioluminescence from mice and did not address onset and kinetics of expression across
specific organs. A later study using the same age of mice and administration route studied onset of
GFP transgene expression in the heart and liver conferred by AAV9 using CMV and CMV enhancer/
chicken beta actin promoters. Transgene expression peaked at 5 weeks post injection in the heart

(with transduction efficiency over 80% using the CMV promoter) and liver, with a small decline

observed at the next time point (week 8)2%.

It is thought that one of the main rate-limiting factor during AAV transduction and transgene
expression is host cell synthesis of the second complementary strand from the template single
stranded AAV genome?1%211 AAV DNA is packaged in single stranded linear form, and upon reaching
the host cell nucleus, the genome must be converted to double stranded form in order to become

transcriptionally active. Double stranded genomes can also be derived from annealing of sense and
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antisense strands derived from separate virons infecting one cell?*2. As well as being a rate limiting
step for transgene expression, failure to undergo second strand synthesis can also present a barrier
to achieving high transgene expression efficiency?’®. For example, it has been shown that the
inability of AAV to successfully transduce trabecular meshwork cells of the eye is due to an instrinsic
failure of these cells to convert viral ssDNA to dsDNA?'4, In order to circumvent this rate-limiting
step, self-complementary AAV vectors (scAAV) were developed, in which both strands are packaged
as a dimeric single molecule?®®. Upon nuclear entry, sense and antisense strands spontaneously
anneal and form a transcriptionally active unit, bypassing second strand synthesis?'>. The main
drawback of scAAV is that the packaging capacity is halved compared with the already limited
conventional AAV (2.2 kb vs 4.7 kb)?*®. However, this can still prove useful for applications where
the expression cassette is small, such as in RNA overexpression or interference. It has been shown
that scAAV1 vectors can confer cardiac transgene expression within 4 days post injection, whereas
expression was not evident until 11 days using ssAAV1%'%, Evidence suggests that scAAV enhances
muscle transduction 11-15 fold over ssAAV vectors, and confers more rapid onset of gene

expression in many tissues in vivo?Y,

1.4.4.5 Overcoming limited packaging capacity of AAV vectors

AAV can only accommodate relatively small transgenes (up to 4.7 kb, corresponding to the wild
type genome size)?!8, Attempts to generate AAV containing larger transgenes results in truncation

of the transgene and vastly reduced expression in vivo?®,

Innovative strategies have been
employed to circumvent this limited packaging capacity. Large transgene cassettes can be split
between multiple vectors, and after co-infection within the same cell, the entire transgene can be

reconstituted by a number of mechanisms:

1.4.4.5.1 Trans-splicing AAV vectors

These vectors harness the natural tendency for AAV genomes to undergo concatemerisation via ITR
mediated intermolecular recombination. Typically, the cassette is split between two vectors. Dual
vectors increase packaging capacity from ~5 kb to ~9 kb. One vector contains the promoter and 5’
portion of the coding sequence and a splicing donor sequence, and the other contains the splice
acceptor, remaining coding sequence and terminal polyadenylation signal. Upon co transfection
and subsequent head to tail concatemerisation, intervening sequences are spliced out and the
transgene reconstituted in full?® (figure 1.6 A) Transgene expression is typically lower than that

achieved using a single vector, owing to dependence of cotransfection of multiple vector products

40



within the same cell and the necessity for concatemerisation in a specific (head to tail) orientation.
Efficiencies of between 4.3 and 7% compared to single vectors were observed, depending on the
tissues examined??!. Refinements in the technique allowed successful delivery of a 6 kb Dystophin
gene fragment to the muscles of Duchenne muscular Dystophy mice, resulting in an improved
phenotype???. Triple AAV vectors have been used to even further increase the deliverable gene size
from AAV vectors to up to 15 kb. In the context of CCS gene therapy, HCN4, a key target of interest
has a coding sequence length of 6.9 kb. Thus, triple vectors would allow provision of the full coding
sequence plus a minimal promoter and necessary regulatory elements. Triple trans splicing AAV
vectors have successfully delivered the full length dystrophin gene to muscles in mice??. In the
mouse retina, only 4% transduction efficiency was achieved using triple AAV vectors, however
transduction efficiency was 40% of that achieved using single vectors in the pig?*. Despite
generation of aberrant transcripts, only the full intact reconstituted versions were capable of being
translated, addressing an important translational safety concern??*. In this case, the enclosed retinal
space is an ideal substrate for co-infection with numerous viruses, however, it is yet to be
determined how effective this system could be in the context of systemic administration. Indeed,
one of the key translational hurdles for systemic AAV gene therapy is the necessity for high doses
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and thus viral concentrations in large animal models and humans®®*. Thus, the need for

administration of two or three separate vectors could exacerbate this issue.

1.4.4.5.2 Overlapping AAV vectors

This approach involves homologous recombination between two vectors which contain two
portions of an expression cassette that share an overlapping homologous region within the coding
sequence (figure 1.6 B). As a result of this mechanism, genes that possess highly recombinogenic
regions are ideal candidates. This strategy has been used to deliver a variety of transgenes

successfully in vivo, reviewed by??.

41



ITR ITR
’ Promoter ‘ 5’ coding sequence
X Head to tail interaction between co-infecting
AAV genomes
I SA ‘ 3’ coding sequence -
ITR ITR

Concatemerisation
ITR

’ Promoter‘ 5’ coding sequence -_ ‘ SA ‘ 3’ coding sequence

]

ITR l Splicing of intervening sequences ITR

‘ Promoter‘ Full coding sequence

£

ITR ITR

‘ Promoter | 5’ coding sequence

ITR )4

3’ coding sequence

Homologous
ITR recombination

‘ Promoter ‘ Full coding sequence

LE

Figure 1.6: mechanisms for increasing AAV transgene capacity. A) dual trans splicing AAV vectors.
The first vector comprises the promoter, 5’ portion of the transgene and splice donor (SD) signal.
The second vector comprises the splice acceptor (SA) sequence, 3’ portion of the transgene and
polyadenylation (PolyA) sequence. Co-infection of the same cell with both vectors leads to
concatemerisation via interaction of vector inverted terminal repeats (ITRs) as shown,
reconstituting he full length transgene. The intervening ITR structure is then spliced out utilizing
the splice donor and acceptor sites, reconstituting the full length RNA of the transgene. B)
Overlapping dual AAV vector approach. The first vector contains the promoter and 5’ portion of
the transgene coding sequence, whilst the second vector contains the 3’ portion of the coding
sequence and PolyA signal. A portion of the coding sequence is repeated in both vectors
(represented by the blue hatched region in B), at the 3’ end of the first vector, and 5’ end of the
second vector. This repeated sequence may be a sequence contained by both portions of the
coding sequence, or a designated recombinogenic sequence. The full length transgene coding
sequence is reconstituted upon homologous recombination between the two overlapping
sequences upon coinfection of the same cell by the respective vectors.
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1.4.4.6  ‘Designer’ AAVs- circumventing immunity and tissue specificity

Although AAV tissue tropism and infection preference varies between serotypes, it is often not
possible to achieve true tissue specific transduction and transgene expression using naturally
discovered AAV serotypes alone. Most often, a constitutively active strong promoter is used to drive
high transgene expression, such as human cytomegalovirus (CMV), Simian Virus 40 (SV40) and
hybrid CMV enhancer/chicken beta actin (CAG)*® promoters. Thus, tissue specific expression could
be achieved by modifying the viral capsid and / or tissue substrate to manipulate transduction, and/

or using a tissue specific promoter to drive transgene expression.

1.4.4.6.1 Customised AAV capsids

One of the most limiting factors to AAV use in a clinical setting the prevalence of pre-existing
neutralizing antibodies (NAbs) in the population??’. It is estimated that between 40 and 80% of
people possess such antibodies, depending upon the serotype and age of the individual®?®. AAV2
antibodies are thought to be the most frequently present in humans??°. One study examining sera
from 226 healthy adults found a 59% seroprevelence of AAV2 NAbs, whereas those directed against
AAVS8 and AAV9 were significantly less prevalent, at frequencies of 19 and 33.5% respectively®.
The presence of NAbs drastically reduces transduction efficiency of systemically administered
AAVBLB2LB3 |ndeed, the first clinical trial for Haemophilia B involving intra-arterial administration
of AAV2-FactorlX demonstrated that low concentrations (up to 1:17) of NAbs were sufficient to
block transgene expression even in high dosage groups®4. As immune responses are directed
against the viral capsid, a number of strategies have been employed in attempts to modify the
capsid to decrease it’s immunogenicity. As AAV attachment and entry to target cells is also

mediated by capsid proteins, capsid engineering can also be employed to modify and / or enhance

tissue tropism and transduction efficiency.

AAV capsid modification by rational design involves mutating and modifying specific structural
elements involved in immunological recognition and / or tissue tropism. It is known that the 3 fold
protrusion structures of the capsid play key roles in tissue tropism and immunogenciity, and so

35 Modifying specific proteins within this region yielded a

represent an ideal site for modification
novel AAV2 variant that showed heightened ability to evade Nabs, without affecting other
characteristics such as tropism or infectivity?*®. High throughput DNA shuffling may also be
employed, where genetic sequences from multiple capsid serotypes be combined and replaced to

yield novel variants (strategy and technique reviewed by*’). Using serum from rabbits with prior
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exposure to AAV2, a variant was evolved via error prone PCR and mutagenesis combined with high-
throughput selection methods which showed a 96 fold resistance to neutralization by NAbs

compared to wild type AAV2%%,

For some tissue targets such as the heart, transduction efficiency from naturally occurring AAV
serotypes (such as AAV9) is extremely efficient, and capsid engineering strategies are aimed
towards de-targeting vectors from other tissues, particularly the liver, in order to achieve tissue
specific transduction. Either decreasing the expression of glycans in target organs, or decreasing
the glycan binding affinity of AAV9, resulted in liver de-targeting without compromising cardiac
transduction®®. Mutations introduced at positions P504A/G505A and Q590A in the AAV9 capsid
also achieved liver de-targeting whilst efficient cardiac transduction was preserved in mice?*°. Using
directed evolution of the AAV9 capsid, a novel variant (M41) was developed which showed
attenuated liver transduction by approximately 20 fold, whereas cardiac transduction was only
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reduced by 2 fold after tail vein injection in mice***. Indeed, many different approaches have been

successfully employed to achieve liver de-targeting and other tropic modifications of AAV vectors,

as reviewed by?42243.244,

1.4.4.6.2 Spatial restriction of transgene expression by tissue specific promoters

Despite efforts discussed above, an AAV capsid capable of complete tissue specific transduction is
yet to be developed. However, using the natural tropism of AAV serotypes synergistically with tissue
specific promoters has proven capable of tissue specific transgene expression. Many such
promoters have been characterized, whilst the main challenge with AAV therapeutics is again the
limited (4.7 kb) packaging capacity to include the promoter, transgene and all regulatory elements

including ITRs.

Strong, ubiquitous promoters confer high transgene expression, at the expense of tissue specificity.
One of the most commonly used strong promoters is the human immediate / early cytomegalovirus
enhancer/ promoter (CMV)*®, which is active in most cells and tissues including heart, liver lung,
skeletal muscle and brain, and is capable of driving high transgene expression?®?4” Notably, the
first clinically approved AAV gene therapy (Glybera, as previously mentioned) utilizes the CMV
promoter for therapeutic transgene (lipoprotein lipase) expression'®. Despite its high
transcriptional strength, the CMV promoter is prone to transcriptional silencing in vivo, associated
with extensive promoter methylation?®2%°, This phenomenon has been markedly shown in tissues

of the CNS%?, liver®?!, and skeletal muscle?®”. In agreement with this finding, inhibition of DNA
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methylation resulted in reactivation of silenced CMV promoter driven transgenes in vitro®?.
Methylation can induce transcriptional silencing via the recruitment of proteins involved in
transcriptional repression, such as histone deacetylases, or physical inhibition of TF binding?®3.
Furthermore, toxicity and inflammatory responses have been associated with supraphysiological
levels of transgene expression from constitutive promoters, for example in the case of hepatic
delivery of factor VIl in the context of haemophilia®®*, and dystrophin to skeletal muscles®®.
Furthermore, delivery of cell cycle inducing micoRNAs (miRs) via AAV under control of the CMV
promoter was shown to induce uncontrolled cell cycle activity in the heart over time, inducing fatal

arrhythmias, pointing to a need for temporal control of transgene expression in this context?®,

Endogenous promoters are less prone to silencing than strong viral promoters and present the
opportunity to spatially regulate transgene expression to one specific tissue, thus minimizing off
target effects. Several potent cardiac specific promoters have been characterized. A 363 bp
fragment of the human alpha-MHC promoter was shown to drive high and specific transgene
expression in the heart after systemic delivery of AAV9, whereas the desmin promoter was efficient
in heart, skeletal muscle and brain, though neither was as potent as the CMV promoter?’. MHC is
a major structural protein in cardiomyocytes, important for contractile function?®®. In humans, it is
noteworthy that the alpha MHC subunit expression is restricted to the atria, whereas in mice it is

257 One of the most effective cardiac specific promoters suitable for

also expressed in the ventricles
AAV gene therapy applications is a 418 bp fragment of the cardiac troponin T (cTnT) promoter?®,
Coupled with AAV9 using a systemic intravenous administration route, the cTnT promoter drove
luciferase reporter gene expression at over 640 fold higher levels compared to the next highest
organ (liver), and close to 100% cardiac transduction efficiency could be achieved using a relatively
low dose of 3.15 x 10*° vector genomes per 1 week old mouse?®. Despite an abundance of potent
and relatively specific minimal cardiac promoters, few validated CCS specific candidates exist. The
entire KCNE1 and HCN4 regulatory elements are capable of recapitulating endogenous CCS specific
gene expression in transgenic mice, although extensive regulatory elements are not appropriate for
use in AAV vectors due to restrictions on packaging capacity?®®?>°, Inter-species disparities must
also be considered- for example, KCNE1, a beta subunit to KCNQ1 and mediator of /xsis more highly

expressed in the working myocardium of many large animals, commensurate with higher I

density?®®. Thus, a KCNE1 promoter may be less CCS specific in large animals than in mice.

Furthermore, whilst cardiac contractile proteins, which represent most characterized cardiac

specific promoters, are highly expressed across the entire working myocardium, plasmalemmal
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pacemaking ion channels are confined to minute regions, and their expression may also be
relatively low, even compared to intracellular ion channels. For context, HCN4 ion channel copy
number per SAN myocyte was estimated to be 1000 fold lower than SERCA2%%1, Thus, plasmalemmal
pacemaking ion channel promoters may have low transcriptional strength compared to other

established cardiac specific promoters.

Despite the existence of some potent tissue specific promoters, one of the main drawbacks limiting
their utility is their relatively low transcriptional strength, especially when compared to strong
ubiquitous promoters such as CMV. One approach to counteract this is to engineer synthetic
promoter variants to include exogenous enhancer elements. It must also be considered that for
AAV applications, the promoter size must be minimized in order to also accommodate the
transgene and other regulatory elements within the 4.7 kb packaging limit. One promising strategy
to enhance transcriptional strength is to append the human immediate early CMV enhancer (CMVe)
upstream of tissue specific promoters?®?. After systemic administration of AAV2 in mice, a hybrid
promoter comprising the CMV enhancer upstream of the cardiac specific myosin light chain (MLC)
promoter was shown to induce 50 fold higher transgene expression in the left ventricle compared
to the CMV promoter, whilst maintaining only low level expression in the liver and kidneys?®3. Later
studies showed the promise of the promoter construct in preclinical (porcine) model of heart failure

using AAV9 as a delivery vector via coronary venous infusion??,

Cardiomyocyte restricted
expression of S100A1, a calcium sensor protein implicated in heart failure pathogenesis, driven by
CMVe-MLC, resulted in improved calcium handling and enhanced cardiac function in heart failure
pigs?®*. Gruh et al.?®? investigated the effect of the CMV enhancer on the performance of a variety
of promoters in vitro. Performance of the atrial specific atrial naturietic factor (ANF) promoter was
enhanced 40-fold in the murine atrial cell line HL-1 by inclusion of the CMVe?®2, Aside from a 7-fold
induction in fibroblasts, no other off target cell lines showed reporter gene expression, indicating
that the ANF promoter maintains a high degree of tissue specificity despite a significant induction
in transcriptional strength?®?. Importantly, this also shows that endogenous promoters can act
synergistically with synthetic enhancer elements. In the same study, the lung specific SP-2 promoter
showed significantly enhanced transcriptional strength without loss of tissue specificity?®2.

However, the interactions with such enhancer elements appear to vary between promoters.

Introduction of the CMV enhancer caused the alpha MHC promoter to lose a high degree of tissue
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specificity*®>. Moreover, lia et al.**> reported that tumor specific carcinoembryonic antigen (CEA)
and alpha-fetoprotein (AFP) promoters did not maintain tumor specific transgene expression upon

introduction of the CMV enhancer, raising concerns about this approach in the context of cancer
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gene therapy?®. Importantly, it must be considered that cell lines typically do not recapitulate the
in vivo environment, such as TF expression, and thus performance of promoters in vitro
performance may not necessarily reflect in vivo. Notably, in vivo the CMV enhancer boosted neuron

specific expression from the PDGF-beta promoter whilst maintaining a high degree of specificity?®°.

In summary, AAV is an ideal vector for gene therapy due to its low immunogenicity and ability to
effectively transduce a variety of cell types. Pertaining to cardiac gene therapy, the ability of AAV
serotypes (particularly AAV9) to confer high level and selective cardiac gene transfer after systemic
administration is particularly appealing. In mice, AAV9 is the ideal vector for targeting the heart,

and perhaps the CCS, after systemic administration.

1.5 Current approaches to treating CCS disease

Despite its prevalence and significant contributions to morbidity and mortality, treatments for CCS
dysfunction are mainly limited to palliative device implantation. Pacemaker implantation and
pharmacological modulation of heart rate are currently front line therapies in the treatment of
most arrhythmias, including SND. For example, cardiac resynchronization therapy (CRT) is used to
treat LBBB and Purkinje dysfunction, and electronic pacemaker implantation is used to treat

symptomatic SND?*’. However, these strategies have inherent shortcomings as discussed below.

1.5.1 Electronic pacemaker implantation- strengths and limitations

Currently, the gold standard treatment for symptomatic SND is pacemaker implantation, where
SND accounts for approximately half of all pacemaker implantations?®®. Electronic pacing is
currently the only effective treatment for SND, which is caused predominantly by ageing, HF or
inherited genetic variants in pacemaking ion channels?®®, Although pacing has proven effective in
partially alleviating symptoms of SND, such as chonotropic incompetence, no significant effect on
mortality is conferred?”®?’1, Pacing may be induced via the atria, ventricles, or via both atria and
ventricles. Dual chamber pacing may offer improved atrioventricular synchrony and thus improved

272 although this method is more complicated to implant, more

cardiac output and patient longevity
expensive and more prone to complications compared to single chamber pacing methods?’3. Each
pacing method has indications and contraindications, and so the precise clinical picture must be
considered when selecting a pacing protocol. For example, single lead atrial pacing is

contraindicated in those with SND due to the risk of developing total heart block?’*. CRT, or dual
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ventricular pacing has proven effective in decreasing mortality and pathogenic remodeling in those
with HF and His-Purkinje dysfunction?”>?”7, However, an estimated 20-40% of patients do not derive

any benefit from CRT,

Pacing from the RV apex requires access through the tricuspid valve, which can disrupt its closed
conformation and cause regurgitation?’8. Pacing from the RV apex also fails to recapitulate the
physiological activation pattern of the ventricles?”. This abnormal activation sequence exacerbates
left ventricular dysfunction, reduces coronary perfusion and impairs systolic and diastolic
performance?®®282, Left ventricular dysfunction attributed to right ventricular pacing is known as
pacing induced cardiomyopathy (PICM), and has a prevalence of between 5 and 20%°®. Alternative
lead implantation sites have been tested, including the His-bundle, atrial septum and AV septum
(reviewed by Kaye, 2018%83). Pacing from the His bundle achieves a more physiological cardiac
activation sequence. A 10% reduction in PICM using His-bindle pacing vs right ventricular pacing
has been demonstrated?®*. However, implantation procedures associated with His-bundle pacing
are technically challenging, with longer surgical times and widely varying success rates reported
between 44% and 95%%%°. Furthermore, His pacing necessitates the use of higher energies to

achieve His bundle capture, which compromises battery life?%,

In order to circumvent shortcomings such as the possibility of infection at the lead implantation
site, lead damage and valvular regurgitation, leadless pacing technology has been explored. This
typically involves implantation of sensing electrodes and their stimulation by extra-cardiac
ultrasound or magnetic waves?®’. The first two approved leadless systems (Abbot Nanostim and
Medtronic Micra) performed favourably in trials, however a 4 - 6.5% rate of severe complications
was observed after implantation, including cardiac perforation in 1.3% of cases®®2%° Due to the
design, implantation procedures and implantation site, leadless devices are difficult to retrieve in

the event of complication or battery depletion..

1.5.2 Biological pacing

Electronic pacemakers also suffer from battery depletion over time, and replacement requires
additional surgical procedures. In young patients, battery longevity is a particularly relevant issue,
given patients frequently require life-long pacing. Furthermore, leads are prone to damage mainly
by breakage or erosion of the outer insulation. Approximately 5% of pacemaker implantations have
serious adverse complications®®°. Electronic pacemakers also confer little chronotropic response to

emotion or physical stimulation, since they are not responsive to autonomic stimulation®. For
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these reasons, engineering a biological pacemaker has received considerable interest.

1.5.2.1 Engineering a biological pacemaker via gene therapy

One approach to biopacemaking is to induce pacemaker activity in non-pacemaker cells. This can
be achieved by disrupting the stable resting potential by either inhibiting outward hyperpolarising
currents, or enhancing inward depolarising currents, thus facilitating spontaneous depolarisation.
Automaticity of SAN cells is related to low expression of Ix1 and high expression of depolarising
currents such as /5, and modifying the expression of these currents formed the early attempts at

biological pacemaker gene therapy.

1.5.2.1.1 Inhibition of the inward rectifier (Ix1) current

Ix1, mediated by Kir2.1 channels, plays a key role in the maintenance of the stable negative resting
potential, where upregulation of outward /x1 reduces cellular excitability and inhibits spontaneous
diastolic depolarisation®?. A dominant negative Kir2.1 isoform with attenuated function was
generated and overexpressed via adenoviral vectors in the guinea pig left ventricle?®3. Effective
transient knockdown of /x; was achieved, and transduced cardiomyocytes exhibited spontaneous
depolarisation?®®>. A later study combined the same dominant negative Kir2.1 with HCN2
overexpression and thus /s induction, and achieved physiologically relevant pacing in a porcine
model of total heart block after adenoviral gene delivery to the AV junction®**. Inhibition of
repolarising currents, however, is not without safety concerns. Prolongation of the action potential
predisposes to Torsades de Pointes, a potentially fatal ventricular tachyarrhythmia?®®. To this end,
loss of function mutations in Kir2.1 manifest clinically as Long-QT Syndrome, where patients

frequently suffer from arrhythmias precipitated by prolonged repolarisation.

1.5.2.1.2 Manipulation of HCN (If) channel expression

As discussed, HCN channels mediate /s, which contributes to the diastolic depolarisation and thus
automaticity of the SAN.. Overexpression of It could thus induce spontaneous depolarisation in
quiescent tissues or cells. Since /s only activates selectively at hyperpolarised potentials during the
diastolic depolarisation phase of the action potential, this approach would avoid prolonging the
action potential and thus reduce predisposition to induced arrhythmia?®®. HCN2 overexpression in
the left atrium generated spontaneous action potentials during experimentally induced sinus
arrest, albeit pacing was less robust compared to physiological sinus rhythm?®’. Adenoviral HCN2

overexpression in the canine left bundle branch upregulated f;, and enhanced automaticity?®.
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However, injury at the injection site resulted in tachycardias soon after injection, and again pacing

was bradycardic compared to the native SAN%%,

HCN channels have been modified in efforts to achieve higher pacing rates and improve autonomic
response. A mutant HCN2 (E324A missense substitution) elicits a more rapid diastolic
depolarisation with a more positive activation threshold and enhanced autonomic responsiveness
to catecholamines compared to wild type HCN22%. This construct was injected into the left bundle
branch of dogs carrying an implanted electrical pacemaker device, which served as a backup when
rate from the biopacemaker dropped below a set threshold of 45 bpm. Low reliance on backup
pacing was observed, with approximately 70% of beats originating from the biopacemaker®®. To
this end, electrical pacemakers are likely to play a continuing role in future clinical trials of

biopacemakers, providing a safety net in case of failure or inefficiency.

A chimeric HCN construct, ’"HCN212’ was also created3®. The included portion of the HCN1 channel
conferred a more positive diastolic threshold potential compared with HCN2, and the C and N
termini of HCN2 contributed enhanced autonomic responsiveness compared to HCN1 alone3®.
However, this approach resulted in ventricular tachycardia when transfected to the canine left

bundle branch, which was responsive to /s block with ivabradine3®,

Evidence supports the existence of backup pacemaker activity in the parandodal (or subsidiary atrial
pacemaker SAP) region of the SAN in goats, which becomes active upon SAN ablation®®*. A similar
paranodal area exists in the human SAN, and a shift in the leading pacemaker site to this region has
been postulated as a mechanism surrounding SND. Due to differences in molecular makeup,
particularly in pacemaking ion channel expression, pacemaking from the SAP is bradycardic and
inefficient3%2. Since the molecular and structural makeup of the paranodal area is similar to the SAN,
fine tuning gene expression in this region could generate a more robust pacemaker in the event of
SAN failure. Morris et al. (2013)° transfected this region with adenoviral constructs encoding HCN2
or chimeric HCN212, and observed an accelerated pacing rate. This is an attractive approach since
the SAP more closely resembles the complex and distinct molecular and structural architecture of
the SAN compared to other ectopic sites, such as the ventricular myocardium or His- bundle®. For
example, Ix1 and conexin43 are poorly expressed in the SAP similarly to the SAN3%33%4 To this end,
the level of intercellular coupling in the SAN is low compared to working myocardium, due to
specific connexin isoform expression and abundance3®2. Computer simulation studies showed that

a gradually increasing level of electrical coupling from the SAN towards the periphery which
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interfaces with the atrium is necessary for the SAN to drive the atrial muscle3®. The precise
molecular and physical architecture of the SAN- atrial boundary helps shield the SAN from
hyperpolarising influence of the atrium. Thus, effective biological pacemaker activity likely
necessitates the accurate recapitulation of many complex factors unique to the SAN

microenvironment.

1.5.2.1.3 Adenylate Cyclase and Skeletal Muscle Sodium Channels

Adenylate cyclase (AC) produces cAMP, which enhances pacemaking by shifting the activation of /s
towards a more positive voltage threshold®®. Adenoviral overexpression of AC1 and HCN2 in the
canine left bundle branch resulted in robust pacemaking with favourable autonomic responsivity3®’.
However, the HCN2/AC1 combination also induced tachycardias which responded to ivabradine3®,
Concerns also exist over elevating intracellular cAMP levels, which could alter calcium handling. To
this end, cAMP regulates the activity of PKA, which in turn modulates L- type calcium channels and

RYR2308,

A hybrid approach utilising HCN2 and skeletal muscle Na+ channel (SKM1) overexpression was also
trialled via adenoviral vectors3®. In this system, HCN4 provided the depolarising current towards
activation threshold of the rapid Na+ current, and thus action potential generation. SKM1 channels
are favourable compared to cardiac Navl.5 channels since their threshold potential is more
negative, and thus less depolarisation is needed for the triggering of the action potential, enhancing
automaticity3!°. The HCN2/ SKM1 construct exhibited robust pacing after injection into the left
bundle branch of dogs, with average basal and maximal rates of 80 bpm and 130 bpm achieved3®,
Rate was responsive to autonomic and circadian stimuli, highlighting it’s potential physiological
applicability and advantageous behaviour over electronic pacemakers. Long term pacing by this
method has not been investigated, and could be achieved using alternative viral vectors for gene

delivery such as lentivirus or AAV.

1.5.2.1.4 Transcription factors and reprogramming

Overexpression of certain TFs (Myc, Oct3/4, Sox2 and KIf4) can be used to reprogram somatic cells
into stem cells (induced pluripotent stem cells (iPSCs))3!*. These stem cells could then be directed
along specific lineages, such as cardiomyocytes or SAN cells, providing a rich and potentially
autologous source of transplantable cells for regenerative medicine. As well as this, direct
reprogramming facilitates conversion between cell types, bypassing the pluripotent step and thus

achieve reprogramming in situ3'2. One of the first applications of this technology in regenerative
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medicine was towards regeneration of cardiomyocytes lost to ischemia. Overexpression of
reprogramming factors in the post-MI mouse heart successfully reprogrammed fibroblasts into

functional cardiomyocytes in situ, with ameliorated remodelling and enhanced cardiac function3'3,

These principles are can also be applied to biopacemaking, where biological pacemakers could be
generated by reprogramming cells towards the cardiac pacemaker lineage at ectopic sites such as
the atrial myocardium or His bundle. TBX3 is a CCS specific TF responsible for maintenance of the
pacemaker phenotype through repressing the working myocardial gene expression3!,
Overexpression of TBX3 in the adult atrial myocardium downregulated some working myocardial
genes including inward rectifier K*channels and connexin 43, but ultimately failed to induce ectopic

315

pacemaker activity>*. A later study showed that adenoviral overexpression TBX3 and HCN2 in iPSC

derived cardiomyocytes resulted in spontaneous diastolic depolarization, suggested a

combinatorial approach could be appropriate3®,

TBX18 controls SAN development, with a precise role in regulating SAN conduction velocity via
connexin 43 transcriptional repression3'7:318, Overexpression of TBX18 in the apex of the guinea pig
heart induced automaticity with contributions from both calcium and voltage clock pacemaking
mechanisms, and conferred a SAN cell-like phenotype3'®. Reprogrammed cells were also sensitive
to autonomic stimulation, suggesting that biopacemakers could address a key shortcoming of

319 Adenoviral overexpression of TBX18 in the porcine AV junction

electronic pacemakers
reprogrammed cardiomyocytes in situ, inducing a SAN-like gene expression profile, including
reduced Kir2.1 and elevated HCN4 levels3?°. Robust pacemaker activity and autonomic
responsiveness was achieved without incurring heightened risk of arrhythmia3?°. Long term studies
are necessary to determine if this strategy is appropriate for life-long pacing, since a loss of
pacemaker phenotype and activity was seen after approximately 1 week, which was ameliorated

by inhibition of epithelial-to-mesenchymal transition. Efforts to improve efficiency of

reprogramming and thus yield and quality of induced SAN cells are ongoing.

1.5.2.2 Cell therapy for biopacemaker development

Implantation of cells with intrinsic automaticity, or cells engineered to express depolarising currents
(such as ), may be employed to generate a biological pacemaker. Both these strategies rely on
strong electromechanical integration of the graft in order to form a functional syncytium with host
cells. Notably, this aspect has been a key stumbling block in the progress of cell therapy for other

cardiac regenerative applications (reviewed by Segers and Lee, 2008321),
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Engraftment of HCN2 expressing human mesenchymal stem cells (hMSCs) to primary neonatal rat
cardiomyocytes resulted in propagation of It in co-culture, and elevated beating rate3?2. In vivo proof
of concept was also demonstrated, with evidence of electrical coupling between HCN2-hMSCs and
host cardiomyocytes when engrafted into the canine left ventricle with complete heart block, with
sinus rhythm of 60bpm achieved originating from the injection site3?2. A later, longer term study
using the same HCN2-hMSC system demonstrated robust pacemaker activity from transplanted
cells up to 6 weeks, with no evidence of apoptosis, inflammation or immune rejection in the
absence of immune suppression3?. Although no asystole was observed when backup pacing was
ceased, bradycardic episodes were recorded, indicating a need for optimisation3%. Similarly, HCN4-
MSC autograft also showed promise in a porcine model of heart block3**. However, some concerns
exits when considering use of MSCs, including their propensity to migrate from the site of
transplantation3?. To this end, biomaterial based scaffolds have shown potential in culturing and
containing HCN2-hMSCs, without affecting their ability to electrically couple and transduce
depolarising current to neighbouring cells®?®. Cardiac progenitor cells (CPCs) isolated from foetal
hearts possess favourable characteristics including strong electromechanical integration, minimal
migration from the injection site, and absence of proliferation and differentiation outside the
cardiac lineage3?’. These cells are being investigated for the delivery of HCN2 and SKM1 for long

term biopacemaking applications3?%,

Pluripotent stem cells can be differentiated along the cardiomyocyte lineage temporal application
of TFs and activation or repression of certain gene programmes3%, Early in their development along
the cardiomyocyte lineage, cells show a pacemaker phenotype, and continuing efforts are
underway to enhance differentiation into pacemaker cells. Overexpression of SHOX2 upregulates
the pacemaker gene programme and enhances automaticity in early caridomyocytes®®,
Spontaneously beating cells may be isolated from 3D hESC cultures®!. Injection of these cells into
the myocardium of pigs with complete heart block achieved electromechanical integration and
robust pacing, evidenced by the formation of connexin 43 positive gap junctions with resting rates
of 59 bpm332, Retrospective analysis of graft cells revealed some evidence of differentiation, and so
it remains to be seen whether transplanted cells maintain a naive phenotype or form mature
cardiomyocytes, at which point automaticity would be lost. Temporal induction of bone
morphogenic (BMP) and retinoic acid, and inhibition of fibroblast growth factor (FGF) signalling
pathways was found to support the differentiation of Nkx2.5 SAN like cells from human pluripotent

stem cells333, These cells were capable of pacing the rat heart when transplanted into the

ventricular apex, although pacing ranged from isolated ectopic beats to sustained pacemaker
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activity.

iPSC technology has also been applied to biopacemaking. Advantages include a plentiful source of
cells (adult somatic cells such as fibroblasts may be used) and negation of the requirement for
immune suppression in autologous grafts33*, Pacemaker activity in engrafted iPSC-CMs persisted up
to 3 months, at which time the experiment was terminated due to magnitude of the immune
response against the graft33. iPSCs were derived from xenograft cells, and thus issues surrounding

immune response would be ameliorated using autologous somatic cells to generate iPSCs.

Thus, despite some promising proof of concept studies, it seems that biopacemakers are some
distance away from clinical application. One might reason that correcting the underlying
dysfunction of the native pacemaker or wider CCS would be advantageous, and circumvent many
of the difficulties encountered with the strategies discussed above. Although a wide body of
experimental evidence now points towards molecular remodelling of the CCS as an important
mechanism in SND®#108101.128 - A\, block!3>142:336 gnd His-Purkinje dysfunction#37:138 there is a
paucity of studies that aim to develop systems to harness such promising therapeutic targets. A
targeted method for the modulation of CCS gene expression may provide a means for reversal or
prevention of CCS functional decline in disease. Via a systemic gene therapy based approach,
multiple CCS components could also be targeted simultaneously utilising the broad tropism of viral
vectors such as AAV. This may be important in light of the demonstrated interplay between SND

and AV block3¥.

1.6 Targeting the CCS via gene therapy

Many intensively investigated gene therapy approaches to treat CCS dysfunction are aimed at
creating de novo pacemakers via the methods discussed previously, including reprogramming
cardiomyocytes to pacemaker myocytes, inducing automaticity in quiescent cells, and engraftment
of cells that possess automaticity. In a practical sense, these methods are typically invasive and,
most importantly do not address the underlying dysfunction of the physiological pacemaker or
conduction tissue. It has also been shown that the unique pacemaker substrate is a vital factor in
its function, and recreating this in ectopic sites is challenging®3*. Few current approaches aim to
repair the endogenous pacemaker / CCS tissue itself via targeting it’s intrinsic remodeling. As
discussed previously, remodeling of ion channels and fibrosis within the CCS are both promising

therapeutic targets that could be exploited in order to restore function to the failing CCS.
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It has been shown that AAV vectors can be used to modulate gene expression in the working
myocardium towards ameliorating disease. For example, cardiac overexpression of miR-148a using
AAV9 preserved systolic function in a transverse aortic constriction (TAC) mouse model of heart
failure®*®. In a similar model, AAV9 mediated cardiac delivery of a miR-25 inhibitor resulted in
preservation of cardiac function via increasing SERCA2A, a knowns target of miR-25 and critical
regulator of calcium homeostasis implicated in heart failure pathogenesis®**. AAV9 in combination
with the cardiac specific promoter cTnT mediates extremely efficient and cardiac specific transgene
expression after systemic intravenous dleivery?®. Thus far, studies demonstrating successful

translation of these principles to the SAN / CCS are limited.

In order to target the atrioventricular node, selective intracoronary perfusion has been employed

341 Using this

via catheterization of the AV nodal branch of the right coronary artery in pigs
approach, 45% of AV nodal myocytes were successfully transduced via adenoviral infusion
combined with VEGF and nitroglycerin. Transgene expression was also seen in peripheral tissues

341

including liver, kidney and ovaries®*. The authors also demonstrated successful modification of

AVN electrophysiology using this method to overexpress an inhibitory protein to the B-adrenergic

341 Of note, adenovirus is only capable of conferring short term gene expression,

signaling pathway
as previously discussed. Adaptation of this method using AAV vectors could lead to long term

transgene expression coupled with relatively rapid onset of gene expression.

In HF, elevated heart rate is often associated with poor prognosis, indicating to the widespread use
of bradycardic agents such as the /s blocker, Ivabridine3**3%3, A proof of concept study in pigs showed
that downregulation of a B-adrenergic signaling pathway activator resulted in decreased heart rate,
conferred via injection of adenovirus directly into the SAN followed by electroporation3#*. Using this
gene delivery method, transgene expression was detected in 48% of cells in the SAN region.
Transgene delivery was also observed in the right atrium and left ventricle at frequencies of 20%
and 5% respectively®*. This technique is limited by its invasive nature, the possibility of
inflammation and tissue damage at the injection site, and the risk of inducing arrhythmia during

electroporation, as well as expression in off-target cardiac cells.
Specific and complete transmural gene delivery has been achieved in the atria, using an epicaridal
gene painting method. Adenoviral vectors are applied directly to the atrial surface, in combination

with a poloxamer gel to increase virus-tissue contact time and mild trypsinisation to enhance vector
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penetration®*. Noteably, without the addition of trypsin, only superficial epicardial transgene
expression was achieved due to lack of penetration of the virus into the atrial tissue. Mechanical
disruption of atrial tissue by trypsinisation did not significantly affect the physio-mechanical state
of the tissue, although a transient decrease in atrial function was observed3#. This technique is yet
to be applied in the context of SAN gene delivery and electrophysiological modification, and so it
remains to be seen whether factors such as trypsinisation could negatively affect SAN function.
Furthermore, the miniscule size and relatively inaccessible location of the SAN could limit the

applicability of the approach, as well as the inherent invasiveness of the procedure.

Thus, there is an unmet need for a minimally invasive, specific, and efficient method for targeted
gene delivery to the CCS. Thus far, the closest method to meeting these criteria is selective coronary
arterial perfusion as discussed for the AVN above. We aim to target the SAN and CCS via a single
systemic injection of AAV9 to address this unmet need. To restrict transgene expression to the CCS,

we aim to identify novel CCS tissue specific promoters to drive transgene expression.

1.7 Cardiac conduction system specific promoter candidates

1.7.1 SAN-HCN4

HCN4 is the primary HCN isoform expressed in the SAN, and is highly enriched in this tissue3. In
the adult mouse SAN, HCN4 was highly abundant at protein level determined by
immunohistochemistry and absent in the atria, whilst labelling of HCN1,2 and 3 were absent in the
SAN?69347 (see figure 1.7). In the dog and rabbit, HCN4 constitutes ~80% of all HCN isoforms in the
SAN33%8 Eyrthermore, in the rabbit SAN, HCN4 mRNA is highly abundant and scarce in the atrial
muscle3*. The importance of HCN4 in SAN pacemaking is highlighted by the multitude of loss of
function mutations in the HCN4 gene that underlie congenital SND (reviewed by Verkerk and
wilders, 20153%). Furthermore, bradycardia as a result of both athletic training, heart failure and
ageing has been attributed to downregulation of HCN4 and [£°%1%53%0, HCN4 is required for proper
function and development of the cardiac conduction system, and is expressed highly in the region

of the developing SAN, where the superior vena cava enters the right atrium3..

As HCN4 is a highly enriched and specific marker of the SAN, as well as being indispensable for SAN
function, this promoter will be used to direct transgene expression to the SAN. Kuratomi et al.
(2007)*8 characterised the mouse HCN4 promoter and analysed the transcriptional activity of a

variety of 5’ truncations of the promoter via transfection of promoter-luciferase constructs into

56



NRCMs in vitro (figure 1.8). The core promoter sequence (~0.8 kb) and a longer ~1.2 kb sequence
with slightly lower transcriptional activity are suitable for AAV based studies, owing to their

relatively short length.
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Sinus node

SEP, interatrial septum TC, terminal crest

Figure 1.7: HCN4 immunohistochemistry in the SAN, crista terminalis and atrial septum.
Strong HCN4 staining (green signal) is seen in the SAN, but is absent from the atrial tissue and
crista terminalis. From Dobrzynski et al. (2007)
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Figure 1.8: transcriptional activity of various mouse HCN4 promoter constructs in NRCMs.
The luciferase gene was placed under transcriptional control of each promoter fragment,
and the transcriptional activity measured corresponding to luciferase activity. Arrows
indicate promoter fragments selected for driving CCS specific expression. From Kuratomi et

al. (2007).
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1.7.2 CCS- KCNE1

KCNE1 is a beta subunit for the voltage gated potassium channel KCNQ1, and when co-assembled
the KCNQ1-KCNE1 complex generates a slow delayed rectifier potassium current I, s responsible for
repolarisation during the cardiac action potential®2. Loss of function mutations in KCNE1 are
associated with long-QT syndrome due a delay in potassium channel mediated repolarisation,
leading to torsades de pointes, ventricular fibrillation and sudden cardiac death33. A key area for
focal activity in triggering torsades de pointes is derived from re-entry in the cardiac Purkinje
network3>*, KCNE1 knockout mice suffer from long-QT syndrome and are also deaf, corresponding
with clinical links to deafness and sudden cardiac death risk3*>. KCNE1 is also expressed in the inner
ear, where dysregulated K+ homeostasis and endolypmh production in knockout animals leads to

the death of sensory hair cells*®.

Some studies have shown significant enrichment of the KCNE1 gene in canine Purkinje fibres
compared to ventricular tissue, although at protein level, KCNE1 was more strongly expressed in
the ventricular myocardium?®”’. In the mouse, replacement via homologous recombination of the
KCNE1 gene with LacZ, thus driven by the KCNE1 promoter, resulted in LacZ expression in the SAN,
AVN and ventricular conduction tissue, whereas expression was absent from the working
myocardium?®® (figure 1.9). In the ventricles, the LacZ substrate beta galactosidase co-localised with
connexin 40 expression which is exclusively expressed in the ventricular conduction system?8, To
this end, connexin 40-GFP mice have been used successfully to mark and visualise the ventricular
conduction system, comprised of the His bundle, bundle branches and Purkinje fibres**®. However
connexin 40 is also expressed robustly in the atria and in the coronary vessels, and connexin 40-
GFP mice showed significant reporter gene expression in these regions®®. Thus, in the mouse,
KCNE1 expression appears confined to the CCS and the KCNE1 promoter is capable of driving

transgene expression in the CCS specifically.
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Figure 1.9: expression of beta galactosidase in the heart of KCNE1/lacZ mice. A) Posterior view
of the right atrium showing beta galactosidase staining of the SAN. Dashed arrow indicates a
region of intense staining on the atrial septum. B) View of the right ventricular septum. As in
panel A, intense staining is seen on the right atrial septum, in close proximity to the tricuspid
valve. C) Zoomed in view of the area of intense staining shown in panels A and B. The staining is
confined to the triangle of Koch and to the region of the AV node and proximal His bundle. D)
Microscopic section of the staining shown in panel C. Staining is confined to the CCS tissue
comprising the AV node and His bundle. E) Higher-magnification view of panel D showing
nuclear B-galactosidase staining in endocardial cells. F) Cx40 immunostaining of the same
section as in panel E. Connexin 40 is clearly present at junctions between B-galactosidase
expressing cells. No B-galactosidase or Cx40 staining was observed in myocardial cells. (From

Kuperschmidt et al. (1999)).
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1.8 Summary and conclusions

Dysfunction of the cardiac conduction system is a significant cause of morbidity and mortality not
only in congenital contexts such as familial SND, but also in a range of acquired common
pathological states including HF, diabetes, ageing, and chronic exercise training. Thus far,
engineering a biological pacemaker has proved challenging, likely owing to highly specialized
cellular architecture, molecular makeup and substrate of the native SAN, AVN and Purkinje fibres.
Animal models of disease have provided key insights into the molecular mechanisms underlying
dysfunction of the CCS, with aberrant ion channel expression and subsequent electrical remodeling
emerging as a key factor leading to dysfunction. Despite the emergence of these promising
therapeutic targets, there is a stark lack of studies addressing how to target the CCS in a tissue
specific manner, with the aim of restoring physiological gene expression and thus function to the

failing tissues.

AAV9 is a highly cardiotropic, lowly immunogenic vector capable of highly effective gene delivery
to the heart. Placing AAV9- delivered transgenes under the control of tissue specific promoters has
shown great promise in tissue specific gene expression in the heart (cTnT, ANF promoters) and
other organs. While it is clear that AAV9 is effective in delivering genes to the working myocardium,
it is not known whether, or indeed to what extent, gene delivery is possible in the minute,
structurally and molecularly distinct CCS tissues, particularly from systemic administration of viral
vectors. Thus, we aim to address these fundamental questions, and identify tissue specific promoter
candidates capable of driving transgene expression in the CCS specifically. This would create a
versatile biological tool for the investigation of restorative therapies for CCS dysfunction across

various pathological contexts.

1.9 Hypothesis

AAV9 vectors with tissue specific promoters can be used to specifically modulate the expression of

key miR/ gene targets implicated in CCS dysfunction.

1.10 Aims

The primary objective is to develop a CCS specific system for in vivo gene delivery, targeting the

SAN and CCS/ Purkinje fibres. Achieving this goal consists of a number of secondary aims:

Select and characterize tissue specific promoter candidates for targeting SAN and wider CCS.
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i)

i)

Vi)

Clone promoters into both adenoviral and adeno-associated viral (AAV) plasmids driving reporter
gene (green fluorescent protein, GFP) expression for in vitro validation.

Test promoter activity in vitro in target (Shox2) and off target (NIH 3T3 fibroblasts, HEK 293) cell
lines using flow cytometry and fluorescence microscopy, allowing selection of the most promising
candidates for in vivo validation in terms of tissue specificity and transcriptional strength.

Package the best performing promoter/ reporter constructs into AAV9 vectors for in vivo testing.

Optimise in vivo testing conditions in terms of viral dose, incubation time, tissue processing
protocols for transgene detection.

Assess promoter performance in vivo in directing CCS specific transgene expression using
fluorescence microscopy based detection of GFP reporter expression, and detection of AAV9 vector
genomes in multiple tissues (SAN, AVN, Purkinje fibres, ventricle, atria, liver, lung, skeletal muscle,
kidney, brain).
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2.0 Chapter 2: General methods

2.1 Boinformatic analysis of promoter constructs

360 software in FASTA format to interrogate

Sequences of interest were input into Ciiider
transcription factor binding sites (TFBS) that contribute to promoter regulation. Ciiider implements
a MATCH?3®! algorithm to predict potential TFBS in regions of interest. Ciiider was used with the
position frequency matrix (PFM) in JASPAR3®? format. The mapping of each putative TFBS was
carried out with a deficit value of 0.15, which determines the stringency of the scan. The deficit
value of 0.15 means the scan will log any TFBS with a MATCH score of 0.85 or greater, of a maximum
possible score of 1 indicating a perfect match. The MATCH threshold specified is the same for both
core and matrix scores. The core region in the PFMs corresponds to a highly conserved core binding
region, typically flanked by areas of higher variability. Candidate sequences are split into
overlapping five-base segments, which are compared with the core PFM. If the similarity score

meets a defined threshold, the full length of the putative TFBS is computed and the similarity score

with the full PFM is calculated.

2.2 Cloning of AAV and adenoviral plasmids

HCN4 and KCNE1 promoters were synthesised by Dundee Biosciences, and cloned into a pBluescript
vector backbone. Restriction sites were incorporated for cloning into the desired expression
vectors. The 1.2 kb HCN4 promoter fragment was designed to incorporate flanking EcoRI and Hindlll
sites for convenient cloning into PZac 2.1 and pAAV backbone vectors with compatible restriction
sites. PZac 2.1 was obtained from the Vector Core Facility, Medical Genetics Division, Department
of Medicine, University of Pennsylvania, Philadelphia, PA, USA. A Bglll site was also placed at the
0.8 kb core promoter boundary to enable testing of this fragment in isolation. The KCNE1 promoter
was synthesised in a similar method, with the same restriction sites, enabling convenient cloning

using the same set of enzymes with compatible destination vectors.

Restriction enzymes used were all from New England Biolabs (NEB) unless otherwise stated. For the
1.2kb HCN4 / GFP construct, the construct (figure 2.1 A) was cloned into the pAAV cTnT luciferase
plasmid3®® backbone using EcoRl and Notl restriction sites, excising the cTnT ptomoter and
luciferase sequences and replacing with 1.2 kb HCN4 promoter driving GFP. Ligation was carried
out using T4 ligase (Promega) at 16°C overnight at ratios of vector:insert ranging from 1:1 to 1:3,

according to the following formula:
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ng of vector X kb size of insert X molar ratio of insert = ng of insert

kb size of vector vector

Cloning of 0.8 HCN4 kb GFP (figure 2.1 A) was carried out using Bglll and Notl restriction sites, using

the PZac2.1 plasmid backbone (figure in chapter 3, section 3.3.3).

A 1.6 kb truncation of the mouse KCNE1 promoter sequence was cloned into a pbluescript vector,
synthesised by DC Biosciences (figure in chapter 3, section 3.3.3). The 1.2 kb HCN4 promoter was
excised from pAAV 1.2 kb HCN4 / GFP using EcoRI and Hindlll restriction sites, and replaced with
the 1.6 kb KCNE1 promoter (figure 2.1 B) using the same restriction sites. The same procedure was
used for cloning the 0.8 kb KCNE1 variant into PZac 0.8 kb HCN4 / GFP, using Bglil and HindlIl sites.
After ligation, plasmids were transformed into competent DH5a E. coli (Thermo Fisher Scientific)
via heat shock and grown on 100 mg/ml Ampicillin or Kanamycin (pEntr plasmids only) plates
overnight at 37°C for negative selection. Plasmid DNA containing bacterial colonies were then
grown in LB broth containing ampicillin or kanamycin at 1:1000 dilution overnight at 37°C under
agitation. Plasmid DNA was then amplified using the QlAprep Spin Miniprep Kit (Qiagen) as per the
manufacturer’s instructions, and again digested with the appropriate restriction enzymes to verify
the bacterial colony selected for contained the successfully cloned plasmid of interest. Following
this, the bacterial culture was amplified using the Purelink HiPure Plasmid Filter Maxiprep Kit
(Thermo fisher Scientific) and again restriction digested for verification. Final plasmid stocks were
finally confirmed by Sanger sequencing via dideoxynucleotide chain termination method3®*. CMV

enhancer constructs were generated as described and depicted in chapter 3, section 3.3.4.

Adenoviral expression vectors were generated using Gateway cloning technology (Thermo Fisher
Scientific). HCN4 and KCNE1 promoter constructs driving GFP, as previously generated in AAV
plasmids, were first cloned into an entry vector, pEntrll (Invitrogen) between ATTL1 and ATTL2
sites. Bacteriophage lambda site specific recombination was then carried out between ATTL sites
of the entry clone and ATTR sites within the destination vector using LR clonase Il (Thermofisher
scientific) as per manufacturer’s instructions®®. The pAd/CMV/V5 expression vector was used for
creating a positive control plasmid driving GFP from the ubiquitous cytomegalovirus (CMV)
promoter, and the pAd/PL/Dest expression vector used to generate plasmids in which the promoter
of choice drove GFP expression (HCN4 or KCNE1). All plasmids were propagated using the DH5a E.
coli strain (Invitrogen), aside from pAd destination vectors for which One Shot™ ccdB Survival™ 2

T1R Competent Cells (Thermo Fisher Scientific) were used.
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Figure 2.1: (A) HCN4 promoter construct driving GFP and (B) KCNE1 promoter construct with

main restriction sites used for cloning (constructs utilized same restriction sites).

2.3 Adenoviral Production and purification

Recombinant adenovirus was generated by infecting 293A cells with the expression plasmids
generated. 2 x 108 293A cells were seeded into a T25 cell culture plate containing 5 ml complete
culture media (10% Dulbecco’s modified Eagle’s medium (DMEM), 100 pg Penicillin, 100 pg
Streptomycin (Life Technologies)) and allowed to attach overnight. 10 pug of each adenoviral
expression vector was digested with PACI enzyme (New England Biolabs) overnight. The next day,
1 pl of the restriction digest was run on a 0.8% agarose gel at 100 mV for 40 minutes to confirm the
digestion. Cells seeded the previous day were inspected to confirm >90% confluence had been
reached. Two sterile 1.5 ml Eppendorf tubes were used to prepare the transfection mixture. In one
tube, Optimem was mixed with Lipofectamine 2000 at a 6% dilution, and in the other, PACI digested
plasmid DNA was mixed with Optimem at a 2% dilution. Tubes were incubated at room temperature
for 15 minutes, mixed together at a 1:1 ratio and incubated for a further 20 minutes at room
temperature. Cell culture media was replenished and the transfection mixture applied dropwise to
the 293A cells. Cells were inspected periodically to monitor the extent of adenoviral infection. After

approximately 2 days, cells were transferred to a T75 flask and left for a further ~10 days until

65



approximately 80-90% cytopathic effect was seen (figure 2.2). Cells were harvested by pipetting up
and down the culture media on the bottom surface of the tissue culture flask. The mixture was
centrifuged at 1200 RPM for 5 minutes, the supernatant removed, and the pellet resuspended in
500 upl PBS. This constituted the primary adenoviral stock, which was stored at -80°C. For
amplification, 20 pl of the primary viral stock was used to infect each of two confluent T175 flasks
containing 293A cells (Thermo Fisher Scientific), and the resultant viral pellet resuspended in 1 ml
PBS. For the final tertiary viral prep, the same process was repeated using 6 T175 flasks for each
virus to be generated, and the viral pellet resuspended in 3 ml PBS. To purify the virus, it was
subjected to 3 freeze thaw cycles (-80°C to 37°C cycles), and 1 volume of chloroform was added and
mixed vigorously. The sample was centrifuged at 1000 RPM for 5 minutes and the top layer of
supernatant containing the purified virus removed. This was then aliquoted at 500 pul and stored at
-80°C. Titration was carried out using the Adenoviral QuickTiter immunoassay (Cell Biolabs) as per

manufacturer’s instructions.

66



Figure 2.2: Cytopathic effect in adenovirus infected 293A cells. Cells were 90-100% confluent
prior to infection (panel A). Approximately 10 days post infection, cells had progressed to

advanced infection, characterised by widespread cell death and detachment (panel B)

2.4 Primary neonatal rat cardiomyocyte (NRCM) isolation and culture

Cardiomyocytes were isolated from the hearts of 2-3 day old Sprague-Dawley rats (Charles River
Laboratories). Pups were euthanised via cervical dislocation, and the hearts removed via anterior
chest incision. Hearts were transferred to ice-cold, sterile artificial digestion solution (ADS)(116
mMNacCl, 20 mM HEPES, 1mM NaH2P0O4, 6 mM glucose, 5 mMKCI, 0.8 mM MgS04, pH 7.4). Inside
a class Il tissue culture hood, the hearts were cut longitudinally and dissociated in a serial enzymatic
digestion in 7 ml ADS supplemented with collagenase A (0.33 U/mL) and pancreatin (100 mg/mL).
Dissociation was carried out at 37°C for 10 — 15 cycles of 5 minutes digestion under agitation.

Between each cycle, hearts were triturated to assist the digestion mechanically. The resulting
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suspension was then passed through a cell strainer and 3 ml Fetal Bovine Serum was added to halt
the digestion. The collected cells were centrifuged at 1,200 rpm for 5 minutes, and the resulting
pellets resuspended in 40 ml of pre-plating media (67% DMEM, 17% Medium 199, 10% Horse
Serum, 5% Fetal Bovine Serum, 1% Penicillin-Streptomycin, 1% Fungizone). The cell suspension was
seeded onto uncoated 10 cm tissue culture dishes and incubated at 37°C, 5% CO2 for 1 hour,
facilitating the attachment of fibroblasts and thus allowing their separation from cardiomyocytes.
The supernatant comprising mostly cardiomyocytes was collected, and the cells were counted.
Cardiomyocytes were plated at the appropriate density in plating media (67% DMEM, 17% Medium
199, 10% Horse Serum, 5% Fetal Bovine Serum, 1% Penicillin-Streptomycin, 1% Fungizone, and 1
UM Bromodeoxyuridine (BrdU) and further 23 incubated at 37°C 5% CO2. After 24 hours, the cells
were washed several times with PBS, and transferred to maintenance medium (80% DMEM, 20%

Medium 199, 10% Fetal Bovine Serum, 1% Penicillin-Streptomycin, 1% Fungizone, and 1% BrdU).

2.5 Cell culture

Mouse embryonic stem derived nodal cardiomyocytes (Shox2 cells, (ATCC)) were maintained in
sterile culture media comprised of mouse embryonic stem cell basal medium (ATCC), 15% FBS, 0.05
mM 2-mercaptoethanol (Sigma Aldrich) and 0.1% penicillin / streptomycin. NIH-3T3 fibroblasts
(ATCC) and HEK 293A cells (Invitrogen) were maintained in Dulbecco's Modified Eagle's Medium
(Gibco) supplemented with 10% FBS and 1% penicillin / streptomycin. All cell cultures were
maintained in an environment of 95% air/ 5% CO; at 37°C. Cells were subcultured upon reaching
70-80% confluence. Shox2 cells were passed through a 70 um nylon cell strainer prior to re-seeding

in order to exclude aggregates.

2.6 DNA transfection in vitro

In order to test the efficacy of the promoters in driving GFP expression in different tissues, AAV
promoter / reporter plasmids were transfected into Shox2, NIH3T3 and HEK 293A cells. Cells were
seeded at a density of 80,000 cells per well in a 24 well plate and left overnight under normal
conditions to attach. Prior to transfection, cells were washed with PBS and the culture media
replaced with 0.5 ml fresh media. Using lipofectamine 3000 (Thermo Fisher Scienctific), 500 ng of
plasmid DNA was transfected per well in 24 well plates, with each plasmid transfected in triplicate
per experimental replicate. 1 ul lipofectamine and P3000 reagent was added per well, as per

manufacturer’s recommendations. Cells were incubated for 48 hours at 37°C, 95% air / 5% CO..
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For adenoviral testing in vitro, NRCMs were washed with PBS. Adenoviral supernatant was then
added into each well at a ratio of 1:100 with fresh maintenance culture media, mixed gently by
agitation and the plates transferred to an incubator at 37°C, 5% CO, for 48 hours. Cells were imaged

using an EVOS digital inverted microscope (Life technologies).

2.7 Imaging cytometry

48 hours after transfection, cells were washed with PBS and dislodged from culture plates by adding
0.3 ml TrypLE Express (Thermo Fisher Scientific) per well and incubated at room temperature. An
equal volume of complete culture media was added to neutralise the dissociation agent, and the
cells transferred into siliconized 1.5 ml centrifuge tubes. Cells were pelleted by centrifuging at 1000
RPM for 5 minutes. Cells were resuspended in 200 pl resuspension solution (PBS / 2% FBS). To
identify dead cells, 5 pul TO-PRO-3 stain (Thermo Fisher Scientific) was added to the solution as a
cellular viability stain, mixed, and incubated at room temperature for 10 minutes shielded from
light. Tubes were placed on ice and transported to the flow cytometry core facility, University of

Manchester.

Fluorescence intensity and percentage GFP positive cells were analysed using the ImageStream®X
Mk Il Imaging Flow Cytometer (Amnis). Laser power settings were consistent between samples for
each cell line: 488 channel (GFP) 30 mW (Shox2), 0.5 mW (NIH 3T3 and HEK 293A), and TO-PRO-3
100 mW. Cells were analysed a maximum of 30 minutes after dissociation from culture vessels, and
in triplicate for each plasmid transfected. A minimum of 3000 cells per transfection in triplicate, or
9000 cells per construct, were analysed in each experimental replicate. Data analysis was carried
out using Image Data Exploration and Analysis software (IDEAS, Amnis). GFP positive threshold was
set using untransfected cells from each experimental replicate. GFP positive cells deemed those
brighter than 99% of the untransfected cells in the 488 channel. Experiments were carried out in
HEK 293A, NIH 3T3 and Shox2 cells. Fluorescence was quantified by calculating the change in
fluorescence over negative control using the following formula: (Average intensity of GFP positive
cells x percentage GFP positive cells) — background fluorescence?®?. Transfection efficiency was
determined for each experimental replicate using the CMV construct, and the percentage GFP
positive cells for all other constructs normalised to this value. For example, a 25% transfection
efficiency assumed successful transgene delivery to 25% of cells in that given experimental
replicate. Dead cells were excluded from analyses via retrospective gating using TO-PRO-3 dye,

which is impermeant to live, viable cells.
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2.8 AAV9 production

Recombinant AAV9 vectors used in this study were generated by vector core unit at the
International Centre for Genetic engineering and Biotechnology (ICGEB), Trieste, Italy

(http://www.icgeb.org/avu-core-facility.html) as previously described>®¢. Vectors were prepared in

HEK293T cells using a calcium phosphate based triple plasmid transfection method for packaging,
where plasmids were transfected in a 1:1:1 ratio. Cells were verified free of mycoplasma
contamination. Viral stocks were obtained by polyethylene glycol (PEG) precipitation and purified
using a double cesium chloride gradient centrifugation. Purified vector stocks were dialyzed in
sterile PBS. In order to determine final viral titer, a fraction of each viral stock was subjected to
DNAse digestion in order to digest residual DNA, and proteinase K mediated digestion of the viral
capsid. Viral titer was measured using real time PCR, measured as viral SV40 Polyadenylation
sequence copy number/ ml. Final titers are detailed in table 2.1. Vectors were aliquoted into single

use shots and stored at -80C until use.

2.9 Invivo administration of AAV9

8 week old male C57BL6/J mice were injected with 1.5 x 102 (AAV9-CMV, 0.8 kb HCN4, 1.2 kb HCN4,
c¢TnT GFP) or 2.5 x 10** (AAV9-1.6 kb KCNE1 GFP) vector genomes of AAV9 suspended in up to 167
ul PBS via the lateral tail vein using a 0.5 ml insulin syringe. Prior to injection, mice were placed in a
warming chamber (37°C) for 10 minutes in order to dilate the vein. Mice were maintained for 5
weeks post-injection before sacrifice, corresponding to the expected peak of transgene
expression?®®. N.B. vector genome dose for AAV9 1.6 kb KCNE1 GFP was lower due to the low viral

titer and restrictions on maximum safe intravenous injection volume3®’.

Volume Final dose
Virus Titer (vector genomes / ml) | injected

100 pl 1.5 x 10%%vg
AAV9 CMV GFP 1.5x 108
AAV9 1.2 kb HCN4 GFP | 1.0 x 10% 150 pl 1.5x 102 vg
AAV9 0.8 kb HCN4 GFP | 9.4 x 10% 159 pl 1.5x 102 vg
AAV9 1.6 kb KCNE1 GFP | 1.5 x 10% 167 ul 2.5x 10" vg
AAV9 cTnT GFP 9.5 x 10*2 157.9 ul 1.5 x 10%%vg

Table 2.1: Viral titers for AAV9 generated by ICGEB for use in in vivo studies, final volume injected

per mouse for each vector, and final dose equivalent.
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2.10 Tissue collection and processing for immunohistochemistry and molecular analysis

After 5 weeks, mice were sacrificed via cervical dislocation (figure 2.3). The heart, liver, lungs,
skeletal muscle, kidney and brain were rapidly removed. A portion of each tissue was snap frozen
in liquid nitrogen for molecular analysis. For the heart, the ventricular apex and left atrial tissue was
frozen for these purposes, and the right quadricep was selected as representative skeletal muscle.
The remaining tissues were rinsed in PBS to remove residual blood and debris, and immersed in
freshly prepared 4% paraformaldehyde (PFA) solution in PBS, pH 7.4 and incubated at room
temperature for 1.5 hours under agitation. Tissues were then rinsed with PBS in order to remove
PFA. Tissues were placed into 30% sucrose solution in PBS, pH 7.0, and left overnight at 4°C for
cryoprotection. In order to examine the sinoatrial node in detail, it was dissected from the heart
and frozen in OCT after overnight cryoprotection of the whole heart. The remaining ventricular
tissue was returned promptly to 30% sucrose solution. Tissues were removed from sucrose and
passed through a solution comprising of 30% sucrose and OCT at a 1:1 ratio. Finally, the tissues
were passed through a bath containing 100% OCT, and rapidly frozen in OCT within plastic tissue
moulds using cooled (-80C) isopentane. Samples were transferred to -80°C for long term storage.
For sectioning, tissues were first allowed to equilibrate to cryostat internal temperature (-21°C) for
30 minutes. Tissues were sectioned at 10 um and sections collected onto Superfrost Plus glass slides

(VWR). Slides were transferred to -80°C for long term storage.

Week 0 Week 5
Tail vein injection Cull mice and Snap freeze for
of 1.5x 10" vg harvest qPCR
AAV9 tissues
Heart, liver, lung, Process for
skeletal muscle, Immunohistochemistry

kidney, brain

Figure 2.3: Experimental workflow for in vivo studies comprising injection of AAV9 vectors and

reporter transgene expression.
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2.11 Immunohistochemistry

Select slides were allowed 10 minutes at room temperature to thaw, before being washed in PBS.
Sections were then permeablised in 0.5% Triton X-100 in PBS for 10 minutes at room temperature,
and washed 2x in PBS. Sections were then blocked in 1% BSA /10% goat serum / 0.1% triton X in
PBS for 1 hour at room temperature. Primary antibodies were diluted in blocking buffer, applied to
sections, and incubated overnight at 4C protected from light in a humidified chamber. For GFP
staining, chicken polyclonal primary antibody was used (Abcam, ab13970), diluted at 1:1000. For
HCN4 staining, a rabbit polyclonal primary antibody was used (Alomone labs, APC-052) at 1:50
dilution. The next day, sections were washed in PBS and secondary antibody staining carried out.
Alexa Fluor 647 conjugated goat anti chicken (Abcam, ab150171) and Alexa Fluor 555 conjugated
goat anti rabbit (Fisher Scientific, A27039) were used to detect GFP and HCN4 bound primary
antibodies respectively. Secondary antibodies were diluted 1:200 in blocking buffer, and sections
incubated for 1 hour at room temperature. Sections were washed in PBS and incubated with 4’,6-
diamidino-2-phenylindole (DAPI (Sigma-Aldrich) diluted 1:5000 in PBS. Sections were again washed
and subsequently coverslipped with ProLong Gold antifade mountant mounting medium (Thermo
Fisher). Images were acquired using a Zeiss Axioimager upright fluorescence microscope running

nManager acquisition software3®,
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3.0 Chapter 3: Results- Characterisation and generation of
promoter constructs.

3.1 Introduction

Having identified suitable promoter candidates via review of the published literature, (HCN4 and
KCNE1 for CCS specificity, cTnT for cardiac specificity, and CMV as a positive control/ ubiquitous
promoter), | next set out to evaluate mechanisms surrounding the transcriptional regulation of
these promoters and generating the tools with which to test their activity in vitro. The CMV and
gallus cTnT promoters are already well characterised, and thus the promoter fragments used were
the same as in the published literature where their efficacy in vivo is well demonstrated3®33%, |n

silico analysis of these promoters was thus not carried out.

The HCN4 promoter has been characterised in vitro, although it’s in vivo performance is unclear. |
selected previously characterised regulatory regions comprising the 0.8 kb core promoter and
longer 1.2 kb truncation!'®37°, As part of this workflow, | also aimed to gain further insights into
specific regulatory elements involved in transcriptional regulation of the HCN4 promoter using in
silico bioinformatic approaches. Such information may provide a basis for further optimising
promoters and identifying motifs important in the regulation of cell type specific activation and/ or
repression. Of note, NRCMs express low levels of HCN4 and J; | sought to assess the value of
promoter candidates in driving transgene expression restricted to SAN tissue, where HCN4
expression is endogenously high. To this end, ventricular HCN4 transcription is highest at E9.5 and

gradually declines until birth, after which levels are barely detectable in the mouse3.

The KCNE1 promoter has been previously characterised in humans, but the murine promoter has
not been studied in detail3’%373, | alighed the human core promoter region3’%373 to the mouse KCNE1
regulatory region and selected a highly conserved region for further analysis. | also aimed to
examine TFBS to gain further insight into potential regulatory mechanisms. Identification of regions
important for transcriptional and tissue specific KCNE1 expression would also aid in selecting
minimal elements that could be capable of inducing tissue specific transcription in vivo, a key factor
given the length restriction placed on the promoter for AAV use. To this end, it is known that the
full length mouse KCNE1 and HCN4 regions produce robust transgene expression in the CCS in

ViV0258’259’374.

After selecting appropriate promoters based on literature studies and TFBS expression, | next

sought to develop tools to assess key characteristics of promoter performance; transcriptional
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strength and tissue specificity. Each promoter of interest was cloned upstream of the GFP reporter
gene and the resultant constructs inserted into plasmid vectors. In order to ensure robust
transduction of a variety of in vitro cell types, including primary cells where transfection is
challenging, constructs were also cloned into adenoviral vectors and adenovirus produced carrying

each promoter- reporter construct.

Finally, since tissue specific promoters are often plagued by weak transcriptional activity, and
preliminary experiments suggested low activity compared to the CMV promoter, we aimed to
enhance transcriptional strength of CCS specific candidates by addition of the strong 380 bp CMV
enhancer element. This approach has been successfully used to enhance many promoters, including
cardiac specific ANF, MLC, neuron specific PDGF-beta and chicken beta actin?62-256:375376 The effect
of the CMV enhancer upon both transcriptional strength induction and on tissue specificity appears
context and promoter specific?®2. Thus, the intention was to generate strong hybrid enhancer-

promoters capable of high-level CCS transgene expression.

3.2 Aims

l. Characterise and select CCS tissue specific promoter candidates (HCN4, KCNE1) using pre-

existing literature and bioinformatics assessment of transcriptional regulatory motifs.

Il. Generate promoter-reporter constructs for in vitro testing of promoter activity, to include
specificity and transcriptional strength.

M. Generate hybrid enhancer- promoters designed for high level CCS tissue specific transgene
expression.

V. Generate adenoviral vectors capable of delivering promoter- reporter constructs
effectively to a variety of cells, to include primary cells (neonatal ventricular rat

cardiomyocytes).

3.3 Results
3.3.1 Identification and bioinformatic analysis of the HCN4 promoter

| selected the ~0.8 kb HCN4 core promoter region in accordance with previously published work by
Kuratomi et al.**®, occupies positions -446 to + 401 relative to the transcription start site (TSS)
(illustrated in figure 3.1). The second construct was designed by adding ~0.4 kb fragment upstream
of the 0.8 kb core promoter resulting in ~1.2 kb variant extending from positions -827 to + 400
relative to the TSS (figure 3.1). Many transcription factor binding sites (TFBS) were predicted using

Ciiider, however only those of specific interest and with previously demonstrated roles in regulation

74



of the HCN4 promoter are shown. Figure 3.2 shows the distribution of TBFS of interest along the
full 1.2 kb and truncated 0.8 kb HCN4 promoter fragments. The 0.8 kb core promoter contains two
SP1 binding sites, whilst the full 1.2 kb fragment contains 3 (figure 3.2, table 3.1). SP1 has been
shown to play key roles in transactivation of the HCN4 promoter3”’. Other TFs of interest including
ISL1%%%, TBX3%78, Nkx2.5%°, Hand23®® and Nkx2.53"° were predicted to bind to the HCN4 promoter,
as shown in figure 3.2. Table 3.1 show matrix and core similarity scores for each putative TF binding

site of interest.

GGCGCTGGGATCCCGCATCTGTGACTGCTACTGTCGGCGCATTTCTTCGAAGTCTTACCTCGCAGAAGTGGGTCCACCCGCGCGCCCAGTGAGCGCCTGGAGAGTTTCCCGCAAGCCCTCCTCGCCG

A-826

CGCCGGGGAAGACCCACGCGGGATTCGCCCCCCGCCCCTGGCTCAGGAAAACCCTGGGAGCCGCCCGGACTCGAAGCGTTTTCCGGAAACCCCCTCTCCAGGCGAGTTGCGGGAAAGCAGCCGCT

CCGCAGCCTTACGACCGGCACGCCTCCCCGGAGGAGGGTCGGAGACCCTAGCGTGGAGACAGCGGGCTAGGCAAGGAAAGCCCGAAGCTCGCGGGAGAGACTGGGAAACCCCGCCCCCAAATCT

TGAGCCCCAGCGGGAGCTCTCAGTCCGTGGCCAGCAGGAATCATTACGCGCACAGGAGTAAGGACACCTCCTACCTCAGTCCCTAAGGTCTGGCGAGGTTCCGCCCTGCGCCCCTCGCGGGGCCCG

A
-438

GCCCCCTCCGCCCCCCTCTATGTCTGGGCTGGGACGCCGCTGCCCCTTTAAGAAGCCCAGGTAGGCAGGCCGGGCTGCAGAAGCCGCTCCTATGGCAACCCGCGAGCTGCGGCGGCTTCATGAATAT

TCCGGGGCGCGGGAGCCCGAGCGCTGCCGGAGGGCGCTCCGGGAGAGGCGGAGGCTGATGTAAGCCCGGCGGGCCGCTGGGCTCCGCTCCGCTGCGGCGGGAGTCCCCAGGACTCGGCCGGLT

GGGCTCAGCTAGAGGAGGCAAAGCGAGAACCCGGGTGACCAGCTGCAAAGCCCGGGCGGTCACACGCGCTGACAGCC CCAGAQ}CCCGCCGGACG CACTCCCGGGAACCGCGCGGGCAGTGCG

Ly 1ss (1)
CTCTGCGCTCGGGAGCGGTTCCCGGAGCGCGGTGGCCGCAGCGCCGCCGCTGCCCGCGCCCATTGTTCCCCGCGGGGGLCGGGGLCGCCTGGAGCCGGGLCCGCGCGCCGCGCCCCTGATCGCAGGA

GGGAGGGAAAAGAGGGAGGGAGCGTGGGGTCCCCGCGCCCAAGCCGGGCCCGGGAGGAGGTGCAGCGCGGCGAACCCGGGGACCTGCAGCCGGACTAGGAGCCTCCCCTCGGCGCGCAGCC

CGCGCGATCATGGGCTCGTGAGGCAGCGAAGGACGCGTCCTCACTGGCAGGCGCACCTGGAGCGGGTCCCCCGTGCCGCACCCGCACCGCTGCCCCCGGCCCAATCCCTGGCACCATGGACAAGC

A
+400

TGCCGCCGTCCATGCGCAAGCGGCTCTACAGCCTTCCG .
Translation start codon (+401)

Figure 3.1: Characterisation of the HCN4 promoter. The 0.8 kb promoter variant is highlighted in
green, comprising positions -438/ +400 relative to the transcriptional start site (TSS). The longer 1.2

kb variant is underlined by the red arrow, occupying positions -826 / +400 relative to the TSS.
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Figure 3.2: In silico prediction of TFBS on the mouse -826/ +400 mHCN4 promoter region.
Positions -838 - 0 correspond to the 0.8 kb core promoter. A) Select transcription factors with
particular relevance to HCN4 expression in the CCS are shown, with a matrix similarity of >=
85%, assessed using Ciiider. TF sequence logo is presented alongside each TF. Each logo is
based upon the position weight matrix (PFM). Individual base heights are in proportion to their

frequencies. Logos were obtained from JASPAR.
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Core | Matrix
Transcription | Transcription| Start End Match | Match
Factor Name| factorID | Position [Position|Strand| Score | Score Sequence
HAND?2 MA1638.1 6 15 -1 1 0.998 CACAGATGCG
Isl1 MA1608.1 407 417 1 1 0.869 AATCATTACGC
SP1 MAO0079.4 349 363 1 1 0.928 | GAAACCCCGCCCCCA
SP1 MAO0079.4 968 982 1 1 0.861 | CGCGCCGCGCCCCTG
SP1 MAO0079.4 940 954 -1 1 0.909 | GGCGCCCCGCCCCCG
SHOX MA0630.1 408 415 -1 0.904 | 0.899 GTAATGAT
TBX3 MA1566.1 1048 1057 1 0.915 | 0.872 GAGGTGCAGC
TBX3 MA1566.1 1193 1202 -1 0.915 | 0.879 GCGGTGCGGG
TBX3 MA1566.1 1187 1196 -1 0.915 | 0.882 CGGGTGCGGC
TBX3 MA1566.1 1162 1171 -1 0.915 | 0.886 CAGGTGCGCC
TBX3 MA1566.1 823 832 -1 1 0.942 CGGGTGTCTG
TBX3 MA1566.1 803 812 -1 0.965 | 0.952 CGCGTGTGAC
TBX3 MA1566.1 429 438 -1 1 0.957 GAGGTGTCCT
TBX3 MA1566.1 261 270 -1 0.883 | 0.861 GAGGCGTGCC
JUN MAO0488.1 673 685 1 1 0.857 AGGCTGATGTAAG
Nkx2-5(var.2)| MAO0503.1 210 220 1 0.943 | 0.854 CCCCTCTCCAG
Nkx2-5(var.2)| MAO0503.1 382 392 1 0.943 | 0.892 GAGCTCTCAGT
Nkx2-5(var.2)| MAO0503.1 837 847 1 1 0.856 ACGCACTCCCG
Nkx2-5(var.2)| MAO0503.1 89 99 -1 0.943 | 0.851 AAACTCTCCAG
Nkx2-5(var.2)| MAO0503.1 80 90 -1 0.907 | 0.855 AGGCGCTCACT

Table 3.1: Ciiider predicted TFBS output, detailing each putative TFBS predicted within the entire
1.2 kb mHCN4 promoter sequence (including 0.8 kb fragment). Binding site co-ordinates, strand
location, core and matrix match scores (out of a possible 1), and motif sequence are detailed.

Matrix and core scores explained in chapter 2.

3.3.2 Identification and bioinformatic analysis of the mouse KCNE1 promoter

Previously published work identified the human KCNE1 isoforms 1 and 2 core promoter region at
position -311 / +16 relative to the TSS and confers high cardiac specificity, although another
fragment comprising -1609 / +16 confers the highest absolute cardiac expression in cultured
primary ventricular cardiomyocytes®’3. These studies formed the basis for the identification and
selection of the mouse KCNE1 promoter fragment. The 5’ regulatory region of mKCNE1 was found
to share approximately 50% sequence homology with hKCNE1 isoforms 1 and 2. | thus selected a
highly conserved region of the mKCNE1 regulatory region comprising regions -1289 / +333 relative
to the TSS for further analysis, along with a truncated -479 / +333 region based on human promoter
sequence homology and potentially important regulatory motifs identified by in silico

bioinformatics studies (figure 3.3).
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In silico analysis predicted multiple regulatory motifs of relevance for KCNE1 transcriptional
regulation. Tbx20 was predicted to bind to mKCNE1 -1278 / +333, with one site in the shortened -
479/ +333 region, and a total of 2 in the full -1278/ +333 region (figure 3.4 A). Cardiac K* channel
promoters often contain multiple SP1 binding sites®'373, and SP1 is a validated transactivator of
the hKCNE1a promoter®®238, | observed one putative SP1 binding site in mKCNE1 lying within the
shortened -479/ +33 segment (figure 3.4 A). Other relevant TFBs identified included ETV13# for
which 3 putative binding sites were identified, notably all lying within the shorter -479/ +333 region
(figure 3.4 A). One GATA binding site was also predicted in the putative mKCNE1 core promoter
region, whereas notably the human core promoter contains three according to previously published
work3” (figure 3.4 A). | also identified 4 predicted MYOD1 binding sites, 1 of which lies within the -
479/ +333 promoter variant (figure 3.4 A). Many Tbx3 binding sites were predicted in the mKCNE1
fragment (n= 31) (figure 3.4 B). Table 3.2 shows matrix and core similarity scores for each putative
TFBS of interest. The relevance of these and other TFBS of interest are discussed further in section

3.4.2.

TTCAGAGGGAGACACAGGTATCTGTGAACTTGAGGCCAGCCTGGTCTACACAGAGTGTTCCAGAACAGTCAGAGTAACATAGTGAGACTGTCTCAACAAAGAGACAGATGAAATCCACATTATAACCAACCCACTAG
A—1289

GCGACAT GCTAGTGGCTTCATTGGATATTTCATTGAGAAATAACTTTGTATCATACAAGCCCTAGTTTAATTATTAATTGTATTTATTTATTTATTTGGCTTTAGGCATCAAGATTTTAATTATTATAAATAAAACTATGAA

GAACCTTTATATCCTTAAGACTTCTCTAAACCCAGTGCCTCTCTTTGGAATAGATTTCTCAGAATAACATTACACG CTGGAGGCAGTCTAGTGCTCTCCACTGTGGCTCAGTACCTGGATTCTGCCACCCACATGGCCACA

GCTCCCCATCTGCCTTTGTCAACAGGAGTATTATCTTGGAATGTTGCAGGTAAG CCCGTGGGAGGGCCTTCAGTTGTAGCCAGTTGTCCCCAGGAGCCCATAGGGGCTGTGGTCCTTAGAAGTGATCAGATGAGGAA

GACCAC TGGCGGC AGCAGTTACCCTTGGCTGTGTCCTTTCGCTGTAGGTCAGAAGCCTGCCTCTGTATCTCATCTGCCAGCCTAGCCAAGCCCTTCCACCGGAGCTGCCCCTG

TTGACTCACACCTGTCAGGCGGGTGGGCAACGCTATGAAACTGACCAGGAAGTCACCTGAGCAACTTCAGAGCTTGCTCCTGCTGGGAGAGAAAGGCCGGTTCATACTTIGCCTGGGAACTTCAGAGGTGGCGCCA
A-479

GGGCTGAAGTTCCTCCAGCAACTGACTGCCCACAGCAGAGCCTCGACCATTTAGCTACCTCTGCACCGTCCATCCAGGACCAGGCACCCAGTAAGTAGATGCTCAAGGTAGCCTTGTAGAATAGCCGAGGAGCCACA

GGGGTCCAGCAGGGTGTTAAGATAAAGGGATCTGGAGAGGTTCTGAGCCATCTCTGAGGTGCACGTGTTTGGAGCTATTTAATAGGGTGTTTGTCCGGTGCTGCCCTGGTCTGTCTTCCTTATTCTCCCACAGACTGC

CTGCCAGCCCTAAGCCCACCTGCTGGAGTCAAAGTGTTTCCGGCCCTTGGGGCTGAGTGCAGCGTGCAGGGTGCAGGGTGCAGGGTGGGCTGGGTAACTTCAGAGACCTAGGCTGGCA CGAGCCAACC

TGGCTGGAAGCCCCAGGGCTCTGTGAGGCTCCGCCCACCCAAAGCAACATCG CTTGA|GTGCCTCTGGGCTTGTCGGTCCTAGACCCCGG CTCACAGGCACACACATCAAGGCTCCCGCTGCACACACCAGGTTCCC

|-»TSS (+1) (Lesage et al., 1992)
TTGGCTTCTAGACCCAGGTAAGTCAGGGGCTCCTGCCTCTGCAACAGGTACCCTGCTAGGACCAGTCTTGGCCTACAGGCAGGCACACAGCATGGGGGGTGGGGGGGCGCAGGGATTTAACTTGTAGCCAGTCCCC

TCTCTGCCTGTCTTCACTTACAGGAAAGTTACAGGAAAACATTCTGCTTTTATTAGTAACTCAG TGGCATTCTCAGAGAAAATTTGGAAAATATCTAAAAGCATCAAATGAAAATTA
A+333

Figure 3

Figure 3.3: Characterisation of the KCNE1 promoter. The chosen 0.8 kb promoter variant occupies
positions -479/ +433 relative to the transcriptional start site (TSS). The longer 1.6 kb variant is
demarcated by red underline, occupying positions -1289 / +333. Promoter coo-ordinates are
indicated by red arrows. Green font denotes the human KCNE1 core promoter region, as described

by Lesage et al., (1992).
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Figure 3.4: bioinformatic analysis of the mouse -1289 / +333 KCNE1 promoter region. Positions
0/ -812 correspond to the 0.8 kb core promoter. A) Select TFs with key relevance to KCNE1
expression in the CCS are shown, with a matrix similarity of >= 85%, assessed using Ciiider. TF
sequence logo is presented alongside each TF. Each logo is based upon the position weight
matrix (PFM). Individual base heights are in proportion to their frequencies. Logos were

obtained from JASPAR. B) Location and distribution of predicted TBX3 binding sites in the

KCNE1 promoter.
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Transcription Factor Name | Transcription Factor ID |Start Position|End Position|Strand | Core Match Score | Matrix Match Score Sequence
ETV1 MAQ761.2 737 750 1 1 0.971 GACCAGGAAGTCAC
ETV1 MAQ761.2 1527 1540 1 1 0.864 TTACAGGAAAGTTA
ETV1 MAQ0761.2 1538 1551 1 1 0.865 TTACAGGAAAACAT

GATA4 MA0482.2 449 460 1 1 0.875 AGTATTATCTTG
GATA4 MA0482.2 984 995 -1 1 0.905 CCCTTTATCTTA
SP1 MAO0079.4 1262 1276 1 1 0.851 GAGGCTCCGCCCACC
Nkx2-5(var.2) MAO0503.1 1290 1300 -1 1 0.992 AGGCACTCAAG
Nkx2-5(var.2) MAO0503.1 1156 1166 -1 1 0.935 CTGCACTCAGC
Nkx2-5(var.2) MAO0503.1 998 1008 -1 0.943 0.874 AACCTCTCCAG
TBX20 MA0689.1 977 987 1 0.91 0.865 AGGGTGTTAAG
TBX20 MA0689.1 698 708 -1 1 0.932 CAGGTGTGAGT
MYOD1 MA0499.2 700 712 1 1 0.974 TCACACCTGTCAG
MYOD1 MA0499.2 745 757 1 1 0.851 AGTCACCTGAGCA
MYOD1 MA0499.2 1118 1130 1 1 0.868 GCCCACCTGCTGG
MYOD1 MA0499.2 100 112 -1 0.907 0.907 TTTCATCTGTCTC
TBX3 MA1566.1 51 60 1 0.956 0.898 AGAGTGTTCC
TBX3 MA1566.1 573 582 1 0.893 0.855 GGGGTGGCGG
TBX3 MA1566.1 609 618 1 0.953 0.895 GCTGTGTCCT
TBX3 MA1566.1 714 723 1 0.893 0.855 CGGGTGGGCA
TBX3 MA1566.1 818 827 1 0.893 0.866 GAGGTGGCGC
TBX3 MA1566.1 977 986 1 1 0.971 AGGGTGTTAA
TBX3 MA1566.1 1022 1031 1 0.915 0.864 GAGGTGCACG
TBX3 MA1566.1 1028 1037 1 0.965 0.918 CACGTGTTTG
TBX3 MA1566.1 1050 1059 1 1 0.94 AGGGTGTTTG
TBX3 MA1566.1 1061 1070 1 0.915 0.86 CCGGTGCTGC
TBX3 MA1566.1 1135 1144 1 0.956 0.911 AAAGTGTTTC
TBX3 MA1566.1 1172 1181 1 0.915 0.858 AGGGTGCAGG
TBX3 MA1566.1 1179 1188 1 0.915 0.858 AGGGTGCAGG
TBX3 MA1566.1 1186 1195 1 0.893 0.856 AGGGTGGGCT
TBX3 MA1566.1 1469 1478 1 0.893 0.866 GGGGTGGGGG
TBX3 MA1566.1 1455 1464 -1 0.953 0.907 GCTGTGTGCC
TBX3 MA1566.1 1358 1367 -1 1 0.95 CTGGTGTGTG
TBX3 MA1566.1 1356 1365 -1 0.953 0.913 GGTGTGTGCA
TBX3 MA1566.1 1335 1344 -1 0.953 0.926 GATGTGTGTG
TBX3 MA1566.1 1333 1342 -1 0.953 0.91 TGTGTGTGCC
TBX3 MA1566.1 1269 1278 -1 0.893 0.855 TGGGTGGGCG
TBX3 MA1566.1 1117 1126 -1 0.893 0.867 CAGGTGGGCT
TBX3 MA1566.1 910 919 -1 0.915 0.864 TGGGTGCCTG
TBX3 MA1566.1 889 898 -1 0.915 0.852 ACGGTGCAGA
TBX3 MA1566.1 744 753 -1 0.892 0.854 CAGGTGACTT
TBX3 MA1566.1 699 708 -1 1 0.996 CAGGTGTGAG
TBX3 MA1566.1 674 683 -1 0.893 0.854 CCGGTGGAAG
TBX3 MA1566.1 403 412 -1 0.893 0.875 TGGGTGGCAG
TBX3 MA1566.1 350 359 -1 0.965 0.928 AGCGTGTAAT
TBX3 MA1566.1 44 53 -1 0.953 0.886 TCTGTGTAGA
TBX3 MA1566.1 8 17 -1 0.953 0.893 CCTGTGTCTC

Table 3.2: Ciiider predicted TFBS output, detailing each putative TFBS predicted within the 1.6 kb
KCNE1 promoter (including 0.8 kb fragment). Binding site co-ordinates, strand location, core and
matrix match scores (out of a possible 1), and motif sequence are detailed. Matrix and core scores
explained in chapter 2, section 2.1
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3.3.3 Cloning of promoter-GFP expression constructs

Promoter/ GFP reporter constructs were into an AAV expression construct to enable testing in vitro,
and if appropriate, packaging into AAV for in vivo testing. Using EcoRI and Notl restriction sites, the
cardiac troponin promoter was excised from the pAAV cTnT luciferase plasmid backbone (figure 3.5
A) and replaced with the 1.2 HCN4 promoter driving GFP flanked by the same restriction sites.
Successful cloning was verified by digesting the final pAAV 1.2 HCN4 GFP plasmid with EcoRIl and
Notl to excise the promoter plus GFP. Expected bands were seen when visualised via DNA gel
electrophoresis, at 1.9kb and 3.6kb corresponding to the plasmid backbone (figure 3.5 C). A similar
workflow was used in cloning the 0.8 HCN4 promoter driving GFP into the PZac 2.1 backbone using

Bglll and Notl restriction sites, with expected DNA bands at 1.5kb and 3.5kb (figure 3.6).

From these plasmids, the KCNE1 promoter was then cloned in to drive GFP expression, replacing
the HCN4 promoters to generate KCNE1 promoter / reporter constructs. The 1.2 kb HCN4 promoter
was excised from pAAV 1.2 kb HCN4 GFP using EcoRI and Hindlll restriction sites, and the 1.6 KCNE1
promoter ligated in using the same sites to yield pAAV 1.6 kb KCNE1 GFP. Expected bands at 1.6kb
(corresponding to the promoter) and 4.3kb (corresponding to the plasmid backbone) were
observed upon restriction digest (figure 3.7). The 0.8 kb HCN4 promoter was excised from PZac 2.1
0.8 kb HCN4 GFP using Bglll and Hindlll restriction sites, and the truncated 0.8 kb KCNE1 promoter
ligated in its place using the same complementary sites. Expected bands were observed after gel
electrophoresis of the resultant plasmid DNA after digestion with Bglll and Hindlll to liberate the
promoter from the backbone plus GFP, at 0.8kb and 4.2kb (see figure 3.8). All plasmids were verified

by Sanger sequencing.

3.3.4 CMV enhancer cloning

In order to enhance transcriptional strength of tissue specific promoters, the human immediate
early CMV enhancer was incorporated upstream of 0.8 kb HCN4, 1.2 kb HCN4, and 0.8 kb KCNE1
promoters. A 380 bp region of the CMV enhancer was synthesised by Aruru Molecular,
corresponding to the region previously used to enhance transcription from the neuron specific

PDGF-beta promoter?®

, and corresponding to the CMV enhancer sequence used in the pAd CMV
V5 Dest vector (Life Technologies). The synthesised fragment included a 5’ Xbal and 3’ EcoRI
restriction sites in order to facilitate cloning upstream of the 1.2 kb HCN4 promoter in pAAV 1.2 kb
HCN4 GFP, in addition to a 5’ Ncol site to facilitate cloning the CMVe 1.2 kb HCN4 GFP fragment
into pENTR11 (figure 3.9 A-B). In order to generate CMVe 0.8 kb HCN4 GFP, the 380 bp CMV
enhancer sequence plus the first 68 bp of the 0.8 kb HCN4 promoter, up to the Bsu36l site, was

synthesised to include 5’ Bglll and Ncol sites (figure 3.9.1 A-B). This fragment was cloned into PZac
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0.8 kb HCN4 GFP upstream of GFP using Bglll and Bsu36l sites (figure 3.9.1 C). To generate CMVe
0.8 kb KCNE1 GFP, the 380 bp CMV enhancer sequence plus the first 14 bp of the 0.8 kb KCNE1
promoter up to and including Kasl, was synthesised to include 5’ Bglll and Ncol sites (figure 3.9.2 A-
B). This fragment was cloned into PZac 0.8 kb KCNE1 GFP using Bglll and Kasl sites (figure 3.9.2 C).

All plasmids were verified by sanger sequencing.

3.3.5 Cloning of adenoviral plasmids

The 1.2 kb HCN4 GFP construct was cloned using EcoRIl and Notl sites, creating pEntr 1.2 kb HCN4
GFP, verified by digestion with the same enzymes (figure 3.9.3). 1.6 kb KCNE1 was also cloned using
EcoRl and Notl (figure 3.9.5). For 0.8 kb HCN4 and KCNE1 promoter variants, pEntrl1 was cut with
BamHI and Notl, as the entry vector did not contain a Bglll site. BamHI was used as it generates
compatible ends with Bglll. Cloning was verified using Sall and Notl, where expected bands were
seen after gel electrophoresis (figures 3.9.4 and 3.9.6). A control entry vector, containing only the
GFP gene, was generated by excising the 1.2 HCN4 promoter from 1.2 kb HCN4 pEntr using XCMI.
The control vector pEntr GFP, was verified by digestion with XMCI and Notl, excising the GFP gene,
and expected bands were again viewed via gel electrophoresis (figure 3.9.7). Sanger sequencing of

the plasmids again confirmed the correct sequence and directionality of the inserts.

After generation of the entry vectors, these were recombined with pAd destination vectors using
bacteriophage lambda site-specific recombination to generate final adenoviral expression
constructs. For all expression vectors other than CMV GFP, the pAd PL Destination vector (Life
Technologies) was used, which enables incorporation of the promoter of choice (figures 3.9.8 —
3.9.9.2). The pAd CMV V5 plasmid (Life Technologies) was used to generate the positive control
expression vector, where the ubiquitous strong CMV enhancer-promoter drives expression of GFP
(figure 3.9.9.3). These plasmids were again verified by restriction digest using PACI and

subsequently Sanger sequencing.
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3.3.6 Adenoviral generation and titration

Recombinant adenovirus was successfully generated via the methods outlined in chapter 2, section
2.3.
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Figure 3.5. pAAV 1.2 HCN GFP plasmid cloning. A) pAAV cTnT luciferase backbone plasmid. B)
Cloned pAAV 1.2 HCN4 GFP plasmid. C) Corresponding DNA gel electrophoresis: 1) DNA Ladder.
2) backbone pAAV cTnT luciferase plasmid cut with EcoRI, Notl to excise insert. 3) final pAAV 1.2
HCN GFP plasmid uncut. 4) final pAAV 1.2 HCN4 GFP cut with EcoRI, Notl for verification of

successful cloning.
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Figure 3.6. pZac 2.1 0.8 HCN4 GFP plasmid cloning. A) PZac 2.1 backbone plasmid. B)
Cloned pZac 2.1 0.8 HCN4 GFP plasmid. C) Corresponding DNA gel electrophoresis: 1) DNA
Ladder. 2) backbone PZac 2.1 plasmid cut with Bglll, Notl to excise insert. 3) final pZac 2.1
0.8 HCN4 GFP plasmid uncut. 4) final pZac 2.1 0.8 HCN4 GFP cut with Bglll, Notl for

verification of successful cloning.

84




A) llac operaton Mi3rev) ) lac operator. Mi3rev

EcoRI (201)

ECcoRI (201)

PAAV 1.2 HCN4 GFP
5585 bp

PAAV 1.6 KCNEL GFP
5978 bp

HindIIT (1438)

HindIIl (1031)

&
8 99
. gt
g Brgiovn oo g
|

3000

SIZE (op)
10037

C)

[T T
g

1.6kb

— 40

Figure 3.7. pAAV 1.6 KCNE1 GFP plasmid cloning. A) pAAV 1.2 HCN4 GFP backbone plasmid. B)
Cloned pAAV 1.6 KCNE1 GFP plasmid. C) Corresponding DNA gel electrophoresis: 1) DNA Ladder.
2) backbone pAAV 1.2 HCN4 GFP plasmid cut with EcoRl, Hindlll to 1.2 HCN4 promoter. 3) final
pAAV 1.6 KCNE1 GFP plasmid uncut. 4) final pAAV 1.6 KCNE1 GFP cut with EcoRlI, Hindlll for

verification of successful cloning.
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Figure 3.8. PZac 2.1 0.8 KCNE1 GFP plasmid cloning. A) PZac 2.1 0.8 HCN4 GFP backbone
plasmid. B) Cloned pZac 2.1 0.8 KCNE1 GFP plasmid. C) Corresponding DNA gel electrophoresis:
1) DNA Ladder. 2) backbone PZac 2.1 0.8 HCN4 GFP plasmid cut with Bglll, Hindlll to excise insert.
3) Final pZac 2.1 0.8 HCN4 GFP plasmid uncut. 4) Final pZac 2.1 0.8 KCNE1 GFP cut with Bglll,

Hindlll for verification of successful cloning.
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Figure 3.9. pAAV CMVe 1.2 kb HCN4 GFP cloning. A) CMVe construct deigned for cloning
upstream of 1.2 kb HCN4 promoter in pAAV 1.2 kb HCN4 GFP plasmid, flanked by Xbal and EcoRl
restriction sites. B) pAAV 1.2 kb HCN4 GFP backbone plasmid, showing upstream Xbal and EcoRl
sites used for insertion of CMVe. C) Final cloned pAAV CMVe 1.2 kb HCN4 GFP, completed using

Xbal and EcoRl sites for insertion of CMVe upstream of 1.2 kb HCN4 promoter.
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Figure 3.9.1 pZac CMVe 0.8 kb HCN4 GFP cloning. A) CMVe construct designed for cloning
upstream of 0.8 kb HCN4 promoter in PZac 0.8 kb HCN4 GFP plasmid. The CMVe sequence was
synthesised with an upstream flanking Bglll site for cloning upstream of the 0.8 kb HCN4
promoter. A portion of the 0.8 kb HCN4 promoter, up to and including the Bsu361 site, was
synthesised immediately downstream of the CMVe sequence to allow insertion of the construct
and reconstitution of the full 0.8 kb HCN4 sequence after cutting with Bsu36l. B) PZac 0.8 kb
HCN4 GFP backbone plasmid, showing the positions of Bglll and Bsu36l restriction sites for
insertion of the CMV enhancer. C) Final cloned PZac CMVe 0.8 kb HCN4 GFP plasmid. The CMV

enhancer is present directly upstream of the 0.8 kb HCN4 promoter driving GFP.
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Figure 3.9.2 pZac CMVe 0.8 kb KCNE1 GFP cloning. A) CMVe construct designed for cloning
upstream of 0.8 kb KCNE1 promoter in PZac 0.8 kb KCNE1 GFP plasmid. The CMVe sequence
was synthesized with upstream flanking Bglll and Kasl restriction sites for cloning upstream of
the 0.8 kb KCNE1 promoter. B) PZac 0.8 kb HCN4 GFP backbone plasmid, showing the positions
of Bglll and Kasl restriction sites for upstream insertion of the CMV enhancer. C) Final cloned
PZac CMVe 0.8 kb KCNE1 GFP plasmid. The CMV enhancer is present directly upstream of the
0.8 kb KCNE1 promoter driving GFP.
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Figure 3.9.3. pEntr 1.2 HCN4 GFP plasmid cloning. A) pEntr11 backbone plasmid. B)
Cloned pEntr 1.2 HCN4 GFP plasmid. C) Corresponding DNA gel electrophoresis: 1)
DNA Ladder. 2) Final pEntr 1.2 HCN4 GFP plasmid uncut. 3) backbone pEntrll
plasmid cut with EcoRI, Notl. 4) Final pEntr 1.2 HCN4 GFP cut with EcoRI, Notl for
verification of successful cloning.

90




frhB T1 terminator|

B)

sall (s02)

BamHI (509}
Netl (528}

BTE)

final pEntr minus CCDB and CMR notl pEntr 0.8 HCN4 GFP
2321 bp 3877 bp

0001

15301

(z084) Notl

SIZE (op)

—1500/1517

1000 2.3kb
800
600 1.6kb

— 400

Figure 3.9.4. pEntr 0.8 HCN4 GFP plasmid cloning. A) pEntrll backbone plasmid. B) Cloned pEntr
0.8 HCN4 GFP plasmid. C) Corresponding DNA gel electrophoresis: 1) DNA Ladder. 2) backbone
pEntrll plasmid cut with BamHI, Notl. 3) Final pEntr 0.8 HCN4 GFP plasmid uncut. 4) Final pEntr 0.8

HCN4 GFP cut with Sall, Notl for verification of successful cloning.
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Figure 3.9.5. pEntr 1.6 KCNE1 GFP plasmid cloning. A) pEntrl1 backbone plasmid. B) Cloned
pEntr 1.6 KCNE1 GFP plasmid. C) Corresponding DNA gel electrophoresis: 1) DNA Ladder.
2) Final pEntr 1.6 KCNE1 GFP plasmid uncut. 3) backbone pEntrll plasmid cut with EcoRl,
Notl. 4) Final pEntr 1.6 KCNE1 GFP cut with EcoRlI, Notl for verification of successful cloning.
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Figure 3.9.6. pEntr 0.8 KCNE1 GFP plasmid cloning. A) pEntrl1 backbone plasmid. B) Cloned
pEntr 0.8 KCNE1 GFP plasmid. C) Corresponding DNA gel electrophoresis: 1) DNA Ladder. 2)
Final pEntr 0.8 KCNE1 GFP plasmid uncut. 3) backbone pEntrll plasmid cut with BamHI,

Notl.4) Final pEntr 0.8 KCNE1 GFP cut with Sall, Notl for verification of successful cloning.
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Figure 3.9.7. pEntr GFP plasmid cloning. A) pEntr 1.2 HCN4 GFP backbone plasmid. B)
Cloned pEntr GFP plasmid uncut. C) Corresponding DNA gel electrophoresis: 1) DNA
Ladder. 2) Final pEntr GFP plasmid uncut. 3) Backbone pEntr 1.2 HCN4 GFP cut with
XCML1. 4) Final pEntr GFP cut with XCMI, Notl for verification of successful cloning.
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Figure 3.9.8. A) 1.2 HCN4 GFP expression clone map. Promoter / GFP construct is flanked by
ATTB recombination and PACI restriction sites are labelled. B) DNA gel electrophoresis after

PACI digestion, showing expected bands
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Figure 3.9.9. A) 0.8 HCN4 GFP expression clone map. Promoter / GFP construct is flanked by
ATTB recombination and PACI restriction sites are labelled. B) DNA gel electrophoresis after

PACI digestion, showing expected bands
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Figure 3.9.9.1 A) 1.6 KCNE1 GFP expression clone map. Promoter / GFP construct is flanked
by ATTB recombination and PACI restriction sites are labelled. B) DNA gel electrophoresis

after PACI digestion, showing expected bands
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after PACI digestion, showing expected bands
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Figure 3.9.9.3. A) pAd CMV GFP expression clone map. Promoter / GFP construct is flanked by
ATTB recombination and PACI restriction sites are labelled. B) DNA gel electrophoresis after PACI

digestion, showing expected bands.

3.4 Discussion

The results described in this chapter summaries the development of tools to test the activity of
tissue specific promoter candidates of HCN4 and KCNE1, comparing to known benchmarks of the
ubiquitous CMV and strong cardiac specific cTnT promoters. This involved generating numerous
plasmids comprising the promoter of choice upstream of the GFP transgene and relevant regulatory
elements. Since the ultimate aim is to test the most promising candidates in vivo using AAV9,
plasmids with the necessary regulatory elements for AAV production were selected for the plasmid
backbone (PZac 2.1 for 0.8 kb promoter variants, and pAAV for the 1.2 kb HCN4 and 1.6 kb KCNE1
variants). In vitro testing would also benefit from high efficiency of transgene delivery, and so
promoter constructs were also cloned into adenoviral vectors and adenovirus produced for these
purposes. Unfortunately, later analysis of adenoviral constructs uncovered erroneous placement of
restriction sites, resulting in exclusion of the polyadenylation signal from the final constructs. In the
absence of polyadenylation signals, mRNA is not stabilized and suffers high levels of degradation,
precluding translation to protein3®. Thus, since promoter activity was to be measured by GFP

protein fluorescence, the constructs were deemed unsuitable for use. The PZac 2.1 and pAAV based
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plasmids were intact and correct, and thus lipofection of these plasmids into target cells was
ultimately considered the best method for in vitro assessment of promoter performance going
forward. This also precluded analysis on NRCMs, as plasmid lipofection efficiency was low in these

cells as expected (not shown).

Insight into the regulation of promoter candidates was also gained through bioinformatics analyses,
using sequences derived from the literature which detailed the human KCNE1 promoter region, and
mouse HCN4 promoter region. Since bioinformatic tools merely offer predictions on TF binding
activity, it must be considered that a predicted binding may not always reflect true binding of TFs
to the promoter in the native context. Nevertheless, these assessments provided insight into the
potential regulation of these promoters, and assisted in the process of rational design of minimal
constructs applicable to AAV9 based strategies, in which promoter size must be minimized in light
of limited viral packaging capacity. This was particularly relevant for KCNE1, where only the human

and not the mouse promoter had been characterized and identified.

3.4.1 Bioinformatic analysis of the HCN4 promoter

The mHCN4 promoter region selected was subjected to bioinformatics analysis to identify putative
TFBS of particular relevance to transcriptional regulation of HCN4 expression. SP1 is a key
transcriptional activator of the human HCN4 promoter, and elevated expression of SP1 was found
to drive overexpression of HCN4 under hypertrophic stimuli®’’. Our studies identified 3 putative SP1
binding sites were identified via bioinformatic analysis of the full 1.2 kb mouse HCN4 promoter, 2
of which lie within the 0.8 kb core promoter region (figure 3.2). SP1 is likely to contribute to
transcriptional activation of the HCN4 promoter, and is a ubiquitously expressed TF found in most
mammalian tissues3®. SP1 is robustly expressed in liver, lung, kidney and brain among others,
although there was more than a 100 fold variation in expression levels between different organs,
suggesting it may play tissue specific roles beyond its established role in activation of housekeeper
genes®®’. To this end, it has been demonstrated that SP1 Interacts with and transactivates the
SERCA promoter in the working myocardium32&. Of note, SP1 mRNA is more highly expressed in the
SAN compared to right atrial tissue!®? and it has been demonstrated that SP1 can act synergistically
with tissue specific TFs3®. For example, SP1 interacts with an NFKB site in the NR1 promoter,
controlling transcription of a glutamate receptor important for maintaining neuronal plasticity,

resulting in its transcriptional transactivation3®.

ISL1 was also predicted to bind within the 0.8 kb HCN4 core promoter region (figure 3.2). SAN

specific ablation of ISL1 in mouse embryos resulted in hypoplasia of the SAN, bradycardia, and
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significantly decreased HCN4 and TBX3 expression in remaining SAN cells, suggesting regulation of
these genes by ISL13!. Another study validated the role of ISL1 in establishing the SAN
transcriptional programme, where RNA sequencing of SAN tissue lacking ISL1 also demonstrated
decreased levels of HCN4, and high enrichment of ISL1 binding sites in those genes downregulated

in response to ISL1 ablation?*°. Thus ISL1 is likely an important regulator of HCN4 expression.

SHOX is also predicted to bind to the 0.8 kb HCN4 core promoter region (figure 3.2). SHOX, and its
murine orthologue shox2 were found to function similarly in regulating SAN formation, and
functional redundancy between the two was demonstrated where mice expressing SHOX in place
of Shox2 exhibited normal pacemaker function3®2. Ablation of Shox2 in the mouse heart results in
decreased levels of HCN4 in the SAN from E10.5 and ectopic expression of Nkx2.5, concurrent with
decreased rate of spontaneous automaticity®>®. However, it is not clear whether Shox2 directly
regulates HCN4 transcription, as SAN HCN4 expression is reduced in Nkx2.5 overexpressing hearts
in the absence of altered Shox2 expression, and ectopic Shox2 expression fails to significantly
induce HCN4 expression and pacemaker activity®”. In this context, Shox2 is thought to repress

Nkx2.5 and thus resist induction of a working myocardium gene expression profile3’®,

Other TFs that play key roles in development and maintenance of the SAN gene expression
programme including TBX33"8, Nkx2.537° and Hand23¥ were predicted to bind to the HCN4 promoter
region (figure 3.2). Hand2 promotes activation of pacemaker genes, including HCN4, via modifying

chromatin assembly during reprogramming of fibroblasts cells to induced SAN cells3&°,

3.4.2 Bioinformatic analysis of the KCNE1 promoter

After alignment of the mKCNE1 promoter to the previously characterized and published hKCNE1
core promoter region, similar bioinformatics analyses were carried out to identify putative
regulatory motifs that could be important for activation and tissue specific activity of the mKCNE1
promoter. This information was also used to identify and select the final fragment to be used in
vitro studies going forward.

The KCNE1 promoter was chosen to drive CCS specific transgene expression, based on the
observation that KCNE1-LacZ knock-in mice express lacZ confined to the CCS%8, The human KCNE1
promoter is well characterised®%373, whereas the mouse KCNE1 promoter region lacks detailed
characterisation®?. Lundquist et al.3”? identified 2 KCNE1 variants in the human heart, designated
KCNE1la and KCNE1b. The putative KCNE1la -1278 / +257 promoter drove higher levels of
transgene expression in atrial HL1 cells compared to the corresponding KCNE1b region®72.
Multiple KCNE1 isoforms exist in the human heart, where two isoforms (designated isoforms 1

and 2373) make up 80% of those present in the heart and share a common promoter, as identified
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in a later study.

Our in silico analysis predicted Tbx20 to bind to mKCNE1 -1278 / +333, with one site in the
shortened -479/ +333 region, and a total of 2 in the full -1278/ +333 region (figure 3.4 A). Human
and mouse KCNE1 promoters share consensus Tbx20 binding sites. Overexpression of Tbx20
increased KCNE1 levels in HL1 Cells, as well as transcriptional activity from the human KCNE1
promoter®®*. Cardiac K* channel promoters often contain multiple SP1 binding sites*¥373, and SP1
is a validated transactivator of the hKCNE1a promoter38238 We observed one putative SP1 binding

site in mKCNE1 lying within the shortened -479/ +33 segment (figure 3.4 A).

ETV1 is a transcriptional activator with functions relating to cellular proliferation, differentiation
and maturation®* ETV1 Is highly expressed in the His-Purkinje network, and mutations are
associated with bundle branch and AV block in humans®4. ETV1 plays a key role in the regulation
of genes enabling fast conduction, a hallmark of Purkinje fibres, and ETV1 deficient mice showed
prolonged QRS duration and aberrant development of the ventricular conduction system3%,
Overexpression of ETV1 in neonatal ventricular rat cardiomyocytes induced a Purkinje-like gene

expression profile, including elevated expression of KCNE13%°>, mKCNE1 -1278 / +333 contained 3

putative ETV1 binding sites, notably all lying within the shorter -479/ +333 region (figure 3.4 A).

Bioinformatic analysis identified one GATA binding site the putative mKCNE1 core promoter region,
whereas the human core promoter contains three®”® (figure 3.4 A). GATA binding sites are critical
to the function of the hKCNE1 promoter®’3. Mutation of all three GATA elements halved promoter
activity and compromised cardiac specificity, also leading to an aberrant transcriptional response
to hypertrophic stimuli*”3. Knockdown of GATA4 in NRCMs resulted in a 40% reduction in hKCNE1
promoter activity, indicating GATA4 in particular is a key determinant of hKCNE1 promoter activity
in cardiomyocytes®”. The -1278 / +333 mKCNE1 fragment contains 2 putative GATA4 binding sites
(1 of which lies within the -479/ +333 region), which likely contribute to transcriptional activity and
specificity in the heart (figure 3.4). Interactions between GATA4 and the KCNE1 promoter are
further modulated by FOG2, where knockout of FOG2 or generation of a GATA4 mutant that blocks

interactions with FOG2 results in significantly upregulated KCNE1 expression in the mouse heart3%,

MYOD binding sites are highly conserved between mouse and human KCNE1 promoter sequences,
suggesting a key functional role in regultion32. We identified 4 predicted MYOD1 binding sites, 1 of
which lies within the -479/ +333 promoter variant (figure 3.4 A).

mKCNE1 -1278 / +333 contained many predicted Thx3 binding sites (n=31) (figure 3.4 B). Tbx3 is a
critical regulator of the SAN gene expression profile, activating expression of SAN markers including
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HCN4, whilst actively repressing the chamber myocardial gene profile3’. Tbx3 acts to suppress
genes relating to fast conduction in the developing AVN, and Thx3+/- mice exhibit increased KCNE1
expression, indicating the Tbx3 acts as a repressor of KCNE1 in the AVN3%8, Thus, the high density of

Tbx3 sites may contribute to specific fine patterning of KCNE1 expression in the CCS.

Thus, the promoter fragments selected contain many TFBS relating to their transcriptional control
and tissue specific expression. Further in vitro and in vivo testing is required to assess whether these
fragments are, in reality, capable of driving transgene expression at therapeutically relevant levels
in the CCS, and in a tissue specific manner. In order to address this, promoter/ reporter constructs
were cloned into AAV and adenoviral plasmids for in vitro characterisation of transcriptional

activity.

3.5 Summary and conclusions

In conclusion, constructs comprising 0.8 kb HCN4, 1.2 kb HCN4, 0.8 kb KCNE1, 1.6 kb KCNE1, cTnT
and CMV promoters were successfully characterized and generated. These constructs form the

basis for initial in vitro testing and validation of CCS tissue specific promoter constructs.
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4.0 Chapter 4: Results- in vitro characterisation of
promoter constructs

4.1 Introduction

In vitro studies were designed to test two primary characteristics of promoter candidate
performance; specificity, pertaining to the ability of the promoter to drive transgene expression
only in target (SAN / CCS) cells, and transcriptional strength, relating to the ability of the promoter
to induce transcription of the transgene at therapeutically relevant levels. For example, for miR
competitive inhibition applications, typically strong promoters such as CMV are used, as high levels
of miR decoy transgenes are necessary in order to achieve effective miR inhibition3®. Equally, it
must be considered that constitutively active strong viral promoters such as CMV may not be
appropriate in certain applications. One study demonstrated that overexpression of pro-
regenerative miRs in the heart via AAV6-CMV resulted in fatal arrhythmia due to uncontrolled
cardiomyocyte proliferation?®. To this end, endogenous promoters, such as cTnT, are more likely

to express genes at physiologically relevant and appropriate levels.

The CMV promoter is one of the most well characterised strong ubiquitous promoters, shown to
be highly active across most cell types*®. Furthermore, CMV driven reporter gene expression is
extensive in most tissues in vivo when delivered via AAV vectors*®™?%, With these factors
considered, the CMV promoter represents an appropriate positive control and benchmark for
assessing transcriptional strength of CCS tissue specific promoter candidates. The well-known and
characterised cardiac specific promoter c¢TnT was used as another benchmark®®3. The cTnT
promoter has proved capable of driving high levels of cardiac specific transgene expression3®,
Although cardiac troponin T is expressed in the SAN??, it is currently unknown whether the
promoter construct under observation is active in SAN tissue. Thus, | reasoned that it could be a
promising candidate for SAN gene delivery in a cardiac specific context. | also designed HCN4 and
KNCE1 promoters to achieve SAN/ CCS specific gene expression (described in detail in chapter 3).
HCN4 is a highly specific and enriched SAN gene and a significant contributor to membrane clock
pacemaking via generating /#>3*’. KCNE1 interacts with KCNQ1 to mediate /s, and was shown to be
expressed exclusively in the CCS of adult mice?®. Thus, | reasoned these promoters, which drive
expression of their respective genes in a CCS restricted manner, would be appropriate for driving

exogenous transgenes in a similarly spatially restricted manner.
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In order to assess promoter specificity, promoters | aimed to test constructs in cells corresponding
to the SAN and some off target tissues that are known to be transduced by AAV9%°12%¢_ Plasmids
comprising the promoter of choice upstream of the GFP reporter gene were transfected into each
cell line using lipofectamine 3000 (Invitrogen). Cells were collected 48 hours thereafter and GFP
fluorescence in live cells quantified via imaging cytometry, using the Amnis ImageStream system
(Amnis Corporation, Seattle, WA) and IDEAS software. SAN cells were represented by the mESC
derived sinoatrial node-like Shox2 cell line*®? (ATCC® CRL-3256), and off target tissues of the
fibroblasts, and kidney were represented by NIH-3T3 (ATCC® CRL-1658), and HEK 293A (Invitrogen
R70507) cells respectively. Shox2 cells endogenously express high levels of HCN4%%2, (as shown in
figure 4.1), and thus can be considered an appropriate model for assessing activity of the HCN4
promoter constructs tested. Expression of KCNE1 was not measured, though Shox2 cells have a
transcriptional profile largely similar to primary SAN cells and so their applicability for testing other
CCS specific promoter constructs remains well founded®. In addition to high HCN4 expression,
Shox2 cells have a gene expression similar to bona fide SAN cells including Cx45, Cx30.2, Tbx2, and
Tbx3402, Although these cells also express some cardiac genes including Tbx5, GATA4, and MLC2V,
the native SAN is also known to express some working myocardial associated genes including
cardiac troponin | (cTnl) and MLC2V*%, Critical repressors of the SAN gene expression profile such

as Nkx2.5, and atrial specific ANF are very lowly expressed in Shox2 cells*®2,

In order to effectively assess promoter strength, incorporating both the percentage of GFP positive
cells and their mean fluorescence intensity, the mean fluorescence of GFP positive cells was
multiplied by the percentage of GFP positive cells and background fluorescence subtracted to give
the fluorescence change over negative control (untransfected) conditions??2. In order to account
for differing transfection efficiencies across the cell lines, and between experimental replicates
using the same cell line, the transfection efficiency for each promoter construct within a given
experiment was normalised to that of the ubiquitous CMV promoter. Raw transfection efficiencies

of 25.14%, 18.03% and 59.03% were achieved for Shox2, NIH 3T3 and HEK 293A cells respectively.
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Thus, the studies described herein pertain to assessing the utility of the candidate promoter

constructs generated in chapter 3 to drive tissue specific transgene expression within an in vitro

context.

Figure 4.1: HCN4 expression in Shox2 cells visualised via immunocytochemistry. A) HCN4
protein expression pseudocoloured red. B) DAPI stain of the same field as in A showing cell
nuclei (blue). C) Overlay of panels A and B. Scale bar denotes 50 um.

4.2 Hypotheses and aims

l. The ubiquitous CMV promoter is highly active across all cell lines tested, whilst HCN4
and KCNE1 promoter constructs should confer specific transgene expression in SAN-

like Shox2 cells in vitro, without measureable activity in off target cells.

Il. Hybrid CCS specific promoter/ CMV enhancer constructs possess more potent
transcriptional activity whilst maintaining tissue specificity of the endogenous

promoters.
Aims:

I Assess the transcriptional strength of CCS specific promoter candidates in SAN-like Shox2
cells, compared to characterised benchmarks of the CMV and cTnT promoters.

Il. Assess tissue specificity of CCS specific promoter candidates by testing constructs in cell
lines corresponding to off target cell types, HEK 293A and NIH 3T3, representing kidney and
fibroblasts respectively.

M. Assess the effect of the CMV enhancer on CCS specific promoter candidates, in terms of
transcriptional strength enhancement and tissue specificity.

IV.  Select promising promoter constructs for AAV9 production and in vivo testing in mice.
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4.3 Results

4.3.1 Promoter specificity and transcriptional strength in vitro

4.3.1.1 Shox2 cells

Relative transcriptional strength of promoters was first measured in Shox2 cells in order to assess
their ability to drive transgene expression in SAN / CCS tissue. Fluorescence was quantified as the
change in fluorescence compared to negative control, taking into account both percentage GFP
positive cells, fluorescence intensity, and background fluorescence. This metric is henceforth
referred to as ‘fluorescence.’ Firstly, both HCN4 promoter variants were active in Shox2 cells as
shown by the significant change in fluorescence over negative control (figure 4.2A) and GFP
fluorescence observed via fluorescence microscopy (figure 4.2 B). Fluorescence conferred by the
0.8 kb HCN4 promoter appeared moderately higher at 4155.24 compared with 1459.63 with the
1.2 kb promoter, equating to a 96.02% difference (p= 0.49) (figure 4.2 A, table 4.1). Both KCNE1
promoter variants (0.8 kb and 1.6 kb) outperformed the HCN4 promoters in Shox2 cells (figure 4.2
a, table 4.1). 0.8 kb KCNE1 appeared to have slightly albeit statistically non-significantly higher
transcriptional strength compared to 1.6 kb KCNE1, with fluorescence quantified at 13669.41
compared with 9839.16 using the 1.6 kb variant, corresponding to a 32.6% difference (figure 4.2 A,
table 4.1). The cTnT promoter significantly out-performed both the 0.8 kb and 1.2 kb HCN4
promoters (p< 0.05, p< 0.01 respectively) (figure 4.2 A, table 1). There was no statistically significant
difference between the performance of cTnT and 0.8 kb or 1.6 kb KCNE1 promoters (figure 4.2 a,
table 4.1). Robust fluorescence conferred by all promoter candidates in shox2 cells could be

visualised via fluorescence microscopy (figure 4.2 B).

The highest performing promoter candidate (0.8 kb KCNE1) achieved a fluorescence value 10% of
that of the positive control (CMV), whilst fluorescence conferred by the 0.8 kb and 1.2 kb HCN4
promoters was 3% and 1.07% respectively of CMV (table 4.1). Due to the necessity for high levels
of transgene expression in many gene therapy applications, | aimed to enhance transcriptional
strength of CCS specific promoter candidates using the CMV enhancer. This approach has been
successfully used to enhance transcriptional strength of multiple tissue specific promoters,
including cardiac muscle specific promoters, in vitro and in vivo whilst minimally affecting tissue
specificity in many contexts?622%¢, The 380 bp human immediate early CMV enhancer was cloned
upstream of 0.8 kb HCN4, 1.2 kb HCN4 and 0.8 kb KCNE1 promoters using cloning techniques
outlined in chapter 3, section 3.3.4. The 1.6 kb KCNE1 promoter was excluded from these studies

due to the strict constraints on promoter size for use in AAV vectors.
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In Shox2 cells, the CMV enhancer had a modest effect on the 0.8 kb HCN4 and 1.2 kb HCN4
promoters, generating increased fluorescence levels compared with the native promoters, albeit
the difference was not statistically significant (figure 4.3 A, table 4.1). Addition of the CMV enhancer
increased fluorescence by 90.2% and 138.6% for the 0.8 kb and 1.2 kb HCN4 promoters respectively
(figure 4.3 A) (p= 0.2 and 0.6 respectively). Fluorescence distribution histograms from imaging
cytometry data revealed only a small deviation of the CMVe trace from that without CMVe for 0.8
kb (figure 4.3 B i) and 1.2 kb HCN4 (not shown). Notably, significantly higher area under the curve
was seen for 0.8 kb HCN4 and 1.2 kb HCN4 promoters in the GFP positive fluorescence range vs
negative control, again confirming their activity in the Shox2 cell line (figure 4.3 B i). Significantly
increased fluorescence was seen with the incorporation of CMVe into the 0.8 kb KCNE1 promoter
construct, resulting in a 73.1% fluorescence increase (p< 0.0001) (figure 4.3 A, table 4.1). Increased
fluorescence was evident from fluorescence distribution histograms, with a slight rightward shift in
the curve, and higher area under the curve in the GFP positive fluorescence range (figure 4.3 B).
Indeed, the CMVe 0.8 kb KCNE1 promoter was the most potent of all tissue specific promoter
candidates (p< 0.0001) (figure 4.3 A). Fluorescence conferred by CMVe 0.8 kb KCNE1 was 17.4% of
that conferred by the positive control promoter CMV (table 4.1). CMVe 0.8 kb KCNE1 also out-
performed the well-characterised strong cardiac specific cTnT promoter (p< 0.0001). Apparently
higher fluorescence levels from CMVe constructs, particularly CMVe 0.8 kb KCNE1, were also

evident using fluorescence microscopy (figure 4.3 C).
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Fluorescence change | Fluorescence change over

Promoter construct |over negative controlnegative control as % of CMV|
cmv 135988 + 2651 100%
0.8 kb HCN4 4115 + 1507 3.03%
CMVe 0.8 kb HCN4 7902 £ 591 5.81%
1.2 kb HCN4 1460 + 549 1.07%
CMVe kb 1.2 HCN4 3484 + 240 2.56%
0.8 kb KCNE1 13669 + 1085 10.05%
CMVe 0.8 kb KCNE1 23662 + 908 17.40%
1.6 kb KCNE1 9839 £ 766 7.24%
cTnT 11264 + 1999 8.28%

Table 4.1: Shox2 data summary for each promoter construct. Average values displayed for
fluorescence change over negative control, + SEM derived from 3 distinct experiments each
comprising 3 technical replicates for each construct. Fluorescence values as a percentage of

those conferred by the positive control CMV promoter are shown in the right column.

4.3.1.2 NIH 3T3 cells

The positive control CMV promoter again drove robust GFP transgene expression In NIH 3T3 cells,
despite lower transfection efficiency achieved in this cell line (figure 4.5 C, table 4.2). It is
noteworthy that illumination power for GFP detection was set lower than in Shox2 cells due to
higher activity of the CMV promoter in this cell line, necessary to avoid oversaturation of the
fluorescence detector from the brightest cells (see methods, chapter 2 section 2.7). This
contributed to the lower overall fluorescence values compared with Shox2 cells. Fluorescence was
not detected above background for any CCS or cardiac specific promoter candidates or cTnT in NIH
3T3 cells, with negative values reported (figure 4.4 A, table 4.2). The lack of fluorescence conferred
from these promoters is also evidenced by lack of fluorescence observed using fluorescence

microscopy (figure 4.4 B).

The effect of the CMV enhancer on promoter specificity was also assessed. CMVe 1.2 kb HCN4
maintained fluorescence levels below background (figure 4.5 A, table 4.2), resulting in negative
fluorescence values (figure 4.5 A). Fluorescence microscopy also revealed only very low numbers
of cells expressing weak GFP fluorescence (figure 4.5 C), and representative fluorescence
distribution histograms did not deviate significantly from the negative control (not shown).
Conversely, the CMVe 0.8 kb HCN4 and CMVe 0.8 kb KCNE1 promoters significantly increased
fluorescence compared to the corresponding native promoters (p< 0.01, p< 0.001 respectively)

(figure 4.5 A, table 4.2). Fluorescence distribution traces showed some deviation from the
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enhancer-less constructs, particularly evident in CMVe 0.8 kb KCNE1, with higher area under the
curve in the GFP positive fluorescence range (figure 4.5 B i-ii). Notably, traces for the native 0.8 kb
HCN4 and 0.8 kb KCNE1 did not deviate from the negative control, confirming their lack of activity
in this cell line (figure 4.5 B i-ii). Moderately increased fluorescence from CMVe 0.8 kb KCNE1 and
HCN4 promoters was also evident from fluorescence micrographs from (figure 4.5 C) when
compared against the native promoters and negative control (figure 4.4 B). However, compared to
the native CMV enhancer/ promoter used as positive control, these hybrid CMVe/ CCS specific
promoter candidates still produce minimal transgene expression in NIH 3T3 cells. CMVe 0.8 kb
HCN4 and CMVe 0.8 kb KCNE1 produced fluorescence levels of 1.48% and 4.2% of the positive
control CMV promoter respectively, indicating that coupling the CMV enhancer to CCS specific

promoters confers a degree of CCS selectivity (table 4.2).

In conclusion, it appeared that all native CCS specific promoter candidates were inactive in NIH 3T3
cells. Addition of the CMV enhancer appeared to somewhat sacrifice promoter specificity for
transcriptional strength as measured in this cell line, particularly the strongest candidate CMVe 0.8
kb KCNE1. Of note, all CMVe coupled promoters maintained activity well below that of the native

CMV enhancer/ promoter construct in this cell line.
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Fluorescence change over| Fluorescence change over
Promoter construct negative control negative control as % of CMV
cmv 14857 + 2788 100%
0.8 kb HCN4 -173+78 -
CMVe kb 0.8 HCN4 220+ 17 1.48%
1.2 kb HCN4 -193 £+ 59 -
CMVe 1.2 kb HCN4 -99 + 38 -
0.8 kb KCNE1 -165+72 -
CMVe 0.8 kb KCNE1 623 +79 4.19%
1.6 kb KCNE1 -85+ 10 -
cTnT -188 + 44 -

Table 4.2: NIH 3T3 data summary. Average values displayed for fluorescence change over
negative control, + SEM derived from 2 distinct experiments each comprising 3 technical
replicates for each construct. Fluorescence values as a percentage of those conferred by the

positive control CMV promoter are shown in the right column.

4.3.1.3 HEKZ293A cells

The CMV promoter was highly active in In HEK 293A cells, with high transfection efficiency (figure
4.7 B, table 4.3). Fluorescence excitation power was kept constant with the level of 0.5 mW used
for the NIH 3T3 cell line, which maintained the brightest cells just below detector saturation levels.
0.8 kb and 1.2 kb HCN4 promoters conferred minimal GFP reporter fluorescence, with negative
fluorescence values reported (figure 4.6 A, table 4.3). Fluorescence microscopy also showed low
numbers of weakly GFP positive cells for both HCN4 promoter constructs (figure 4.6 B). Both the
0.8 kb and 1.6 kb KCNE1 promoters conferred detectable GFP reporter fluorescence albeit only at
very low levels, with fluorescence values of 149.08 and 34.55 respectively (figure 4.6 A, table 4.3).
To contextualise these figures, they represent proportions of 0.38% and 0.09% compared to the
positive control CMV construct respectively (table 4.3). Fluorescence values reported for cTnT, 0.8
kb KCNE1 and 1.6 kb KCNE1 constructs were positive albeit very low, suggesting a small degree of
promoter activity in these HEK 293A cells (figure 4.6 A, table 4.3). In agreement with the imaging
cytometry data, some weakly GFP positive cells could be seen with 0.8 kb and 1.6 kb KCNE1 and

cTnT promoters using fluorescence microscopy (figure 4.6 B).

In HEK 293A cells, the CMV enhancer appeared to confer increased activity of all CCS specific
promoter candidates (figure 4.7 A). Fluorescence from the 0.8 kb HCN4 promoter was not
significantly detected in HEK 293 cells, with a negative value of -117 reported (figure 4.6 A, table

4.3). Inclusion of the CMV enhancer increased fluorescence to a value of 427.33 (p< 0.05) (figure
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4.7 A, table 4.3). Representative fluorescence distribution traces show a significant increase in GFP
positive cells from CMVe 0.8 kb HCN4 compared to 0.8 kb HCN4, with a higher area under the curve
in the GFP positive fluorescence range (figure 4.7 B i). The same was observed for CMVe 0.8 kb
KCNEZ1 (figure 4.7 Bii), particularly within the range of 1000 to 10,000 fluorescence units. Increased
GFP fluorescence in HEK 293A cells using the CMVe 0.8 kb HCN4 and CMVe 0.8 kb KCNE1 constructs
was also evident in fluorescence micrographs (figure 4.7 C). The CMV enhancer did not significantly
increase activity of the 1.2 kb HCN4 promoter in HEK 293A cells (figure 4.7 A, table 4.3). However,
some increase in GFP positive cells was observed using fluorescence microscopy (figure 4.7 C). It is
important to note that before inclusion of the enhancer, 0.8 kb HCN4 promoter conferred no
detectable fluorescence, and fluorescence from 0.8 kb KCNE1 was barely detectable (figure 4.6 A,
table 4.3). Thus, in the context of HEK 293A cells, it appears that the CMV enhancer induces some

promiscuous activity of CCS specific promoter candidates.
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Fluorescence change over| Fluorescence change over
Promoter construct . .
negative control negative control as % of CMV

cMv 38628 + 4422 100%

0.8 kb HCN -117 £ 21 -
CMVe 0.8 kb HCN 427 £ 231 1.11%

1.2 kb HCN -103 £ 32 -
CMVe 1.2 kb HCN 134 £132 0.35%
0.8 kb KCNE1 149 + 85 0.39%
CMVe 0.8 kb KCNE1 683 + 283 1.77%
1.6 kb KCNE1 35+51 0.09%

cTnT 0+31 -

Table 4.3: HEK 293A data summary for each promoter construct. Average values displayed for
fluorescence change over negative control, + SEM derived from 3 distinct experiments each

comprising 3 technical replicates for each construct.

4.3.2 Comparing promoter activity directly between cell lines

Excitation laser power used for flow cytometry varied across cell lines (see methods, chapter 2
section 2.7). This was due to the fact that the laser power was set using the brightest sample for
each cell line (CMV promoter-driven GFP), the activity of which varied across the cell lines used.
Some variation in strength of the CMV promoter across various cell lines has been reported
previously in the literature*®. Therefore, in order to compare the activity of each promoter
between the various cell lines directly, fluorescence values within each cell line were normalised
to an internal control, the CMV GFP construct. Excitation laser power was kept constant for all
constructs within each cell line. As previously mentioned, the CMV promoter is highly active across
most cell lines and tissues, and is one of the most well characterised strong constitutive
promoters*®, Therefore, normalisation to this construct provides an indicator of promoter activity
against a well-known standard, and as previously mentioned, controls for many variables between
cell lines (discussed further in discussion section). Fluorescence values normalised to CMV in each
cell line are summarised in figure 4.8. It can be seen that in Shox2 cells, GFP fluorescence conferred
by most tissue specific promoter candidates was significantly higher compared to both NIH 3T3 and
HEK 293A cells, in which GFP signal was minimal compared with CMV. The 1.2 kb HCN4 promoter,
the weakest candidate promoter, conferred no significantly higher transgene expression in Shox2
cells compared to HEK 293A cells (figure 4.8). Despite increased activity in NIH 3T3 and HEK 293A
cells, CMVe 0.8 kb HCN4 and CMVe 0.8 kb KCNE1 remained highly significantly more active in Shox2
cells as compared with off-target cell lines of HEK-293A and NIH-3T3 (p< 0.0001) (figure 4.8).
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Fluorescence change over negative control/ CMV

0.20q

0.15-

0.10-

0.05-

Bl Shox2
HEl 293a
~ [l NIH 3T3

Promoter construct

Figure 4.8: Direct comparison of promoter activity across 3 cells lines (Shox2, NIH 3T3 and HEK

293A). Promoter performance quantified as change in fluorescence over negative control

normalised to CMV. Ratio of 1 corresponds to no change vs CMV. Error bars denote SEM,

derived from 3 (Shox2 and HEK 293A) or 2 (NIH 3T3) experimental replicates. Two way ANOVA

used to determine significance. *p < 0.05, **p <0.01. ***p <0.001, ****p <0.0001.
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4.4 Discussion

Here we have shown multiple CCS specific promoter candidates with robust transcriptional activity
in SAN-like Shox2 cells, and minimal activity in off target cells. Interestingly, shorter HCN4 and
KCNE1 promoters appeared more active than their longer counterparts, agreeing with the initial
study of the HCN4 core promoter in vitro!®, This could be due to the presence of additional
repressor elements in the extended sequences. To this end, the Kruppel-like Factors (KLF) TFs,
hailing from the same family as the SP factors (SP/ KLF family), can act as transcriptional repressors

or activators?®®

.Group 1 (KLFs 3, 8, and 12) are repressors that interact with carboy-terminal binding
protein, Group 2 (KLFs 1, 2, 4, 5, 6) are predominately transcriptional activators, and Group 3 (KLFs
9, 10, 11, 13, 14, and 16) repress transcriptional activity via interaction with a common
transcriptional repressor Sin3A%4, Sin3A contributes to histone deacetylation via the recruitment
of HDACs, thus shifting chromatin state towards it’s transcriptionally silent form?#®. KLF and SP1
activities and interactions are complex and cell, tissue and context specific*®. KLFs may compete
with SP1 for DNA binding and elicit potent transcriptional repression, for example KLF11 represses
the caveolin gene promoter in this way via antagonising SP1%7. KLF15 is a critical regulator of
cardiac electrophysiology via regulating circadian oscillations in KCHIP2%%®, Thus, interactions
between SP1 and KLF factors in the extended promoter fragments could act to repress transcription
from the promoter. Although the 1.2 kb HCN4 fragment contains 1 additional SP1 site compared
to 0.8 kb HCN4, it also contains 3 additional KLF15 and 2 additional KLF11 sites (data not shown).

377 it is possible that these

Given the key role documented for SP1 in HCN4 promoter activity
additional sites interfere with SP1 mediated transcriptional activation. In addition, Nkx2.5 is a
negative regulator of the SAN gene expression profile. In Shox2 -/- mice, ectopic Nkx2.5 expression
in the SAN was associated with downregulation of SAN genes including HCN43%%, The 0.8 kb HCN4
promoter contains only one predicted Nkx2.5 binding site, whilst the 1.2 kb fragment contains an

additional 4 (chapter 3, section 3.3.1). Binding of Nkx2.5 to these sites could also present a

mechanism by which the activity of the HCN4 promoter is repressed.

372 Analysis of the extended 1.6

Sp1 is also suggested to be a key activator of the KCNE1 promoter
kb KCNE1 promoter revealed presence of multiple KLF16 binding sites, which could mediate
transcriptional repression (data not shown). GATA4 was also found to be a potent activator of the
KCNE1 promoter3”3, However, distribution of GATA4 sites cannot explain the higher activity of the
0.8 kb promoter, since it contains only one predicted GATA4 site, whilst the full length 1.6 kb
promoter contains two (chapter 3, section 3.3.2, figure 3.4). Thus it is unclear why the shorter

promoter fragments appeared more active, though it is possible that the longer fragments contain

additional transcriptional repressor elements.
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Whilst CCS specific promoters had relatively low activity in Shox2 cells compared with the positive
control CMV promoter, this does not mean that their activity is not robust. It could be seen clearly
in fluorescence micrographs that all the CCS specific promoter candidates conferred relatively high
levels of fluorescence, particularly the KCNE1 promoter variants and CMVe coupled promoters.
Imaging cytometry data also confirmed robust increases in fluorescence compared to negative
control (untransfected) conditions using all CCS specific candidates, particularly KCNE1 promoters.
Ultimately, comparing to CMV sets a high benchmark. In a similar study, activity of the strong
cardiac specific promoter cTnT was only 7.03% relative to CMV in the HL-1 cardiac cell line in vitro*®.
It is known that in vivo, the cTnT promoter confers highly potent cardiac specific transgene
expression when delivered via AAV9%®. In our experiments, cTnT activity was 8.28% of CMV in
Shox2 cells, and was outperformed by 0.8 kb KCNE1 (10.05%), CMVe 0.8 kb KCNE1 (17.4%), and
virtually the same as 1.6 kb KCNE1 (7.24%). Thus, it is plausible that CCS specific promoter
candidates, and cTnT, may be capable of inducing high-level transgene expression in the SAN/ CCS

in vivo. Validation of these constructs in vivo is therefore warranted.

Technically, comparing promoter activity across multiple cell lines is challenging. Several
confounding factors vary between cell lines including different proliferative rates of each cell type
and differing transfection efficiency. To this end, plasmids introduced to cells by lipofection are not
stably integrated into the cellular DNA and thus the expressed transgene will be diluted upon each
round of cell division. It is also important to consider in this context that DNA-lipid nanoparticles
are stable for approximately 6 hours, and thus after this stage no further transgene will be delivered
to cells. From seeding to cell collection, corresponding to 48 h of growth, confluence levels among
HEK 293A, NIH 3T3 and Shox2 cells were markedly different, with HEK 293A generally being the
most confluent and thus fastest proliferating (data not shown). 48 h incubation was used under
recommendation from Invitrogen with lipofectamine 3000, corresponding to the expected peak of
transgene expression. This time point should also reduce the impact of varying incubation time
upon transgene expression, as the expression should have reached approximately steady state
levels. This was important, as flow cytometry experiments were quite lengthy, and thus the last

batch of cells analysed would have been incubated for slightly longer than the first.

The method of calculating change in fluorescence over negative control was adapted from another
study, in which the effect of the CMV enhancer on various tissue specific promoter candidates was
being assessed via flow cytometry?®2. The authors of this study used lentivirus to introduce
transgenes to the cells and thus achieved highly efficient transduction, with at least 7 integrated
viral genome per cell in the lowest transduced line (fibroblasts)?®2. | intended to use adenovirus for

similarly high efficiency transgene delivery to cells. However, as discussed previously, viral
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constructs erroneously lacked polyadenylation signals, and thus the true extent of promoter
efficacy would have been difficult to assess in light of high level-mRNA degradation. Efficiency of
polyadenylation has been shown to dramatically influence transgene expression. Inefficient or
absent polyadenylation results in severely impaired transgene expression attributable to
decreased steady state mRNA levels after plasmid transfection°. This discovery necessitated a
change in approach, to lipofection of AAV plasmid constructs into target cell lines. Lipofection
proved less efficient in terms of transfection efficiency compared to viral approaches, ranging from
18% in NIH 3T3 cells to 69% in HEK 293A cells. Since change in fluorescence over negative control
was calculated by multiplying average fluorescence intensity of GFP by the normalised percentage
of GFP positive cells and subtracting background fluorescence, this occasionally led to a negative
fluorescence value, particularly when fluorescence intensity was low and background fluorescence
relatively high. To this end, the GFP/FITC channel is known to produce high levels of
autofluorescence. Nevertheless, the values obtained represented the fluorescence level of the
samples effectively. Any negative value or near zero value obtained via flow cytometry analysis also

showed little or no fluorescence under fluorescence microscopy.

Transfection efficiencies varied widely according to the cell line used, and were less efficient
compared to that expected from viral vectors. HEK 293A cells were the most permissive to
lipofection with an average transfection efficiency of 59%, whilst lower efficiencies of 25% and 18%
were achieved for Shox2 and NIH 3T3 respectively. Thus, differences in the percentage of GFP
positive cells between cell lines represents both differences in transfection efficiency as well as cell
type dependent differences in promoter transcriptional activity. Given the percentage GFP positive
cells was used in calculating the change in fluorescence over negative control, the main metric for
assessing promoter activity, it was important to normalise and account for varying transfection
efficiency to generate comparable and meaningful figures. For these reasons, the percentage GFP
positive cells for each construct was normalised to the transfection efficiency, which was
determined using the CMV GFP construct. As discussed, the ubiquitous CMV promoter typically
shows strong transcriptional activity in most cell lines and thus serves as an effective standard. For
example, if the transfection efficiency in given experiment was deemed to be 25% using the CMV
construct, it was assumed that the transgene was effectively delivered to 25% of cells. Within one
individual experiment, this transfection efficiency was then extrapolated to the rest of the
constructs. This normalisation also provided a method of accounting for differing transfection
efficiencies between individual experiments using the same cell line. These differences may arise
from varying cell seeding densities and small methodological deviations such as incubation time

between experiments. Reproducibly seeding cells between experimental replicates was particularly
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challenging for Shox2 cells, since they grow in aggregated clumps which are difficult to separate
and count. Albeit minimal, these inter-experiment disparities could significantly impact the change
in fluorescence over negative control values. It must be considered that the transfection efficiency
applied remained an approximation, and thus may not completely accurately reflect the true
transfection efficiency for each individual plasmid transfection. Importantly however, within one
given experiment, transfection efficiencies were highly reproducible between technical replicates,

and so this method of normalisation for transfection efficiency in this context was well founded.

For comparing the activity of CCS specific promoter candidates between different cell lines, the
change in fluorescence over negative control was normalised to that of the positive control, CMV.
l.e. values for each construct were divided by that for the CMV construct in the corresponding
experimental replicate to yield a ratio. Normalising the change in fluorescence for each promoter
construct to the CMV construct in each cell line provided a means of accounting for inter-cell line
confounders such as varying proliferative rates and differing illumination power used in GFP
detection. In this way, CMV acted as an internal control and benchmark against which to assess the
activity of other constructs under the same experimental conditions. Importantly, GFP illumination
power settings used in imaging cytometry were always kept constant for all constructs using the
same cell line. CMV provided an effective benchmark as a widely used strong constitutive promoter
that is highly active across most cell lines and tissues in vivo. Despite its warranted use as a
benchmark for such normalisation, it must be considered that the CMV promoter does show
moderately differing activity across different cell lines. Thus, in a cell line where the CMV promoter
is less active, other promoters may appear more active in comparison. Nevertheless, | believe it a

worthy comparison and an effective means of accounting for the inter-cell line variables discussed.

CMV promoter activity was particularly high in HEK 293A cells. lllumination power on the flow
cytometer was set using the brightest sample (CMV in all cases) to avoid saturation of the detector
and thus skewing of data. Inter-cell line variability in CMV activity necessitated using different laser
powers between different cell lines (see chapter 2, section 2.7). Significant range in GFP brightness
was observed in the CMV group for all cell lines. Imaging cytometry fluorescence distribution
histograms demonstrated some cells had fluorescence levels approaching the upper end of the
scale before saturation, whilst many were also at the lower end of brightness above background.
Thus, the illumination power was set relatively low for the detection of less bright cells, although
this was necessary to avoid saturation at the upper end of the scale. Again, the use of different
illumination powers makes direct comparison of promoter activity between cell lines difficult. This
provided further basis for normalising the fluorescence conferred by tissue specific constructs

relative to CMV for inter-cell line promoter performance comparisons.
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ESC derived Shox2 cells may not perfectly replicate native SAN/ CCS tissue in terms of their
molecular expression profile, and the in vitro environment is of course markedly different from the
in vivo context. This is discussed further in chapter 6, general discussion. However, given their SAN-
like gene expression profile and characteristics, these cells are likely an adequate model for SAN
tissue at least, and the promising performance of CCS tissue specific promoter candidates in this

system warrant further testing in vivo.

4.5 Summary and conclusions

In summary, 0.8 kb and 1.2 kb HCN4 promoters, in addition to 0.8 kb and 1.6 kb KCNE1 promoters
appear to be capable of conferring transgene expression in SAN- like cells whilst maintaining
specificity for SAN / CCS tissue. To this end, the strongest CCS specific candidate, 0.8 kb KCNE1,
achieved fluorescence levels 10.05% of those achieved by CMV, whilst the weakest, 1.2 kb HCN4,
conferred fluorescence levels of 1.07% as a proportion of CMV (table 4.1). Importantly, all these
promoters also showed high cell- type specificity. Although addition of the CMV enhancer element
to these promoters modestly increases their transcriptional strength in Shox2 cells, this appears to
compromise their tissue specificity at least to some extent in vitro. To this end, GFP fluorescence
levels conferred by the strongest hybrid promoter in Shox2 cells, CMVe 0.8 kb KCNE1, were 17.40%
of those achieved by the CMV enhancer/ promoter construct. However, increases in fluorescence
were also seen in NIH 3T3 and HEK 293A cells, albeit still significantly lower than those conferred
by the native CMV enhancer/ promoter construct. Thus, it would be interesting to see if the hybrid
promoter can perform comparably to CMV in terms of promoter strength, and how the addition of

the CMVe element may influence tissue specificity in vivo.

For in vivo testing, AAV9 was chosen as a gene delivery vector. AAV9, whilst being a highly
cardiotropic gene delivery vector, also delivers transgenes effectively to many tissues when
administered systemically!®®2%0401 Thus, a strong tissue specific promoter with high specificity for
SAN / CCS tissue is necessary in order to spatially restrict transgene expression and minimise off
target effects. Further testing of these candidate constructs in vivo using AAV9 vectors is necessary

to validate their utility for specific transgene expression in native tissues.
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5.0 Chapter 5: Results- In vivo testing of promoter
constructs using AAV9

5.1 Introduction

Vorburger and Hunt'*® eloquently set out the key characteristics for consideration in gene therapy
vector development, stating that “the perfect vector system for use in gene therapy would be
administered by a non-invasive route, would target only the desired cells within the target tissue,
and would express a therapeutic amount of transgene products with desired regulation for a
defined duration.” As detailed in chapter 4, all CCS specific promoter constructs showed promising
transcriptional profiles in vitro, inducing robust GFP transgene expression in Shox2 sinoatrial node-
like cells and minimal expression in non-SAN cell lines cell lines (HEK 293A and NIH 3T3). This
suggested that the criteria for tissue specific expression and therapeutic levels of transgene
expression could be within reach using our candidate promoters. In order to assess the potential of
these promoters to drive therapeutically relevant transgene expression restricted to the CCS in vivo,
| aimed to test the constructs via packaging into AAV9 vectors and administering to adult mice.
Addressing the criterion for non-invasive administration, | opted for tail vein injection of the
vectors. The systemic venous route is a widely used administration method for AAV vectors, and

AAV9 injected in this way targets the heart and other tissues extremely effectively®41°,

All studies of AAV mediated gene delivery to the heart examine the working myocardium of the
atria or ventricles, and so | first sought to assess whether the distinct, specialised tissues comprising
the cardiac conduction system could be transduced effectively by AAV9 after systemic intravenous
delivery. To this end, numerous studies have demonstrated the distinct structural and molecular
makeup of the SAN3¥’, AVN and Purkinje fibres® in comparison to working myocardial cells**'! and
thus it remains to be seen whether these tissues can be targeted systemically by AAV9 vectors. This
could be assessed using the constitutively active CMV promoter, which has been shown to be highly
active in most tissues?°®#°, After optimising gene delivery conditions for CCS targeting using the
CMV construct, (in terms of viral dose, incubation time, tissue processing for GFP detection), | aimed
to test CCS specific promoter candidates in the same way. In addition, | aimed to test another well
characterised minimal cardiac specific promoter, cTnT, which induces high level transgene
expression in the working myocardium. cTnT is also highly expressed in the SAN, and so cTnT could
provide a means of delivering transgenes to the SAN in a cardiac specific context?®%. In vitro studies
also confirmed robust activity of the cTnT promoter in Shox2 cells. This could prove useful where
therapeutic targets of interest are not expressed outside the heart or in the working myocardium,

such as CCS specific miRs. For example, when aiming to inhibit miRs only expressed in the CCS and
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not in the working myocardium, cardiac specific expression of miR inhibitor transgenes would be

appropriate as long as the promoter is active in the CCS as well as working myocardium.

5.2 Hypotheses and aims

l. AAV9 can effectively target the CCS via a single systemic intravenous dose of vector.

Il. Transgene expression can be restricted to the CCS using minimal KCNE1 and HCN4

tissue specific promoters.

M. AAV9 cTnT GFP is capable of conferring transgene expression in the CCS in a cardiac

specific context (pan-cardiac expression including CCS).
5.2.1 Aims

I Assess the capacity for CCS genetic targeting using systemic intravenous administration
of AAV9.
Il. Assess the performance of CCS specific promoter candidates in vivo, in terms of

transcriptional strength and tissue specificity using detection of the GFP reporter.

5.3 AAV9 CMV GFP

As detailed in methods, 5 weeks after administration of AAV9 vectors, GFP, and HCN4 for SAN
sections, were detected viaimmunohistochemistry to track reporter transgene delivery throughout
multiple organs. In 4 chamber heart sections, the SAN appeared as a small, discrete HCN4 positive

region at the junction of the SVC and RA, as expected (figure 5.1).
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Figure 5.1: visualisation of the SAN in 4 chamber heart sections. A) Low magnification image of the
heart, cut in the sagittal plane. HCN4 pseudocoloured red demarcates the SAN, DAPI (blue)
demarcates cell nuclei. Scale bar denotes 500 um. B) High magnification image of the SAN from
panel A. The SAN is identified by intense HCN4 staining (red) and the SAN artery. Scale bar denotes
50 um. RV- right ventricle; LV- left ventricle; RA- right atrium; LA- left atrium.

AAV9-CMV-GFP was used to determine optimal experimental conditions for gene delivery to the
CCS. This vector has previously shown potent transgene expression in most tissues in vivo after
systemic administration, including the heart, and so served as an effective positive control to assess
efficiency of viral transduction and transgene delivery*12-200:206410 GEP expression was confirmed in
all tissues harvested from AAV9-CMV-GFP injected animals, comprising the heart, liver, lung,
skeletal muscle, kidney and brain (figure 5.2). GFP expression appeared highest in the heart

(ventricle, atrium, SAN) and liver (figure 5.2).
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Figure 5.2: AAV9-CMV-GFP mediated transgene expression in multiple tissues
visualised by immunohistochemistry. Green represents GFP, DAPI cell nuclei.
Comparable images from a negative control (PBS) injected mouse are shown for
comparison (lower panels), where no GFP positive cells are evident.

In some sagittal 4 chamber heart sections, the entire CCS could be observed (SAN, AVN and Purkinje
fibres). Initial examination revealed apparent differences in transduction efficiency between
components of the CCS. The AVN was seemingly less efficiently transduced compared to the SAN
(figure 5.3), with only a few GFP positive cells, and GFP expression was virtually absent from the
Purkinje fibres examined (figure 5.4). It is important to bear in mind that these findings from the
AVN and Purkinje fibres are representative from only a very small sample size (1 heart) and thus
conclusive evaluation of AVN and Purkinje fibre transduction by AAV9 requires further
investigation. This information was merely used to guide further experiments, and thus detailed
subsequent analyses on CCs transgene expression focussed on the SAN in light of severe time

restrictions imposed by the Covid-19 pandemic.
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Figure 5.3: Regional transduction efficiency in the CCS after administration of AAV9 CMV GFP.
A) Sagittal view of the SAN and AVN at low maghnification. i) The SAN and AVN are identified by
positive HCN4 staining (pseudocoloured red), whereas the working myocardium is devoid of
HCN4 signal. ii) GFP fluorescence (green) in the same field as in panel A i. iii) HCN4 and GFP
signals merged and combined with DAPI signal (blue) demarcating cell nuclei, showing
distribution of GFP expression in the working myocardium and conduction tissues of the SAN
and AVN. GFP appears to be lowly expressed in the AVN in particular. B) High magnification
image showing GFP expression (green) in the SAN in adjacent tissue section to that shown in
panel A. Dotted lines demarcate the SAN, asterisk identifies the SAN artery. C) High
magnification image showing GFP expression (green) in the AVN in adjacent tissue section to
that that shown in panel A. Dotted line demarcates the AVN. Asterisk identifies the AVN artery.
Representative of 1 heart, 2 individual sections. RA- right atrium. SAN- sinoatrial node. AVN-
atrioventricular node.
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Figure 5.4: Transduction of the Purkinje fibres after administration of AAV9-CMV-GFP. A) HCN4
staining (red), identifying Purkinje fibres as thin streaks of HCN4 positive tissue adjacent to the
ventricle. Purkinje fibres are demarcated by the dotted line in this panel and throughout. The right
ventricular working myocardium (RV) is devoid of HCN4 signal as expected. B) DAPI staining in the
same field as in A, showing distribution of cell nuclei. C) GFP staining (green) in the same field as
in A and B, showing high GFP expression in the RV, and low/ absent expression in the Purkinje
fibre demarcated by dotted line. D) merge of panels A, B, and C. HCN4, GFP, and DAPI are
represented by red, green and blue staining respectively. Representative of 1 heart, 2 individual
sections.
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5.4 AAV9 cTnT GFP

A minimal cardiac troponin T (cTnT) promoter in combination with the cardiotropism of the AAV9
capsid is capable of providing high level cardiac specific transgene expression after systemic
administration!? and direct intracardiac injection in mice3%. Recent proteomic and transcriptomic
studies have also demonstrated high expression of contractile proteins, including cTnT in the mouse
SANZ!, With this in mind, | next set out to evaluate the potential of AAV9-cTnT-GFP in directing
transgene expression to the SAN in a cardiac specific context. As expected, the cTnT promoter drove
expression of GFP in both the atrial and ventricular myocardium, although expression in the right
atrium appeared higher compared to the ventricle (figure 5.5). Some GFP expression was also
observed in the liver (figure 5.5). The SAN showed some GFP expression, albeit significantly lower

than that in the atria and ventricles (figure 5.5).
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Figure 5.5: AAV9 cTnT GFP mediated transgene expression (green signal) in multiple
tissues visualised by immunohistochemistry. Comparable images from a negative control
(PBS) injected mouse are shown for comparison, where no GFP positive cells are evident.
Cell nuclei are demarcated by DAPI staining (blue signal).
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Next, GFP expression in the SAN was examined in detail using cTnT and CMV promoters. AAV9-CMV
proved effective for SAN gene delivery, with 65% of SAN myocytes expressing the GFP transgene
(figure 5.6 A i, figure 5.6 B). Notably, the proportion of GFP positive cells appeared lower than that
of working myocardial cells of the juxtaposed atrial tissue, where almost 100% of cells were GFP

positive (figure 5.6 C).

Next, activity of the AAV9-cTnT-GFP construct was assessed in the SAN. The cTnT promoter proved
less effective compared to CMV, with 7.23% of SAN tissue GFP positive (p< 0.01) (figure 5.6 A i,
figure 5.6 B). Although the proportion of SAN tissue expressing GFP was low using the cTnT
promoter, GFP positive cells appeared relatively bright, albeit significantly less so compared with
CMV. Average GFP fluorescence intensity using cTnT and CMV promoters was quantified at 1833.96
and 4052.04 arbitrary units in the SAN respectively, representing a 75.4% difference (p< 0.05)
(figure 5.6 B ii). In order to give a more complete measure of promoter performance for
comparison, percentage GFP positive tissue was multiplied by the average fluorescence intensity,
to give total GFP fluorescence. Total fluorescence from the CMV promoter was approximately 20
fold higher than cTnT, quantified at 2633.8 and 132.6 arbitrary units respectively (p< 0.05) (figure
5.6 Biii).
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Figure 5.6: GFP transgene expression in the SAN from AAV9 vectors. A) Representative GFP
expression in the SAN from i) AAV9 CMV GFP and ii) AAV9 cTnT GFP vectors. B) Quantification
of GFP expression in the SAN from AAV9 CMV GFP and AAV9 cTnT GFP. i) percentage GFP
positive cells, ii) mean fluorescence intensity of GFP positive tissue, iii) total fluorescence,
calculated as mean fluorescence intensity multiplied by the percentage GFP positive area. C)
direct comparison of GFP expression driven by AAV9-CMV in SAN tissue and adjacent atrial
tissue comprising the crista terminalis and atrial septum (representative images). Scale bars
denote 50 um. Data and representative images derived from 3 hearts per construct, from
which at least 3 central SAN sections were quantified. Error bars denote SEM. *p < 0.05, **p <
0.01. Significance assessed using unpaired T-test

SAN sections were examined in detail to assess distribution of GFP positive cells. Using the cTnT

promoter, it appeared that GFP was more highly present in SAN myocytes that border the region

between the crista terminalis (CT) and the SAN (figure 5.7 A, B). This suggests that the cTnT

promoter is capable of driving higher levels of transgene expression in a select population of SAN

myocytes.

Figure 5.7: Distribution of GFP transgene expression driven by AAV9-cTnT-GFP in the mouse SAN

in 4 chamber view (A) and in isolated SAN preparations (B). Peripheral SAN zone corresponds to
area enclosed by dotted white line, in which GFP expression appears higher compared to central
SAN region. RA- right atrium. A- scale bar denotes 50 um, B- scale bar denotes 100 pum.

Representative images from 3 hearts, from which at least 3 SAN tissue sections were examined.
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5.5 AAV90.8 kb HCN4/ 1.2 kb HCN4/ 1.6 kb KCNE1

Next, CCS tissue specific promoter constructs 0.8 kb HCN4, 1.2 kb HCN4, and 1.6 kb KCNE1 were
tested. As shown in chapter 4, these promoters showed a favourable transcriptional profile in ESC
derived sinoatrial node-like myocytes (Shox2 cell line). Due to time constraints and the impact of
the COVID-19 pandemic, the 0.8 kb KCNE1 promoter and all constructs carrying CMV enhancer
could not be packaged into AAV9 and tested in vivo. Contrary to the in vitro results, neither the 0.8
kb or 1.2 kb HCN4 variants, nor the 1.6 kb KCNE1 promoter conferred any measurable GFP

expression in the CCS tissues examined, evidenced by lack of GFP signal above background levels

(figures 5.8 —5.10).

ﬂ% 1m

Figure 5.8: 0.8 kb HCN4 promoter activity in the SAN in vivo, conferred by intravenously
administered AAV9-0.8 kb HCN4 GFP. Sections at various planes over a total z axis distance of
90 um (6 sections) were examined to verify lack of observable transgene expression.

Representative from 3 hearts.
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Figure 5.9: 1.2 kb HCN4 promoter activity in the SAN in vivo, conferred by intravenously
administered AAV9-1.2 kb HCN4 GFP. The SAN is demarcated by HCN4 positive labelling (left
panel), whilst GFP expression is absent above background levels (middle panel). Right panel
shows HCN4 and GFP channels merged. Representative from 3 hearts. Scale bar denotes 100
pum.

Figure 5.10: 1.6 kb KCNE1 promoter activity in the SAN and AVN in vivo, conferred by

intravenously administered AAV9-1.6 kb KCNE1 GFP. CCS tissues are demarcated by HCN4
positive labelling. A) low magnification view of the SAN and AVN regions in a 4 chamber heart
section. B) detailed view of the SAN, demarcated by HCN4 positive immunolabelling. Scale bars

denote 200 pum.

137



5.6 Discussion

A number of variables must be considered when considering testing a gene therapy vector in vivo.
Variables in a multitude of experimental conditions in the literature make direct comparison and
determination of optimal experimental conditions challenging. Firstly, the age of the animals used
is important. Older and thus larger animals will have differing biodistribution of systemically
administered vectors and larger organs may be more difficult to transduce with high efficiency- thus
vectors are often dosed in terms of vector genomes per kilo of body weight. Beyond this, tissues
have shown intrinsic variability in transduction profiles between adult and newborn mice,

depending on their development stage- for example, the liver*s3, kidney*'* and aorta*'?

are more
efficiently transduced in adult mice by AAV compared to neonatal. This is partially attributable to
the vigorous cellular proliferation that occurs in many organs, such as the liver, in neonatal life,
where non-integrating AAV vectors are gradually diluted and lost from progeny cells®?,

Cardiomyocytes have shown the capacity to proliferate up until around postnatal day 746.

The route of vector administration must also be considered. For clinical applications, a non-invasive
route would be desirable. Intravenous injection is one of the most widely used and studied in animal
models. Various studies have already shown that AAV9 facilitates extremely high and preferential
cardiac transduction after systemic intravenous injection in adult mice®%%12205 Sych studies often
involve injection into the superficial veins of the tail or face. Other methods including
intramyocardial injection3%3417418 have proven capable of conferring high transduction of the heart
with ameliorated expression in off target tissues, however the invasive nature of the associated
procedure and limitation of the transduced region close to the injection site often limit the utility
of this technique in practice. Furthermore, for targeting of minute tissues comprising the CCS, direct
injection is not appropriate owing to poor access to the tissues via thoracotomy and their small size.
To this end transmurally, the human SAN is only 1-2 mm thick and thus direct injection in situ would
be exceptionally difficult, and in small mammals, virtually impossible*'®. Selective intracoronary
perfusion with adenoviral vectors has previously been used to target the AVN in pigs, with a
transduction of approximately 50% in AV nodal myocytes, although some transgene expression was
also observed in the liver, kidney and ovaries®*. This approach involved catheterisation of the AV
nodal branch of the right coronary artery, with infusion of adenoviral vectors combined with VEGF
and nitroglycerin to promote microvascular permeability and vasodilation respectively. Adenoviral
vectors, whilst providing high transduction efficiency and rapid onset gene expression, are only
capable of providing short term transgene expression due to high immunogenicity*?°. Furthermore,
in small animal models such as mice, effective catheterisation of these minute vascular structures

would be extremely challenging.
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The time between vector administration and examining transgene expression also varies greatly
within the literature, and it has been shown that transgene expression from AAV exhibits a lag
phase after which maximal transgene expression is achieved!®*. One study administered 1 x 10%?
AAV9 vector genomes containing a CMV promoter driven alkaline phosphatase reporter gene to 8
week old mice via the tail vein, and examined the expression 12 weeks after administration. Highly
effective cardiac transduction was achieved using these conditions*3. Another study administered
1 x 10! vector genomes to 8 week old mice via tail vein injection, and examined the time course of
luciferase expression driven by AAV9-CMV promoter. Transgene expression increased steadily from
day 7 post injection, peaking at 100 days and declining modestly thereafter. AAV9 also had the
highest total luciferase expression, and the highest cardiac expression of all serotypes tested*'®,
Similarly, another study found that transgene expression from AAV9 increased steadily after day 7
post-injection, roughly doubling between days 7 and day 35%!. Another similar study noted
maximal GFP transgene expression from AAV9 after systemic IV administration at 5 weeks post
vector administration in 8 week old mice, with modest decline at 8 weeks post-injection?®®. Using
an IV dose of 1 x 10 vg, the authors noted significant transgene expression only in the heart and
liver driven by the CMV promoter, with over 80% cardiac transduction efficiency at 5 weeks post
injection?®®. Another study demonstrated only 21% cardiac transduction with the same dose after
4 weeks in adult mice, significantly lower than that achieved in neonatal mice*'2. Similarly, only 2%
of the left ventricle was successfully transduced after IV injection of AAV9 CMV GFP at 1 x 10! dose,

increasing significantly with an elevated dose of 1 x 10*2 1€,

AAV transduction follows a dose dependent relationship, and thus higher numbers of vector
genomes injected will give higher transduction rates and thus higher transgene expression%422,
AAV transduction of the heart after systemic administration follows a Poisson distribution, where
on average, a transduction hit rate of 5 vector genomes per cell is required to achieve >99%
transduction efficiency®®. It is likely that even greater levels of transduction are necessary when
dealing with weak promoters, where transcription of the transgene may be inefficient and at low
levels compared to strong promoters such as CMV. For example, one study demonstrated atrial
specific transgene expression after systemic delivery of AAV9 with a 653 bp segment of the atrial

natriuretic factor (ANF) promoter#??

. AAV9 was injected IV through the retro-orbital route, showing
a dose dependent increase in transduction efficiency, with maximal transduction of approximately
80% of atrial myocytes achieved with the highest dose used, 5 x 10*2 vg*?2, The authors ultimately
decided on a working dose of 1 x 10*2, which also provided highly efficient transduction. Of note,
this is a significantly higher dose than necessary when using strong promoters such as CMV, where

complete cardiac transduction has been achieved in adult mice via the systemic venous route using
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much lower doses. Indeed, in the current study, a dose of 1.5 x 10'? vg was sufficient to achieve

transduction of the atria approaching 100% using AAV9-CMV-GFP.

When considering the ‘systemic intravenous’ route, differences in transduction efficiencies of
various organs have been noted depending on the precise IV route taken*?3- other common IV
routes include the tail vein and jugular vein. Accessing the jugular vein requires invasive surgery,
but injection is technically much easier compared to tail vein, as the jugular vein is much larger and

fully exposed after access is gained surgically.

Given our tissue specific promoter candidates were expected to have significantly less
transcriptional strength as compared to CMV, and that targeting the minute tissues of the CCS could
be more challenging than the well perfused working myocardium, | used a high dose of 1.5 x 10*?
vg/ mouse and incubated for 5 weeks. Preliminary dose escalation studies also showed inefficient
cardiac transduction with a dose of 1 x 10! vg/ mouse (data not shown). Indeed, the combination
of 1.5 x 102 vg with 5 week incubation time proved highly effective in driving transgene expression

from both CMV and cTnT promoters.

The reporter gene used, as well as the methods used to detect it are also critical. Many studies
utilise luciferase, which can generate quantitative data from examining bioluminescence emitted
from whole body scans of mice, and/ or organs. However, when examining minute and discreet
regions of the heart that comprise CCS tissues, sectioning of the organs in particular planes
accompanied with microscopic analysis is the preferred method of analysing reporter gene
expression. GFP also has the advantage of being a relatively small gene (approximately 700 bp) and
so does not take up too much of the limited capacity for AAV vectors, a maximum of 4.7 kb. Studies
have also validated GFP as a fully quantitative reporter gene, where GFP fluorescence increases in
direct proportion with the GFP copy number delivered to eukaryotic cells, and fluorescence
intensity is directly proportional to GFP mRNA levels within cells***. GFP however, is prone to high
autofluorescence and so promoters must be relatively strong in order to drive fluorescence above
background levels*?®. Furthermore, native GFP fluorescence is quenched by common fixation
methods including immersion in paraformaldehyde, and thus the precise fixation protocol used
(duration, temperature) has the potential to produce significant variability in the reported signal.
Fixation prior to freezing and/ or sectioning of GFP containing tissues is essential, as GFP is a soluble
protein and will rapidly leak from damaged cells causing significant loss of signal.*?® One study found
that GFP could not be detected in frozen sections prepared from unfixed tissues, even after IHC,
whereas robust fluorescence was evident in tissues that had been fixed prior to processing®?®.

Fixation is necessary in order to immobilise the GFP, for example by cross linking to other cellular
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proteins. GFP detection by IHC can overcome issues associated with signal quenching during
fixation, and the use of a fluorophore corresponding to spectra less susceptible to autofluorescence
can ameliorate background fluorescence. For this reason, | chose an Alexa Fluor 647 conjugated
secondary antibody for GFP detection. Using a channel different to the native GFP fluorescence also
allowed accurate assessment of endogenous background fluorescence in the GFP detection channel
in adjacent tissue sections and thus facilitated setting fluorescence positive thresholds with high

fidelity.

Limitations in in vivo studies primarily relate to time restrictions. Firstly, detailed analysis of the
SAN, Purkinje fibres and AVN were not feasible within the given timeframe. It appeared that the
AVN and Purkinje fibres were less effectively transduced by AAV9 compared to the SAN, although
detailed analyses could not be carried out to confirm this finding. Instead, | focussed on the SAN in
light of its apparently superior transduction profile. Thus, particularly for the 1.6 kb KCNE1 construct
that was expected to be highly active in the AVN and Purkinje fibres, it is not clear if it’s inactivity
could be attributed to lack of effective gene delivery by the AAV9 vector, or inactivity of the
promoter. Since the structural and molecular makeup of each CCS component is distinct, promoter
activity could be expected to vary across the SAN, AVN and Purkinje fibres. Thus, although it appears
that the CCS specific caididate promoters are inactive in the SAN in vivo, further characterisation in
the AVN and Purkinje fibres may be warranted. Analysing data from the 1.6 kb KCNE1 construct is
also challenging in light of the lower dose used compared with the rest of the vectors (2.5 x 10! vs
1.5 x 10%2). This was attributable to the lower viral titer of AAV9 1.6 kb KCNE1 GFP. It would have
been beneficial to carry out injections with AAV9-CMV-GFP at this lower dose to provide a positive
control, and examine if the SAN was effectively transduced. Given the linear relationship between
dose administered and AAV9 mediated transduction efficiency (up to a point of saturation), it could
be expected that transduction of the SAN would be less efficient at this lower dose. Again, this
experiment would shed further light on the role of viral transduction efficiency vs promoter activity/

inactivity in the absence of transgene expression from AAV9 1.6 kb KCNE1 GFP.

5.7 Summary and conclusions

In conclusion, conditions optimal for the delivery and detection of transgenes delivered to the CCS
were determined. Due to a multitude of variables within published literature, these conditions must
always be determined through experimental means, requiring significant optimisation for the
precise application. It appears that systemic administration of AAV9 is an efficient means of

targeting the SAN, at a dose of 1.5 x 102 vg. The CMV promoter was capable of providing high levels
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of SAN transgene expression, and expression was also high in the working myocardium, liver and
skeletal muscle. AAV9 cTnT GFP performed well in cardiac tissues, with some expression also in the
liver. The cTnT promoter had limited activity in the SAN, particularly in central nodal myocytes.
However, overall SAN transduction efficiency approaching 10% was achieved, with relatively high
levels of transgene expression in the transduced cells. Thus, depending upon the particular
application, i.e. upon the level of transgene expression required, AAV9 cTnT GFP may be suitable
for delivering therapeutic transgenes to the SAN with limited off target expression confined to the
atria and ventricles, and to some extent the liver. Tissue specific promoter candidates of HCN4 and
KCNE1 failed to illicit any measurable transcriptional activity in vivo. This is perhaps attributable to
the more complex transcriptional control and regulatory mechanisms elicited in vivo compared to
in vitro conditions. To this end, caution must be used when interpreting data collected in ‘surrogate’

cell lines as a representation of native tissue.
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6.0 Chapter 6: General discussion

6.1 Introduction

The current study has proven the capability of targeting the SAN via a single systemic intravenous
dose of AAV9, and provides proof of concept for genetic modulation of the SAN in a cardiac specific
context. The potent ubiquitous CMV promoter conferred high level transgene expression in the SAN
in a non-tissue specific context, with high levels expression also conferred in the working
myocardium, skeletal muscle, and liver. The cardiac specific cTnT promoter conferred low level
transgene expression in the SAN, and high levels in the working myocardium. CCS specific promoter
candidates were generated and showed promising performance in an in vitro ESC derived SAN cell
model. Coupling these promoters to the strong CMV enhancer element resulted in elevated
promoter strength concurrent with some loss of tissue specificity in vitro, particularly for the CMVe
0.8 kb KCNE1 construct which had highest overall transcriptional strength among the CCS
candidates. Although native CCS promoters 1.2 kb HCN4, 0.8 kb HCN4 and 1.6 kb KCNE1 appeared
inactive in vivo, further testing of hybrid promoter/ CMV enhancer constructs, in addition to the
more potent 0.8 kb KCNE1 promoter variant, may be warranted. Further work is necessary to
investigate the reasons for the apparent lack of transduction efficiency in the AVN and Purkinje
fibres. The implications of these findings in the context of current knowledge and future directions

are discussed in the following sections.

6.2 CCS promoter candidates are active in vitro in ESC derived SAN cells

As discussed, Shox2 cells were used to represent SAN/ CCS tissue in vitro. These cells were
generated via overexpression of a neomycin resistance gene by the Shox2 promoter in mouse ESCs,
followed by antibiotic selection, thus facilitating selection of a pure Shox2 expressing cell
population®2, Shox2 cells express a transcriptional profile similar to bona fide SAN cells, including
HCN4, Cx45, Cx30.2, Tbx2, and Tbx3%°2. However, these cells also express some cardiac genes
including Tbx5, GATA4, alpha-skeletal actin, and MLC2V. To this end, the native SAN is also known
to express some working myocardial associated genes including cardiac troponin | (cTnl) and
MLC2V*%3, Of note, critical repressors of the SAN gene expression profile such as Nkx2.5, and atrial
specific ANF were only expressed at very low levels in Shox2 cells*%. Shox2 cells also express HCN4
at levels significantly higher than other characterised HCN4 expressing cell lines, such as HL-1%2,
Furthermore, HL-1 cells are atrial derived, and thus the overall transcriptional profile is not

suspected to resemble that of CCS cells. To this end, abundant ANF, desmin and connexin 43 are

143



expressed in HL-1 cells, similar to native atrial cardiomyocytes*”. Vast differences in gene®%3%,

protein?®?!, TF428259429 gnd miR*?° expression levels have been demonstrated between SAN and RA
tissues, and so specialised SAN cells are required to accurately assess candidate promoter
performance. Despite abundant HCN4 expression at protein level, Shox2 are quiescent under
standard culture conditions. It would be interesting to perform patch clamp analysis to
demonstrate if functional /s is expressed in these cells. Thus abundant evidence suggests that Shox2
cells are an adequate in vitro model for assessing the transcriptional activity of CCS specific gene

promoters.

All CCS specific promoter candidates exhibited promising activity in Shox2 cells, effectively inducing
expression of the GFP reporter gene. In addition, all minimal promoter candidates showed high
specificity, with minimal activity in non SAN-like cells including NIH-3T3 and HEK293A. Achieving
significant cell specific transgene expression from minimal constructs <=1.6 kb validated their
potential utility for CCS specific gene expression in an AAV vector system, and thus necessitated
further validation in vivo. Although it is not known whether Shox2 cells express cTnT and KCNE1, it
seems likely given the high activity of the respective gene promoters and SAN-like gene expression

profiles of the cells.

Although the minimal gallus cTnT promoter proved active in both Shox2 cells and native SAN tissue
in vivo, the same could not be said for CCS specific candidates. The performance of the 1.6 kb and
0.8 kb KCNE1 promoters was on par with that of cTnT in Shox2 cells, indicating that the
transcriptional landscape in vivo controlling the expression of CCS restricted genes is complex, and
additional regulatory elements are required to activate, or relieve repression upon, the KCNE1 and

HCN4 promoters in their native context.

These results urge caution when using in vitro conditions to predict in vivo function, especially when
not using primary cells directly derived from the tissue in question. SAN myocytes can be isolated
and cultured ex vivo, and adenovirus is capable of conferring transgene expression to these primary
cells in vitro®°. This may represent a more effective test bed for future use. | was also successful in
isolating and culturing SAN cells from rats and mice (data not shown). Adenoviruses containing
each promoter driven by GFP were generated, however as discussed it was later found that the
constructs lacked polyadenylation signals due to aberrant restriction site placement, and thus it is
likely that high levels of mRNA degradation occurred, confounding analysis of promoter activity as
measured by GFP protein expression. Transfecting primary SAN cells with lipofectamine was not
possible due to the combination of low cell yield from the tissue, low survival in culture, and high

toxicity of transfection reagents. Thus, | opted to use the HCN4 expressing Shox2 cell line as a SAN
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cell representative®®. AdVs were also used to assess promoter performance in primary NRCMs,
where little activity was shown by HCN4 and KCNE1 promoters (data not shown). However, the
same confounding factors with the AdV use exist, and thus it is not clear whether the promoters

were inactive in these cells, or if high mRNA degradation precluded GFP protein production.

It is also possible to isolate and culture SAN tissue ex vivo, where intrinsic rates of above 400 bpm
are achievable for at least 24 hours from the mouse SAN. Injection of genetic constructs into the
explanted SAN could also prove to be an effective test bed before progressing to in vivo studies in
future. This technique has already proven effective in examining molecular mechanisms regulating

intrinsic SAN rate via miR overexpression*®.

6.3 Effect of the CMV enhancer on promoter activity in vitro

In order to enhance CCS specific promoter strength, the 380 bp human CMV immediate-early
enhancer (CMV enhancer) was appended upstream of 0.8 kb HCN4, 1.2 kb HCN4 and 0.8 kb KCNE1
promoters. In its native context, the CMV enhancer activates expression of CMV immediate early
genes which are critical regulators of viral replication, infection and latency/ reactivation of human
CMV*L, In ESC derived Shox2 cells, the effect of the CMV enhancer on promoter strength was in
general modest, with only the CMVe 0.8 kb KCNE1 construct resulting in significantly enhanced
transcriptional activity. This is surprising, as the CMV enhancer is a well characterised strong
enhancer element that has provided markedly increased activity of other promoters including
cardiac specific ANF, MLC2V, and alveolar specific SP-C?2. Activity of the ANF promoter was
increased 45 fold by the addition of the CMV enhancer?®?. Importantly, the promoters mostly
retained tissue specificity with minimal activity in off target cells. In these studies, the MLC2v
promoter was tested in primary cardiomyoyctes, which may provide a better surrogate for native
tissue as compared with immortalised cell lines. Furthermore, addition of the 380 bp CMV enhancer
upstream of the neuron specific PDGF-beta promoter significantly elevated neuronal transgene
expression with minimal effect on specificity both in vitro and in vivo®®. Addition of the CMV
enhancer to the 1.5 kb MLC2V cardiac specific promoter in a separate study resulted in 50 fold
greater cardiac expression compared to the CMV promoter after tail vein injection of AAV2 vectors,
and 50 fold greater expression compared to the next highest transduced organ, the liver®”>. Notably,
some ectopic liver expression was demonstrated with a similar MLC2V promoter in vivo without

the enhancer®”>.

It appears that the effect of the CMV enhancer is promoter dependent. Addition of the CMV

enhancer to the cardiac specific alpha MHC promoter resulted in increased transcriptional activity,
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however tissue specificity was drastically compromised in vitro?®2. Furthermore, the CMV enhancer
also significantly compromised the specificity of tumor specific promoters in light of an up to 1096
fold enhancing effect?®®. Thus, trialling CMVe constructs ex vivo in isolated SAN tissue may be an
appropriate next step in determining their ability to drive expression in the native SAN. Constructs

could also be injected into the adjacent right atrial muscle to assess specificity.

It is not entirely clear how the CMV enhancer acts synergistically with certain promoters, but to a
lesser degree with others. Different TF binding motifs may act synergistically or antagonistically to
promote or impair transcription in a context specific manner®®2. Differing TF synergy possibly
reflects the promoter specific effects elicited the CMV enhancer described previously. To this end,
it has been suggested that control of tissue specific genes is only minimally attributable to
differential expression of TFs across tissues. Binding sites for the ubiquitous TF SP1 showed little
enrichment in ubiquitous promoters vs tissue specific promoters**2. Furthermore, TFs are less likely
to be expressed in a tissue specific manner compared to other genes, and even apparently tissue
specific factors are usually expressed in multiple tissues**3. These data suggest that differential TF
expression is unlikely to be the primary driver of tissue specific gene expression. Instead, it is likely
that tissue specific gene expression is related to temporal changes in the non-canonical binding
activity and behaviour of TFs in a context/ tissue specific manner. Such non-canonical interactions
are thought to include binding between multiple TFs to form different complexes**?433, For
example, STAT3 and NR2C2 TFs change binding partners in a tissue specific manner®*. Such shifts
in TF function and behaviour across different tissues may enable a relatively small subset of TFs to

illicit diverse functions, including control of tissue specific restricted genes.

With regards to the CMV enhancer, recruitment of ubiquitous and possibly tissue restricted TFs to
the promoter region may facilitate formation of complexes to promote transcription. It is perhaps
the unique interactions between different ubiquitous and tissue specific TFs that determines
whether tissue specificity is maintained in light of potentiation, and to what extent. This principle
has been demonstrated in the erythroid-lineage specific transcriptional activity elicited by GATA-1.
GATA-1 synergises with ubiquitous SP1 to activate erythroid restricted genes in vivo, where SP1
recruits GATA-1 to such promoters even in the absence of discrete GATA-1 binding sites*3>. GATA6
sites in the human CMV enhancer also participated in transactivation of the hybrid cardiac specific
CMVe-MLC2v promoter during cardiac differentiation in vitro via GATA6 binding*®. Thus, TFBS in
the CMV enhancer may act synergistically or independently of other elements present in core
promoters, in a mechanism that is likely promoter specific. Given the importance of ubiquitous TFs

377

such as SP1 in activation of the HCN4 and KCNE1 promoters in vitro>’’, it is possible that a diverse

array of interactions with SP1 and other associated TFs may act to activate or indeed repress
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promoter activity in vivo. To this end, CMVe contains multiple consensus SP1 TFBS which could act

to potentiate HCN4 and KCNE1 promoters in vitro®*’.

Large scale TF mapping studies have provided key insights into the transcriptional regulatory
landscape in mammalian tissues. Most large scale TF mapping studies including the landmark

438 only examine the left ventricle and right atrial appendage when considering

mouse TF atlas study
the heart. Sampling details suggest little or no nodal tissue would have been included in biopsies
from the right atrial appendage. In order to promote further understanding of the complex
regulation of CCS gene expression, it would be useful to study the CCS tissues in the context of large
comparative studies. To this end, whilst there was significant convergence of TF expression and
regulation activities across related tissues, such as sub-compartments of the brain and digestive
system*®, the CCS is known to have a highly divergent TF and gene expression compared to the
working myocardium3¥. This reflects the highly specialised function of the CCS, and necessitates
further understanding of its specific gene regulatory network in future studies. Such information
would aid in the rational design of CCS specific promoter/ enhancer constructs for gene therapy. As
alluded to previously, identification of minimal CCS specific elements from the HCN4 promoter has

proved challenging, and fine patterning of CCS gene expression is highly complex*°.

Limiting factors in gene expression likely includes recruitment of RNA polymerase, chromatin
modification, and rates of RNA polymerase transcription after initiation®*. To this end, recruitment
of RNA polymerase may be potentiated by repeat TFBS in the CMVe, facilitating transcription of
the downstream gene. It is likely that at least some synergistic activity occurred with our CCS
specific promoters given the varying transcriptional activities of each promoter when coupled with
CMVe. If the CMVe element masked transcription from the respective promoters, roughly uniform
GFP transgene expression would be seen regardless of the downstream promoter. To this end, the
0.8 kb KCNE1 promoter was most highly active without CMVe, and of all CMVe coupled promoters,
it maintained the highest activity. Furthermore, promoters maintained a degree of cell type
specificity upon addition of CMVe in light of modest potentiation. Since the ubiquitous CMVe has
little tissue or cell specific preference in isolation, it seems reasonable to suggest that the enhancer
potentiated promoter activity whilst maintaining some tissue specificity. Thus, we speculate that
the CMVe acted in synergy with the respective prompter elements, albeit the enhancing effect was
generally modest and some transcriptional specificity was lost. The effect of the CMV enhancer on
tissue specificity and transcriptional activation in vivo remains to be seen, and is an interesting

avenue for further work.
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The relatively modest effect of the CMV enhancer in Shox2 cells may be partially attributable to
intrinsic properties of the cell line. The CMV promoter (compositing immediate early enhancer and
promoter) used for positive control was less active in Shox2 cells compared with the other cells
used, particularly HEK293A, highlighted by the lower illumination power used between Shox2 cells
and the others for flow cytometry. One study observed no enhancement of the CMV promoter from
the CMV enhancer in the mouse pre-B cell line FL5.12, where activity of the promoter was also
low?”8, Another study using adenoviral gene delivery noted the absence of CMV driven reporter
gene expression in undifferentiated ESCs. Transgene expression gradually increased during
differentiation, and was achieved in 27% of differentiated ESC derived cardiomyocytes**!. Due to
differences in MOI and other variables, it is difficult to compare to the current study. However, we
achieved CMV- driven GFP expression in up to 100% of primary rat cardiomyocytes using adenoviral
vectors- whether these disparities are due to varying transduction efficiency of the virus or
inactivity of the CMV promoter in ESC derived cells compared to primary cardiomyocytes is not
clear. Interestingly, human CMV cannot effectively replicate in poorly differentiated cells, such as
progenitor cells, and the virus remains latent. In this context, the CMV enhancer/ promoter is
inactive®!. Thus, the ESC derived Shox2 cell line may not truly reflect the potential effect of the
CMV enhancer on tissue specific promoter candidates in native tissue. In native SAN tissue in vivo,
the positive control CMV enhancer/ promoter was highly active, evidenced by high number of GFP
expressing SAN myocytes with signal intensity that appeared on par with that of the working
cardiomyocytes. Thus, in vivo, it is possible that CMVe HCN4 or KCNE1 promoters may be active in
CCS tissues. Unfortunately due to the coronavirus pandemic and global laboratory shutdowns, we

were unable to package any of the CMVe constructs into AAV9 for in vivo testing.

Some promoter activity increases in off target cell lines were observed when combined with CMVe
in HEK293A and NIH 3T3 cells. Activity of CMVe HCN4/KCNE1 appeared elevated in HEK 293 cells,
with higher numbers of GFP positive cells visible in photomicrographs and via flow cytometry. HEK
293A cells were established from human kidney cells and transformed with adenoviral type 5
DNA*?2, Adenoviral sequences comprise E1 genes (E1A and E1B) which participate in transactivation
of viral promoters including CMV*3, conferring high activity. Thus, the viral CMV enhancer/
promoter may be expected to be high in this cell line, as demonstrated via flow cytometry. Another
systematic study examined CMV promoter performance in many cell lines, and concluded that
activity in HEK 293 cells was highest*®, The high propensity of CMV enhancer/ promoter activation
may partially account for increased activation of the CCS tissue specific promoter constructs which
were highly specific for Shox2 cells without the enhancer. In vivo studies are essential to understand

if this modest increase in promoter promiscuity applies in vivo in native kidney cells and others. The
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importance of any residual off target expression may also depend upon the intended application.
For example, high expression of miR inhibitor transgenes such as miR sponges or decoys are
necessary to illicit the desired effect and effectively sequester the miR target3®. Thus, low level off
target expression may not meaningfully decrease the amount of free miR available for target
binding. Also, since miRs are expressed in a tissue specific manner, these concerns would only exist
assuming the miR is expressed in tissues where off target transgene expression occurs. The case
may be of greater concern if expressing a therapeutic gene such as HCN4 using the proposed vector
system, since it is thought that ectopic expression of HCN4 in the working myocardium contributes
to arrhythmogenesis in heart failure*¥. It follows that ectopic expression of HCN4 in other organs
could be detrimental, and thus transgene expression must be restricted stringently to the target

tissue (SAN) for such applications.

6.4 CCS specific promoters are inactive in vivo

Regulation of HCN4 expression is clearly complex in nature, and additional elements to the core
promoter are likely necessary to recapitulate HCN4 expression in vivo. Although both 1.2 kb and 0.8
kb mHCN4 promoter constructs elicited favourable transcriptional profiles in vitro, neither proved
capable of inducing transcription in vivo. Although key roles for specific TFs such as ISL-1%*° and
MEF237° have been elucidated, little is known about the nature of cis acting elements responsible
for fine patterning of cardiac HCN4 expression. Subsequent studies have probed further into HCN4
expression in the SAN by examining non coding cis regulatory elements (CREs). Examination of
deeply conserved regions in the HCN4 locus identified a 5.7 kb region within intron 1 of HCN4 that
was capable of directing transgene expression to the AV bundle in postnatal hearts, and developing
CCS aside from the SAN in embryonic hearts**®. TF MEF2C was a critical regulator of enhancer
activity. Kuratomi and colleagues®? identified an intronic enhancer region (+14,090 / +14,247 bp
relative to the mHCN4 TSS) capable of significantly inducing HCN4 core promoter activity in vitro by
a magnitude of 30 fold, also dependent on the same MEF2 site3”°. This region was also implicated
in ectopic expression of HCN4 associated with hypertrophy in vivo, where stress induced nuclear
export and consequent inhibition of histone deacetylases (HDACs) potentiated the enhancer,
leading to promiscuous activity and ectopic expression of enhancer driven transgene in the working
myocardium in TAC*°. Notably, the HCN4 core promoter combined with the +14,090 / +14,247
enhancer was not capable of recapitulating HCN4 expression in vivo, indicating that multiple
enhancer and repressor elements act in concert to facilitate fine patterning of cardiac HCN4

expression.
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Evidence suggests that CCS specific epigenetic modifications contribute to CCS transcriptional
activation, and/ or repression in the working myocardium. Differential activity of GATA4 induced
H3K27 acetylation or deacetylation in the AV canal and working myocardium respectively, resulting
in transcriptional induction in the AV canal and repression in the working myocardium?®.
Interestingly, GATA elements were also responsible for repressing activity of the cardiac specific
cTnl promoter in skeletal muscle, thus contributing to cardiac specificity*®. In addition, a minimal
GATAG6 enhancer induced AV canal restricted gene expression during development*¥. Coupling this
enhancer to the pan-cardiac cTnT promoter restricted transgene expression to the AV canal during
development, indicating the this element represses promoter activity in the working
myocardium?®®. Further characterisation of such CCS specific regulatory switches may facilitate the
fine tuning of promoter activity in efforts to achieve CCS specificity. Such insights could permit fine
tuning of cardiac specific promoters to activate selectively in the CCS. To this end, we have
demonstrated some activation of the cTnT promoter in the SAN in the current study, and other
working myocardial genes are known the be expressed in components of the CCS, such as MLC2V4%,
as previously discussed. Perhaps application of such CCS specific switch elements could turn off
transgene expression in the working myocardium, whilst maintaining expression in compartments

of the CCS.

ISL1 is a TF expressed highly in the SAN in adult hearts, but absent from the working myocardium?*,
ISL1 deficient mice suffer severe cardiac malformations, and ISL1+ progenitors are thought to
contribute more than two-thirds of the cells in the embryonic heart, highlighting a key role in
development*®, Importantly, ISL1 deletion results in depletion of SAN associated genes, and
enrichment of RA associated genes in the SAN, establishing a role in maintaining the SAN
transcriptional programme?®®. A recent study provided further insight regulation of CCS specific
gene expression using ATAC-seq, contrasting regions of chromatin accessibility between SAN
myocytes and right atrial myocytes. The study identified a 2.9 kb ISL1 enhancer capable of directing
transgene expression to the SAN both along its developmental axis and in the postnatal heart*°. In
the adult heart, the enhancer directed strong reporter gene expression in the SAN, with some
expression also observed in the coronary sinus and ventricular conduction system, and only very

40, Interestingly, genome wide association

low levels in the working ventricular myocardium
(GWAS) analysis on the UK biobank cohort revealed associations between polymorphisms
corresponding to this enhancer region in humans and heart rate, and CRISPR mediated deletion of
the enhancer in mice resulted in impaired SAN development and arrhythmia*®. It would be of great
interest to trial this enhancer with an AAV9 vector in order to assess its ability to exogenously

induce transgene expression in the adult CCS. Critically, this 2.9 kb enhancer could be used in
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applications where the intended transgene is small, e.g. miR inhibitor transgenes and miR
overexpression cassettes. For wider application, identification of minimal enhancer regions will be
of particular interest for AAV gene therapy. Critically, how the activity of this enhancer reacts to
pathological stimuli remains to be seen. This is of great importance, as the proposed gene therapy
vector is intended for regulating SAN gene expression primarily in pathological settings, including
HF. As mentioned, previously identified HCN4 regulatory elements have shown promiscuous
activity in the working myocardium in response to TAC induced hypertrophy**. However, whilst
ectopic ventricular expression of HCN4 has been demonstrated in response to pathological
stimuli®®?, there is limited evidence to suggest that the same occurs for Isl1. Lack of Isl1 induction

448452 whilst ischemia reperfusion stimulated some

was seen in response to myocardial infarction
Isl1 expression mainly confined to the outflow tract*?. Regardless, Isl1 positive cells were virtually
undetectable in tissue sections from hearts under all multiple pathological stimuli (myocardial
infarction and ischemia reperfusion), indicating that Isl1 expression is not significantly elevated in

the working myocardium in response to injury.

Given the critical role of the SAN to generate the heartbeat, and the conduction tissue to co-
ordinate efficient pump action via precise action potential propagation, it stands to sense that
patterning of cardiac HCN4 and other CCS gene expression is under extremely tight regulation. To
this end, ectopic or altered expression of cardiac HCN4 in response to pathological stimuli such as
HF*3, high intensity exercise training'®“'%, and ageing®’ is a an established pathological mechanism.
To this end, the HDAC mediated repression of MEF2 in the regulation of HCN4 expression has been
implicated in ectopic expression of HCN4 in HF, as discussed®®. Indeed, identification of
mechanisms regulating gene expression in specialised cardiomyocytes of the CCS has proven
difficult, particularly in the SAN. Prior to the discovery of the aforementioned ISL1 SAN enhancer,
attempts to elucidate functional cis regulatory elements capable of specific SAN expression had
been relatively fruitless. Of 4 CCS marker mouse strains, precise histological analysis of hearts
showed that none exhibited transgene expression in the SAN in a CCS specific context. Only
transcription factor homeodomain only protein (HOP)-LACz mice showed beta galactosidase
reporter expression in the SAN, however strong expression was also present in the atria*®.
Curiously, the authors also demonstrated absence of beta galactosidase reporter expression in the
SAN of KCNE1-LacZ mice, but strong expression in the AVN, at odds with a previous report of strong
LacZ expression in the SAN region?>®, However, a later study demonstrated clear beta galactosidase
expression in the SAN of KCNE1 LacZ mice, visualised in isolated SAN tissue preparations®’*. The
reasons for disparity between these studies is unclear, but may relate to different methods used to

detect the transgene.
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Although vital insights into CCS developmental gene regulatory networks have been gained through
transgenic studies, the picture is less clear in the adult. A 660 bp minimal Cx30.2 enhancer was
capable of directing reporter gene expression specifically to the AVN throughout embryonic
development in a Gata4 and Tbx5 dependent manner®®, Cx30.2 is expressed in the SAN and AVN
of adult hearts, but is absent from the working myocardium. This is the lowest conductance
connexion isoform, and is critical for fine tuning of electrical impulse propagation, particularly
mediating conduction delay at the AVN*®, Given the distinct behaviour of the Isl1 enhancer from
embryonic to adult stages, it remains to be seen whether other minimal elements maintain
specificity in the transcriptional landscape of the fully developed heart, and indeed in disease

contexts.

Although less is known about the KCNE1 promoter and regulation of KCNE1 expression in the CCS,
our results suggest a similar complex regulatory landscape in the same vein as with HCN4. | aligned
the characterised human KCNE1 core promoter to the mouse genome and selected a highly
conserved 1.6 kb region for further studies, incorporating a truncated 0.8 kb variant via restriction
site placement. In vitro, the KCNE1 promoters appeared superior in transcriptional strength
compared to HCN4. As previously mentioned, the rationale for KCNE1 promoter trial was based
upon a homologous recombination study, where KCNE1-LacZ expressed the reporter specifically in
the CCS of the adult mouse heart?*8. Of course, reporter gene was under control of the entire KCNE1
regulatory region, far too large to incorporate into an AAV vector. In light of the impressive findings
by Vedantham et al. (2020)*° in identifying a minimal CCS specific Isl1 enhancer, it may be of great
interest to utilise ATAC-seq to reveal tissue specific enhancer elements responsible for CCS KCNE1
expression in the adult heart. Although the core promoter region undoubtedly plays key roles in
the regulation and initiation of transcription, further characterisation of other cis regulatory
elements may facilitate transgene recapitulation of endogenous cardiac KCNE1 expression from

minimal elements.

The cTnT promoter was moderately active in the SAN in vivo, along with being highly active in all
regions of the working myocardium, as expected. The promoter contains two copies of the MCAT
motif (CATTCCT), which is critical for promoter activation in cardiac muscle®’. Divergent
transcriptional enhancer factor-1 (DTEF-1) trans-activates the gallus cTnT promoter in a cardiac
specific manner via interactions with MCAT, both independently of and synergistically with MEF24°%,
DTEF-1 expression is specifically enriched in cardiac muscle, and does not activate the cTnT
promoter in skeletal muscle, thus contributing to cardiac specific promoter activation®. Activity of
the cTnT promoter in the SAN may occur via a similar mechanism, although It is not clear whether

DTEF-1 is expressed in the SAN. MEF2 is expressed highly in the SAN, and interestingly, it was shown
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that core cardiac TFs Gata4, Mef2c, and Tbx5 were expressed at similar levels in the SAN and RA®,
Perhaps DTEF-1 and other cardiac specific factors are expressed mainly in the paranodal/
transitional region of the SAN / CT border and poorly in the central SAN, which could explain why
the cTnT promoter appeared more active in the paranodal region. Transitional SAN cells are
implicated in propagation of action potentials to the surrounding atrial muscle, whereas central
nodal cells are thought to primarily contribute to spontaneous action potential generation and
pacemaking, and thus the leading pacemaker site of the SAN is usually in the SAN centre under
physiological conditions®®. Thus, the central and peripheral zones likely differ in molecular makeup.
Indeed, a paranodal region was identified in the human heart, with a transitional gene expression
profile resembling both SAN and RA32, Another study identified and characterised a peripheral
pacemaker site in the rat heart located near the inferior vena cava, revealing differential expression
of cardiac receptors in the central SAN vs peripheral site*°. It would be interesting to probe the
SAN for ¢cTnT mRNA expression via in situ hybridization and protein via IHC to examine its
distribution. Perhaps this could shed further light on the low activity of the promoter and apparent
preference for peripheral nodal myocytes over central. To this end, proteomic studies have already
shown that cTnT is robustly expressed in the SAN, but cannot offer spatial information on it’s

distribution within the tissue?®?.

Perhaps one of the most impressive CCS marker genes is contactin 2 (Cntn2). Cntn2 is a cell
adhesion molecule with key roles in neuronal patterning and regulation of ion channel expression
in myelinated axons*®. Adult Cntn2-GFP mice express GFP throughout the CCS, with very strong
expression in the AVN, His bundle and Purkinje fibres®!. The Cntn2 promoter has not yet been
characterised in detail, and thus identification of minimal elements capable of recapitulating ctnt2-
GFP expression in the heart requires further work. This may represent a promising future candidate
for CCS transgene expression, particularly in the ventricular conduction system. Utilisation of
techniques such as comparative ATAC-seq may provide insight into tissue specific enhancers and
other cis regulatory elements responsible for directing cntn2 expression to the various components

of the CCS.

Thus, the primary challenge in the realisation of the proposed AAV based CCS specific gene therapy
likely lies in recapitulating CCS specific gene expression from minimal promoter/ enhancer
elements. Large regulatory regions of HCN4%>°, KCNE1%8, Cntn2*¢! among others can achieve CCS
specific gene expression. To this end, HCN4 GFP mice are generated using a ~237 kb BAC clone that
encompasses the entire HCN4 gene and regulatory sequences®®?. For our purposes, identification
of minimal elements and motifs is critical in the context of the 4.7 kb total packaging capacity limit

of AAV vectors. Regardless, in the current study it has been verified that systemically delivered AAV
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vectors at a dose of 1.5 x 10'2 vg target the SAN effectively in adult mice, with high transduction
rate of SAN myocytes and high levels of transgene expression using a strong promoter. This proof
of concept validates further development of tissue specific approaches using tissue specific
promoter and/ or enhancer elements in future. ldentification of minimal elements that are
activated only in the CCS and to a sufficient level is a primary barrier to the realisation of this

concept.

6.5 cTnT (or other cardiac specific promoters) for CCS gene delivery in a cardiac specific
context

Interestingly, the cTnT promoter appeared more highly active in the peripheral zones of the SAN as
opposed to the SAN centre. The region bordering the SAN/ CT may represent a transitional zone,
where cell characteristics resemble both SAN myocytes and atrial myocytes. In humans, dogs and
rabbits, there is evidence that cells gradually transition in morphology from the central SAN to the
adjoining atrial muscle!®'*419 peripheral SAN myocytes may have more organised myofilaments
and more mitochondria compared to those in the SAN centre®®. Transitional cells have also been
observed in the mouse SAN, distributed in the SAN periphery. These cells are smaller than central
or typical pacemaker cells, with positive expression of NF-160 and HCN4 (similarly to central SAN
cells).*®* Furthermore, a rare population of cells at the CT/ SAN boundary were found to express
both Cx43 and HCN4, thus showing hallmarks of both trial and SAN cells**. To this end, the
peripheral cells that also exhibited stronger cTnT driven GFP expression appeared to have lower

HCN4 expression, suggesting a transitional morphology (figure 5.8 A, B).

Achieving high level gene expression in the SAN in a cardiac specific context may be desirable in
certain circumstances, for example when negatively regulating miRs expressed only in the SAN. miR
decoy sequences specific to the miR of interest would thus have no effect in the working
myocardium in such circumstances. To this end, as discussed, miR expression is chamber specific in
the heart?>, A recent study profiled miR expression profiles in the SAN and RA, finding significantly

differential expression of 66 miRs*?°

. miR-426-3p was capable of modulating extrinsic SAN rate via
targeting HCN4%2°, A key SAN HCN4 regulating miR of interest, miR-370-3p, is also expressed in the
ventricle, where it was found to ameliorate post Ml fibrosis via interactions with TBF-beta®®. The
miR-370 TGF beta interaction was also demonstrated in gastric carcinoma, where elevated miR-370
contributed to carcinoma progression?®’. Conversely, miR-370-3p was shown to possess tumor
suppressor properties in the context of pituitary adenoma, and it’s reduced expression results in

drug resistance in glioblastoma“®®®4%°, We detected relatively strong transgene expression in the

154



brain using AAV9-CMV-GFP, consistent with previous reports of this vector’s ability to effectively
cross the blood brain barrier*’?. Thus, due to tissue and pathology specific effects of miRs such as
miR-370, SAN specific modulation would be key for harnessing it’s therapeutic potential shown in

SAN dysfunction in HF7,

Alpha myosin heavy chain (alpha MHC) is robustly expressed in the SAN, AVN, His bundle and
Purkinje fibres**%72 as well as the working myocardium, being the most abundant protein
constituent of the cardiac sarcomere®”®. A 363 bp alpha MHC promoter has been successfully
utilised for cardiac specific transgene expression from AAV9, albeit significantly less potent than
CMV?¥, Another study utilising lentiviral vectors demonstrated that the cTnT promoter conferred
higher cardiac transgene expression compared to alpha MHC, although the alpha MHC promoter
was more cardiac specific*’4. Significant ectopic expression from the cTnT promoter was observed
in the liver, agreeing with the current study*’*. The alpha MHC promoter has also proven capable
of driving transgene expression in the SAN and AVN*"247>_ |nterestingly, transgenic overexpression
of GFP tagged Kir2.1 and Kir6.2 using the alpha MHC promoter was limited in the SAN, AVN and His
bundle, but robust in the working myocardium. In this case, the expression of transgene followed
the endogenous expression of the respective ion channels, rather than the endogenous expression
of alpha MHC, which was shown to be robustly expressed in SAN and AVN*’2, Notably, Alpha MHC-
driven Kir6.2-GFP was robustly expressed in the SAN. Since these studies were carried out in
transgenic mice, entire regulatory regions of alpha MHC were used to drive transgene expression,
and thus it remains to be seen whether minimal promoter elements are capable of recapitulating
these results. It is also interesting that alpha MHC driven Kir2.1-GFP was expressed in the SAN
periphery but not central nodal myocytes. This implies different transcriptional regulatory
mechanisms at play between these regions of the SAN, which may also explain the apparently
higher cTnT promoter activity in peripheral SAN tissue compared to central in the current study.
Thus, the alpha MHC promoter may be another promising candidate for CCS gene delivery in a
cardiac specific context. Perhaps the first test in this context would be the ability of minimal
promoters, as used in viral vector systems, to express transgenes in the CCS as well as working

myocardium.

As stated previously, the level of transgene expression and transduction efficiency of target cells
required to illicit a therapeutic effect varies depending upon the application. Interestingly, studies
have demonstrated that transduction efficiency of only around 40-66% of ventricular myocytes was
sufficient for suppression of CPVT precipitated by delayed after depolarisations (DADs) through AAV
mediated delivery of the calsequestrin 2 gene*’®. This is thought to be due to the source-sink

relationship that governs conduction of cardiac impulses- for example, a single or small group of
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myocytes exhibiting DADs will not be capable of propagating this signal to surrounding myocytes,
as the surrounding myocytes act as current sinks, effectively attenuating voltage gradients between
the DAD source cells and those surrounding. Thus, interspersion of DAD cells with transduced
stabiliser cells results in attenuation of DAD amplitude and reduces its probability of successful
propagation via reaching threshold voltage. To this end, elegant in silico studies have suggested
that transduction of only 15-25% of cells may be necessary to suppress arrhythmia propagation in
CPVT in some cases*’. However, in applications for miR modulation including overexpression and
inhibition, it is likely that strong promoters will be required to illicit a the desired effect. This was
partially the rationale for attempting to enhance CCS promoters via the addition of the CMV
enhancer. miR sponge/ decoy technology relies upon competitive inhibition of miR activity, acting
to sequester miRs from endogenous binding sites. Due to the very nature of this technique, high
miR decoy sequence expression is required to significantly reduce the amount of free miRs within

cells available for gene repression3%478,

6.6 Improved CCS gene delivery may enable use of weaker promoters

Although high levels of transgene expression were achieved in the SAN using AAV9-CMV-GFP, the
percentage of transgene positive cells was lower than the juxtaposed atrial working myocardium,
and ventricular myocardium. The AVN and Purkinje fibres appeared to be inefficiently transduced
by AAV9. This could be attributable to 2 primary factors. Perhaps SAN tissue is not quite as
effectively transduced by the AAV9 vector, and thus the number of vector genomes introduced per
cell is insufficient so as to guarantee high transgene expression. To this end, it has been estimated
that a mean transduction rate of one vector genome per cell is only adequate to ensure that 63%
of target cells will express at least one genome, and approximately 5 vector genomes per cell is
necessary to effectively target > 99% of cells?®. The ability of AAV to enter cells depends upon the
expression of primary and secondary receptors. Galactose and the laminin receptor are important
mediators of AAV9 transduction*’®. Expression of these receptors in the SAN and other CCS tissues
is unknown, and may provide insight into limiting factors of transduction when compared to the
working myocardium. Alternatively, SAN myocytes may possess a lower ability to convert AAV
ssDNA to transcriptionally active dsDNA and thus confer transgene expression. This principle was
shown in trabecular meshwork cells of the eye, which are considered non-permissible to AAV
transduction?#%, The use of scAAV, thus bypassing host second strand DNA synthesis, achieved
highly efficient transduction with AAV2%4, AAV entry into trabecular meshwork cells induced

downregulation of genes involved in DNA replication and synthesis, likely inhibiting conversion of
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AAV ssDNA to dsDNA2¥, Even in the absence of second strand synthesis, conversion to dsDNA is
possible by annealing of complementary sense and antisense strands. Cells would need to be
infected with high numbers of both sense and antisense ssAAV genomes in order to confer efficient
expression in this context. If DNA synthesis is the limiting factor in SAN AAV transduction, higher
efficiency could be achieved using scAAV vectors as demonstrated in the ocular trabecular
meshwork cells. However as discussed, these vectors have only half the transgene capacity of ssAAV
vectors, presenting further challenges for even minimal promoter/ enhancer constructs. AAV
transduction of fibroblasts is also inefficient, attributed to inefficient intracellular viral trafficking to
the nucleus®. Circumvention of ubiquitination, and thus proteasome mediated degradation of
virions significantly enhanced AAV transduction of fibroblasts®®!. To address the reason for the
apparently lower transduction of the SAN vs adjacent RA , another cohort of mice were injected
with 1.5 x 102 vg AAV9. Mice were sacrificed and the SAN, right atrium, ventricle and liver removed
and snap frozen for qPCR to investigate the number of distribution of vector genomes, giving an
insight into regional variation in cardiac transduction efficiency with AAV9. These studies are
ongoing. It is possible that with further improved transduction efficiency, perhaps by elevated viral
dose or viral capsid pseudotyping, transgenes driven by weaker promoters may achieve more
therapeutically relevant levels of expression. In light of the apparently inefficient gene delivery to
the AVN and Purkinje fibres, unravelling this mechanism may be of even greater efficiency to

develop strategies to effectively target the entire CCS.

6.7 Future directions for CCS specific gene delivery

Currently, most efforts in biopacemaking aim to generate a de novo pacemaker, rather than
restoring function to the native SAN. However this approach has proven challenging (reviewed
by*?). As studies from animal models of disease further elucidate the mechanisms underlying SAN
dysfunction, therapeutic targets for restoration of function are emerging. For example, elevated
miR-370-3p has been identified as a driver of reduced HCN4 expression and bradycardia in HF, and
miR 423-5p acts in a similar manner in driving sinus bradycardia in athletic training via aberrant
HCN4 regulation®”128 Interestingly in both cases, silencing the respective miRs using
oligonucleotide antagomiRs rescued SAN function. Age related remodelling of Cav1.2 and Cav1.3,
which contributed to decreased intrinsic rate and depressed pacemaker activity, was related to
increased expression of miR-1976 is the sinus node®. Thus, miRs may represent ideal targets for
restoration of CCS function in disease. Thioredoxin 2 (Trx2), a molecule involved in counteraction
of oxidative stress and ROS scavenging, also mediates SAN HCN4 expression''’. Induction of

oxidative stress via CCS specific knockout of Trx2 resulted in drastically reduced HCN4 expression
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in the SAN, with severe sinus bradycardia and AV block?’. Indeed, increased oxidative stress is a
hallmark of many disorders strongly associated with SND, including ageing®®, AF*?>12! HF and
hypertension!?2, Thus, targeting the ROS/Trx2/HCN4 axis may represent an attractive therapeutic

approach for the treatment of multiple disease states where SND is implicated.

Although the discussion of the proposed gene therapy focusses on ion channel and electrical
remodelling as the primary target and proposed mechanism underlying CCS dysfunction, the
potential role of other processes should not be ignored. Elevated fibrosis and SAN myocyte loss
have been linked to SND particularly in ageing, in both humans and animal models. The SAN
naturally has a high fibrotic content which provides electrical insulation from the hyperpolarising
influence of the surrounding atrial myocardium, and provide defined exit pathways for electrical
impulses®®. Histological studies on the ageing human SAN revealed decreased overall SAN volume,
loss of peripheral SAN regions and replacement by fatty tissue, and elevated proportion of
connective tissue relative to total SAN volume?®®, Interestingly, disparities existed between fibrotic
content and various pathologies- severe chronic SAN exit block and tachy-brady syndrome were
strongly associated with severe fibrosis of the SAN, whereas there was no significant association
with fibrosis and atrial fibrillation. Nevertheless, the amount of nodal cells in the SAN was found to
decrease with age, whilst those remaining underwent hypertrophy perhaps as a compensatory
mechanism®+8 These findings were corroborated in a study of aged mice which developed SND

in the presence of increased interstitial fibrosis*®

. Since increasing age is an established
independent risk factor for SND, SAN cell loss and/ or elevated fibrosis may be an contributing
mechanism of SND in this context®”. Remarkably however, a stark paucity of SAN cells (only 10% of
SAN myocytes remaining) was also found to be capable of maintaining sinus rhythm in some
patients, and thus the link between SAN cells loss remains somewhat unclear?”. Although the
mechanisms surrounding these structural changes are not well established, recent findings in mice
may point towards a potential role for Popdcl and/ or Popdc2 proteins in the modulation of
pacemaking, and in age related decline in pacemaker function. Knockout of Popdcl or Popdc2 in
mice caused SND in an age and stress dependent manner®®. Notably, regions of the SAN in aged
and stressed (physical or psychological) knockout mice were hypoplastic, and a reduction in nodal
extensions into the surrounding atrial muscle was observed*®®. Although the precise roles Popdc
proteins play in maintaining SAN function are not yet clearly defined, they may represent an
attractive therapeutic target for maintaining or enhancing SAN function in ageing via reversing or
preventing SAN cell loss. Further studies may elucidate the precise role of these proteins, and

whether their genetic mutation or remodelling in ageing or other pathological states contributes to

SAN dysfunction. Our proposed gene therapy could potentially be utilised to harness such targets,
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and thus also be used to address structural SAN remodelling. Further research may identify other

potential targets for preserving SAN function through modulation of structural remodelling.

Thus despite the emergence of many potential therapeutic targets for CCS repair and corrective
modulation in disease, effective methods for targeting the CCS and harnessing these targets remain
understudied. Methods such as antogomiR injection have systemic effects, and thus affect miR
expression globally, and require repeat dosing. Furthermore, there are no studies that directly
examine the effectiveness of such gene delivery methods to the minute tissues comprising the CCS.
To this end, AAV mediated modulation of miR expression has already shown therapeutic potential
in the working myocardium. As well as overexpression, miRs could also be downregulated using
AAV vectors. Such approaches could involve miR decoys or sponges, which contain multiple repeat
binding sites complementary to the miR(s) of interest**4%, When expressed at high levels, the
decoy sequences bind free miRs and thus sequester them from their endogenous gene targets,
relieving miR based repression of gene expression?’®. In vivo, AAV9-miR-25 decoy sequences
selectively decreased miR-25 expression, increased levels of target SERCA2a protein, and
attenuated cardiac dysfunction and fibrosis in HF%°. Decoy sequence expression was driven by the
ubiquitous U6 promoter. The ability to drive decoy transgenes with tissue specific promoters raises
the possibility of tissue specific miR modulation. Importantly, in post mitotic tissues such as the
heart, long term transgene expression can be conferred using AAV vectors, whereas antagomiRs

and other oligonucleotide techniques require repeat dosing, limiting their translational potential.

Systemic gene delivery has the advantages of being minimally invasive, without the requirement
for surgical procedures. Often the ability to target all tissues of the body is considered
advantageous, however in the case of tissue specific gene delivery, limiting transgene to the target
tissue specific can be challenging. This, and many other studies, has shown that systemic delivery
of AAV9 effectively transduces many tissues. Thus, restricting transgene expression can be achieved
at two primary levels; 1) limiting the exposure of the vector primarily to the target cells (e.g.
intramyocardial injection, intracoronary perfusion) and 2) spatially limiting the expression of the
transgene by placing under the regulation of tissue specific promoters. In an effort to modify gene
expression of the AVN with minimal off target expression, one group used intracoronary perfusion
of the AV nodal artery with adenoviral vectors, as discussed previously. Using this approach, the
authors achieved a transduction efficiency of 45%, when the vector was combined with vasodilator
and microvascular permeability enhancing agents3*!. Of note, this approach achieved successful

341

modification of AV nodal electrophysiology via overexpression of Gaj, This approach,
demonstrated here in pigs, may not be suitable for small animal models of disease where

catherterisation of miniscule coronary arterial branches would be extremely challenging. Thus, this
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technique would be limited in most animal models of disease and transgenic studies, the majority
of which are carried out in small mammals such as mice. In addition, adenoviral vectors are limited
by their short duration of transgene expression, partially attributed to high immunogenicity*®’. Here
we achieved a higher transduction efficiency of 65% in the SAN using systemic IV administration of
AAV9. Given the successful alteration of AVN electrophysiology with only 45% transduction
efficiency, it seems reasonable that the 65% achieved by our systemic method would be sufficient
for therapeutic modulation of gene expression. As previously mentioned, future challenges involve
identification of minimal regulatory elements capable of driving gene expression in the CCS
specifically, rather than from ubiquitous promoters. To this end, the development of constructs
such as the aforementioned CCS specific ISL1 enhancer may pave the way for such efforts, with a

focus on identifying minimal elements capable of recapitulating CCS specific expression®.

6.7.1 Fine tuning AAV transgene expression using miR binding sites

Tissue specific miR expression also presents the opportunity to provide further restriction of
transgene expression. miR binding sites can be introduced into AAV vector transgene cassettes in
order to attenuate transgene expression in certain tissues where expression of that particular miR
is high. Assuming low expression of the candidate miR in the target tissue, mRNA degradation and
translational repression occurs only in off target tissues where miR expression is high (mechanism
shown in figure 6.1). To this end, miR mediated repression of gene expression mainly occurs via

decreasing target mRNA levels*®,

Aside from the heart, AAV9 mediated transgene expression is usually highest in the liver, especially
when vectors are administered systemically?®®4°?, Thus, detargeting transgene expression from the
liver has received particular interest. One study inserted 5 copies of the liver specific miR-122 target
sequence into the 3’ UTR of an AAV expression construct, and after intravenous injection of the
vectors, a 50 fold reduction in hepatic luciferase reporter expression was observed, without any
reduction in the heart*°. This approach has also been successfully used to achieve cell type specific
transgene expression within whole organs, such as to astrocytes in the brain via neuronal
detargeting using miR-124%°, Another example used a combination of miR target sites to achieve
cell specific transgene expression in the liver. Effective detargeting of GFP transgene expression in
Kuppfer cells and hepatocytes was achieved via inclusion of miR-142-3p and miR-122a sites
respectively, and transgene expression was restricted to liver endothelial cells in vivo**. Thus, using
multiple miR target sites can be used to effectively fine tune transgene expression in vivo. This

technique could be particularly useful in directing transgene expression in the CCS via detargeting
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from the working myocardial cells. To this end, HCN4 and KCNE1 are both expressed in multiple
components of the CCS, and so the respective promoters may not be capable of restricting
transgene expression to the SAN, AVN or Purkinje fibres specifically. Here, SAN/ AVN/ His-Purkinje

specific or enriched miRs could facilitate true compartment specific transgene expression.
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Figure 6.1: mechanism of miR detargeting of AAV vectors. In this example, transgene expression
is detargeted from the liver. AAV delivers it’s transgene cargo to both heart and liver effectively,
resulting in high vector genome copy numbers. AAV expression constructs have been designed
to include multiple copies of a miR binding site, where the miR is expressed highly in the liver,
but minimally in the heart. In the liver, endogenous miRs bind to the transgene at the
engineered complimentary binding sites, inducing repression of the encoded transgene by
mMRNA degradation and/ or translational repression. In the heart, there is little or endogenous
miR expressed, and thus the transgene is free to be expressed without repression. This results
in high expression of the transgene in the heart, and reduced off target expression in the liver.

miR TS- microRNA target sequence. Figure generated using BioRender.
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However, it must also be considered that miR expression changes in response to disease*?. Thus,
miRs used for detargeting would need to be also absent or expressed only at very low levels in the
target tissue also in disease in order to avoid interfering with transgene expression. To this end, one
study demonstrated that miR-122, previously considered to be liver specific, was also expressed in
the heart of certain transgenic mouse strains, and this expression significantly attenuated cardiac
transgene expression from AAV9-miR-122 liver detargeted vectors**. Furthermore, miR-122 was
also found in the hearts of humans suffering from dilated cardiomyopathy*3. Thus, it would be
important to validate any proposed de-targeting miR in the species and disease model of choice

before proceeding to therapeutic trial using AAV vectors.

As previously mentioned, miR expression profiles have been examined between SAN tissue and RA
in human tissue*?. 18 miRs showed significantly higher expression in the SAN, whereas 48 were
significantly higher in RA%**. The largest difference was seen with miR-1233, which was high in RA
but very low in SAN. This miR could represent a candidate for atrial detargeting of transgene
expression from AAV9-cTnT-GFP for example. However, it is unclear whether this expression
gradient is also evident in mouse tissue, and if expression of miR-1233 is also high in the ventricles,
so as to provide ventricular detargeting also. Studies have documented increased circulating levels
of miR-1233 in both heart failure*** and cases of congenital heart disease®®, however it is unclear
if the tissue expression is high, or heightened in disease. Further profiling of the unique
transcriptional profile of CCS tissue in comparison to the working myocardium will elucidate other

potential candidates for enhancing AAV mediated transgene specificity.

6.8 Concluding remarks

The work presented herein provides proof of concept for a systemic gene therapy to target the SAN
from a single intravenous dose of AAV9. Although we were unable to achieve specific gene
expression in the SAN or other components of the CCS using tissue specific promoters, the feasibility
of our approach has been validated on a proof of concept level. Now that the gene delivery vehicle
is validated, future studies must focus on understanding the transcriptional mechanisms that
govern CCS specific gene expression. It is clear that these mechanisms are complex, given the lack
of intrinsic transcriptional activity conferred by CCS specific promoter candidates of KCNE1 and
HCN4 in vivo. However, it is important to bear in mind that time constraints precluded detailed
analysis of AAV9 mediated transgene delivery and promoter performance in the AVN and Purkinje
fibres. Thus, further studies are required to confirm if the findings for the SAN hold for the wider

CCs.
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Most studies examining transcriptional control of the CCS examine this in the context of
development, and thus the identification of discrete minimal promoter and/ or enhancer elements
capable of driving transgene expression in the adult heart requires further work. The recent
discovery of a 2.9 kb CCS specific ISL1 enhancer active in the adult heart is a promising
development, and warrants the further use of methods such as ATAC-seq to provide further insights

into other promoter/ enhancer elements important for CCS specific gene expression*°.

A key issue confounding the current study was the scarcity of suitable in vitro test beds for studying
promoter activity in SAN and other CCS cells. Primary SAN cells are difficult to isolate and suffer
from low cell yield, contamination with adjacent working myocardial cells, and low survival,
particularly when exposed to transfection reagents. We were successful in isolating and conferring
transgene expression from adenoviral vectors in rat SAN cells using AdV-CMV-GFP(data not shown).
However further analysis of CCS specific promoters was confounded by errors in vector generation,

as previously discussed.

Stem cell derived Shox2 cells were an appropriate candidate for this purpose, although ultimately
the performance of promoters in vitro was not a reflection of their characteristics in vivo. This issue
is also prevalent in the wider study of promoters/ enhancers predicted via conservation analysis,
where in vivo validation rate is generally very low at ~2%**. This low in vivo success rate highlights
the necessity for reliable in vitro model systems for validation studies. Neonatal rat ventricular
cardiomyocytes may also be appropriate since they express low levels of HCN channels and /¢ albeit
If is mainly carried by HCN2 in these cells*®. However, in the postnatal phase, HCN4 is strongly
downregulated in the ventricles®”®. This is essential for coordinated electrical function of the heart,
and ectopic ventricular HCN expression has been associated with arrhythmia development in heart
failure*. Thus, studying HCN4 promoter activity in cells in which the downstream gene is under
active repression may not be ideal, and most likely will not reflect the native SAN tissue. Another
potential test bed is the isolated SAN tissue explant, where tissue may be maintained viable at
intrinsic rates of above 400 bpm for at least 48 hours in culture. This system has the advantage of
circumventing lengthy cell isolation procedures and concomitant low cell yield. In future, this may
be the best in vitro model for promoter validation before progressing to in vivo studies using

expensive AAV vectors.

In the absence of CCS specific promoters, it may also be possible to re-purpose existing cardiac
specific promoters that are also active in the CCS. We have shown in the current study that the cTnT
promoter, as well as conferring high transgene expression in the working myocardium, is also active

in the SAN. Other cardiac genes are also prominently expressed in the CCS, including MLC2V and
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alpha MHC*®3, This strategy has been previously discussed, but could be achieved in 2 primary
methods: i) utilising cardiac compartment specific miR binding sites to selectively repress transgene
expression, or ii) utilising so called CCS specific ‘switches’ such as the GATA dependent elements
discussed previously. The latter perhaps requires the most development, as such elements have
been primarily studied in the developing, rather than the postnatal heart, and were mostly specific
to the AV canal*®. miR expression profiling has already been carried out in the SAN, and some highly
SAN- enriched miRs have been identified, paving the way for the generation of miR detargeted AAV

vectors for CCS specific gene expression®?,

In conclusion, it appears that CCS specific systemic gene therapy is an achievable goal. Future
studies should aim to generate further understanding of CCS specific gene regulatory mechanisms,
and trial promising minimal promoter/ enhancer elements in vivo in combination with AAV vectors,
as used in the current study. Given the increasingly appreciated role of gene expression (particularly
ion channel) remodelling in multiple disease states contributing to CCS dysfunction, development

of the tools to harness these potential therapeutic targets should be of key importance.
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