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Abstract

The human heart cannot regenerate following myocardial infarction and instead forms a
fibrotic scar that impairs cardiac function and can lead to heart failure. Cardiac regeneration aims to
treat the injured heart by stimulating the heart to repair itself. The Astyanax mexicanus is a uniquely
suited model of cardiac regeneration as it comprises two closely related populations: (1) the
‘regenerative’ surface (SF) population and (2) the ‘non-regenerative’ Pachon (PF) cave population.
The immune response to injury is known to be a key regulator of successful regeneration. However,

how this response differs between SF and PF populations is unknown.

To fully characterise the A. mexicanus immune response, single cell RNA-sequencing,
differential gene expression analysis, histological staining and in situ hybridisation were used to
determine the immune cell populations present in the heart at 1-, 3-, 7-, 14- and 30 days post-
cryoinjury (dpci). Pharmacological perturbations of the A. mexicanus immune response were then
used to explore whether identified differences in the regenerative and scarring immune responses

to cardiac injury were exerting control on regenerative capacity.

Striking spatiotemporal differences were found in the dynamics of both myeloid and
lymphoid populations in the PF and SF. Immediately after injury, the non-regenerative PF showed a
stronger response to injury with a significantly greater influx of neutrophils into the wound (1dpci
p=0.0156; 3dpci p=0.0075). By 7dpci, this inflammatory response was resolved, and differential gene
expression analysis showed that PF neutrophils had returned to the uninjured state. In contrast, the
regenerative SF showed a greater immune response at the late stages of cardiac healing (7-, 14- and
30dpci). Specifically, at 7- and 14dpci, a transcriptionally unique population of neutrophils was
observed in the SF that remained activated and upregulated TNFa-NFkB signalling. Furthermore, a
stark contrast in the B cell response was observed: SF displayed a significant influx of B cells at 14-

and 30dpci that was absent in the PF (p<0.005). Inhibition of the SF immune response using 7-14dpci



Dexamethasone treatment did not impair the regenerative capacity of the SF but did significantly

disrupt scar organisation, resulting in scars that closely resembled time-matched PF scars.

This research represents a significant leap forward in our understanding of how the immune
response differs between successful regeneration (SF) and scarring (PF). However, further studies
will be required to determine the role of late-stage SF neutrophils and B cells in successful
regeneration before novel therapeutic targets can be identified for immunomodulation in heart

attack patients.
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Chapter |

Introduction

1.1 Coronary Heart Disease, Myocardial Infarction and Heart Failure

1.1.1 Coronary Heart Disease and Myocardial Infarction

In 2022, the world faces a multitude of global health pandemics from Covid-19 to diabetes,
obesity and coronary heart disease (CHD)*. Although no global health pandemic has impacted daily
life like Covid-19, CHD is the biggest killer and has been the leading cause of death worldwide for the
past 22 years®>. CHD is characterised by the gradual accumulation of lipid deposits in the walls of
coronary arteries, progressively narrowing their lumen and resulting in restricted blood flow to the
heart®. Patients with CHD face a significantly increased risk of myocardial infarction (Ml) in which
ischaemic injury results in downstream necrosis, due to coronary artery occlusion, starving

downstream cells of oxygen and nutrients’.

Following M, the adult human heart cannot replace any injured cardiomyocytes and,
instead, faces severe depletion of contractile tissue as approximately 1 billion cardiomyocytes are
lost”. To replace the lost tissue, a thick, collagenous scar is deposited that acts to preserve the
integrity of the ventricular wall and prevent fatal cardiac rupture. However it is non-contractile and,
depending on its size, can impair cardiac function, providing no compensation for the lost muscle®.
To increase the contractile function of the diminished heart, a range of compensatory signalling
pathways are activated that increase heart rate and arterial resistance, and stimulate cardiomyocyte
hypertrophy®2°. Initially, these compensatory signhalling pathways are beneficial and help to maintain
cardiac output despite the massive loss of cardiac muscle. However, with time, these compensatory
signals can become maladaptive in some patients, stimulating fibrosis; scar thinning; ventricular
dilation; chronic inflammation; and a progressive decline in cardiac function until, eventually, they

lead to heart failure®?.
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1.1.2 Heart Failure

Heart failure occurs when the heart can no longer pump blood sufficiently to meet the
needs of the body. Once a patient develops heart failure, they are faced with limited treatment
options. A small number of the most severely affected cases may undergo heart transplant, which
remains the only ‘cure’'?. This problem is exacerbated by the fact that current MI treatments are
very effective and survival rates have increased to 70% in the UK since their discovery®?, resulting in
more patients surviving Ml and developing post-MI heart failure. Therefore, effective interventions

that prevent the development of irreversible heart failure post-Ml are desperately needed.

The only way to prevent post-MI heart failure is to restore the heart back to its full contractile
capacity by replacing the cardiomyocytes that have been lost. In the last 2 decades, novel

therapeutic strategies have emerged that aim to restore cardiac contractility after M1*1°;

1) Cardiac reconstitution-replacing lost Ml tissue with exogenous cells such as in vitro-derived
cardiomyocytes

2) Direct in vivo reprogramming-the in situ conversion of non-myocyte cardiac cells (eg
fibroblasts/myofibroblasts) into cardiomyocytes

3) Cardiac regeneration-stimulating the heart to repair and renew itself by improving the adult

human heart’s endogenous repair capacity

Although both cardiac reconstitution and genetic reprogramming have been shown to improve

16719 significant barriers remain before either of

cardiac function following injury in animal models
these approaches can be successfully translated into the clinic. To date, cardiac reconstitution
strategies still require patients to be immunosuppressed and risk introducing potentially fatal
arrhythmias as two beating tissues fail to synchronise?’. Genetic reprogramming is limited by poor
efficiency rates (at best <50%)?! due to the introduction of transcription factors into residing cells,

via viral vectors, to stimulate cardiomyocyte transdifferentiation. Additionally, both cardiac

reconstruction and genetic reprogramming face the additional hurdle that they must overcome the
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pro-inflammatory/pro-fibrotic environment of the post-M| human heart to produce therapeutic
benefits. On the other hand, cardiac regeneration represents a promising therapeutic approach as it
can overcome some of these barriers: it aims to repopulate a patient’s heart with their own dividing
cells; it does not require the use of poorly efficient viral vectors and it aims to change the micro-

environment of the injured heart to a pro-reparative and anti-inflammatory setting.

1.1.3 Cardiac Regeneration

Cardiac regeneration aims to functionally restore the heart after injury by triggering the
heart to repair itself. This field has exploded since two seminal papers discovered that, following
cardiac injury, both the adult zebrafish (Danio rerio)?? and the neonatal mouse (between P1-P7, Mus
musculus)?® can fully replenish damaged myocardium with healthy new cardiac tissue. In particular,
the finding that mammals can perform innate regeneration, albeit in a time-restricted regenerative
window, raises the tantalising possibility that a similar regenerative window may exist in humans.
Indeed, a handful of case-studies have reported scar-free cardiac healing following surgery and full

functional recovery following Ml in newborn human infants242,

Since these remarkable discoveries, full cardiac renewal has been observed in a range of fish,

amphibian, and mammalian models (Fig. 1.1) in response to a variety of cardiac injuries (Table 1.1).
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Figure 1. 1: Phylogenetic tree summarising the main models used to study cardiac regeneration
and the time taken for full regeneration

In addition to the neonatal mouse and the zebrafish, full cardiac renewal has been observed in the
giant zebrafish (D. Aequipinnatus)?’, the goldfish (C. auratus)?®, the Surface-morph of the A.
mexicanus?, the killifish (N. furzei)®°, the salamander/axolot! (A. mexicanum) and newts (N.
viridescens31733; Pleurodeles waltP?). In contrast, the medaka (O. latipes), the adult mouse (M.
musculus) and the Pachon cave-dwelling morph of the A. mexicanus show a permanent scarring
response to cardiac injury and are typically used in comparative studies that investigate regeneration

success vs failure. A variety of cardiac insults have been tested in these models, with time taken for
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full regeneration varying between injury model used. Figure made in collaboration with W. Stockdale

and adapted from Potts et al (2021)*.

Type of
damage
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Models
Tested

Genetic
Ablation
Cardiomyocytes
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directed
expression of
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A
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Zebrafish3®
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Table 1. 1: Summary of the main injury models used to study cardiac regeneration

LAD
ligation
Left
anterior
descending
(LAD)
coronary
artery is
ligated to
cause
ischemic
tissue
death
Causes
localised
tissue
damage
below the
ligature site
Yes

Neonatal
mouse®

1.2 Mechanisms of Cardiac Regeneration: what have we learnt from animal models

with endogenous repair capacity?

Organ regeneration is a complex process that requires dead and damaged tissue to be

cleared and replaced with a diverse range of new cell types to reconstitute the lost cardiomyocytes,

blood vessels, interstitial cells, nerves, extracellular matrix (ECM) and resident immune cells.

Therefore, regeneration must involve the tight coordination of cell proliferation, maturation and

integration with the residing myocardium. To effectively trigger endogenous regeneration in the
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human heart, it is hoped that understanding the molecular and cellular signals that govern innate
regeneration in animal models will identify therapeutic targets to stimulate regeneration in Ml
patients. Studies in these animal models have so far elucidated several key mechanisms that are

essential for successful endogenous regeneration.

1.2.1 Cardiomyocyte dedifferentiation and proliferation are the cornerstones of successful
regeneration
To repopulate the lost cardiac muscle, a quintessential step of cardiac regeneration is the
formation of de novo cardiomyocytes. As such, how cardiomyocytes are replaced in regeneration
has been the focus of intensive investigation. Following some initial controversy as to the source of

h%47 and the neonatal

replacement cardiomyocytes, lineage tracing studies in both the adult zebrafis
mouse*®% have since shown that healthy, new cardiomyocytes arise from the dedifferentiation and
proliferation of pre-existing mononucleated diploid cardiomyocytes. This may explain why the adult
human heart has such a limited capacity for repair as human cardiomyocytes have a high degree of
polyploidy and bi-/multi-nucleation which are both thought to be incompatible with proliferation®.
Indeed, the adult human heart shows a very low rate of proliferation during homeostasis (annual

turnover is <1%)°! and there are no reports of a cardiomyocyte proliferative response in humans

post-Ml.

Extensive research has sought to delineate the complex intracellular and environmental
mitogenic cues that regulate cardiomyocyte dedifferentiation and proliferation in the regenerating
heart in the hope that these signals can eventually be replicated in the adult human heart post-
injury to stimulate endogenous regeneration (Fig. 1.2). As such, numerous signal transduction
pathways and molecules have so far been shown to regulate cardiomyocyte proliferation. However,
it is beyond the scope of this thesis to discuss each proliferative signal in detail and so it is important

to note that the pathways discussed here are not an exhaustive list.
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Figure 1. 2: Overview of the complex signalling pathways and environmental cutes that stimulate
cardiomyocyte proliferation after injury

As discussed below, cardiomyocytes are stimulated to proliferate in response to signals from
innervating nerves, the ECM, a decrease in available oxygen and a co-current metabolic shift away
from oxidative phosphorylation and an upregulation of glycolysis, as well as be reactivation of

developmental signalling pathways.

Signalling pathways important in cardiac development are re-activated after injury to requlate

cardiomyocyte dedifferentiation and proliferation

Following injury, the endogenously regenerating heart re-employs many of the same ligands
and signalling pathways that are active in heart development in order to facilitate cardiomyocyte
dedifferentiation and proliferation. So far, four main developmental pathways have been found to

be regulate regeneration: Wnt, Notch, Hippo, and Neuregulin 1 (Nrgl)-Erbb2 signalling.

Whnt Signalling
The dynamic activation and inhibition of Wnt signalling is crucial at different stages of

cardiogenesis to ensure the correct patterning, differentiation and proliferation of cardiac cells
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during heart formation®2. Wnt signalling can occur via both canonical (i.e. B-catenin-dependent) and
non-canonical pathways which exert differential effects on cardiomyocyte proliferation. Activation
of canonical Wnt signalling directly inhibits cardiomyocyte proliferation and its inhibition enhances
zebrafish regeneration by increasing both cardiomyocyte proliferation and dedifferentiation®. In
contrast, activation of the noncanonical jnk1/c-jun/creb1 Wnt signalling pathway induces
cardiomyocyte proliferation and its inhibition leads to decreased cardiomyocyte proliferation and
impaired regeneration in the zebrafish®4. Strikingly, the canonical and non-canonical Wnt pathways
seem to be directly antagonistic to each other: activation of the non-canonical Wnt pathway directly
inhibits B-catenin signalling and vice versa®*. This could explain why mammalian cardiomyocytes are
unable to proliferate following Ml as, in response to injury, they upregulate canonical Wnt

signalling®®.

The Notch Pathway

During development, Notch signals from endocardial cells lining the inner lumen of the heart
regulate the maturation (i.e. the trabeculation and compaction) of the underlying ventricular wall®,
After injury, Notch signalling is re-activated and upregulated in zebrafish endocardial and epicardial
cells proximal to the injury site®’. This reactivation of Notch signalling is critical for cardiac
regeneration as suppression of Notch, either genetically®>” or by pharmacological inhibition®®, impairs
regeneration and results in decreased cardiomyocyte dedifferentiation®, proliferation and scar
formation. Although cardiomyocytes do not directly express receptors for ligands of the Notch
signalling pathway, it has been recently shown that Notch indirectly promotes cardiomyocyte
proliferation via antagonism of Wnt signalling; Notch signalling results in the increased secretion of
notum1b and wifl from activated endocardial and epicardial cells, two Wnt pathway antagonists®’.
In contrast to the zebrafish, Notch signalling is not re-activated in the neonatal mouse following
injury. However, studies of Notch signalling in the adult mouse do suggest that activating Notch is
beneficial for mammalian cardiac repair as stimulation of Notch signalling following LAD ligation
results in functional improvement, decreased scarring and increased cardiomyocyte survival®%2,
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Additionally, inhibition of Notch signalling in the adult mouse results in increased cardiomyocyte
apoptosis following injury®®, suggesting that inducing mammalian cardiomyocytes to re-enter the cell

cycle will be enhanced by Notch stimulation.

The Hippo-Yap Pathway

The Hippo pathway controls the size of the heart during heart formation by regulating the
proliferation of the endoderm, mesoderm and ectoderm as well as restricting cardiomyocyte
proliferation®. Activation of the Hippo pathway triggers a downstream kinase signalling cascade that
culminates in the phosphorylation and destruction of the transcriptional coactivators YAP/TAZ.
When unphosphorylated, YAP/TAZ translocate to the nucleus and associate with transcription

factors to promote the expression of genes involved in proliferation.

The Hippo pathway has been shown to actively suppress the regenerative capacity of the
adult mammalian heart as genetic knock-out of Hippo signalling improves the regenerative potential
of the adult mouse heart, leading to increased proliferation and reduced scarring®. In contrast, in
the neonatal mouse, the Hippo pathway is endogenously silenced following injury, enabling neonatal
cardiomyocytes to re-enter the cell cycle and proliferate. This inhibition of Hippo signalling in the
neonate has been shown to be critically important to regeneration as cardiomyocyte-specific
deletion of Yap1 prevents cardiomyocyte proliferation in the neonatal mouse, whilst Yap1 activation
results in the upregulation of an embryonic and proliferative gene program in neonatal
cardiomyocytes®. Although Yap1 deletion does not impair myocardial proliferation in the
zebrafish®, Yap1 knock-out does lead to increased scar formation and fibroblast activation®,
suggesting that modulating the Hippo pathway will be a key part of stimulating endogenous
regeneration in the mammalian heart by both promoting cardiomyocyte proliferation and inhibiting

scar formation.
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Nrgl-Erbb2 Signalling

During development, Nrgl signalling critically regulates the thickening of cardiac fibres via
Erbb2 receptors present on cardiomyocytes. After injury, Nrgl is reactivated in the zebrafish and is
upregulated in perivascular cells where it signals to surviving cardiomyocytes to proliferate®.
Cardiomyocyte proliferation in the mouse has also been shown to be regulated by Nrg1/Erbb2
signalling as cardiomyocyte-specific knock-out of Erbb2 results in decreased levels of cardiomyocyte
proliferation, resulting in hearts with thinner walls and fewer cardiomyocytes’. Recently, a zebrafish
single cell RNA sequencing (scRNAseq) study has revealed the mechanism by which Nrg1/Erbb2
signalling facilitates cardiomyocyte proliferation: Nrgl metabolically reprograms Erbb2*
cardiomyocytes from oxidative phosphorylation towards glycolysis’. They showed that inhibition of
glycolysis could impair regeneration in the zebrafish whilst overexpression of Erbb2 in mouse
cardiomyocytes resulted in increased cardiomyocyte proliferation due to an upregulation of
glycolysis, suggesting that stimulation of glycolysis via Erbb2 receptors promotes mammalian cardiac

repair.

Mitogenic cues from epicardial cells and nerves

In addition to the activation of developmental signalling pathways within proliferating
cardiomyocytes, other non-myocyte cells are specifically activated following injury and release

paracrine mitogenic signals that stimulate cardiomyocyte proliferation.

Epicardium

The epicardium (i.e. the outer layer of the heart) is typically quiescent in the adult heart.
However, in response to cardiac injury, the epicardium shows global activation and re-initiates its
embryonic gene program. The activation of the epicardium is essential to revascularizing the wound
as activated epicardial cells proliferate and form new fibroblasts, endothelial cells and smooth
muscle cells”2. In addition, activated epicardial cells secrete a plethora of paracrine factors that have

been shown to stimulate cardiomyocytes to proliferate such as retinoic acid’?, insulin growth factor
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5759 and Nrg1®. Indeed, genetic

signals’ and TGFB ligands’®, as well as secreting Notch ligands
ablation of epicardial cells reduces the efficiency of zebrafish heart regeneration and results in

decreased rates of cardiomyocyte proliferation’®.

Nerves

The rate, force of contraction, and velocity of conduction of the heart are all regulated by
adrenergic and muscarinic signals from innervating nerves. Following MI, the sympathetic nervous
system is activated to maintain cardiac output, despite the loss of cardiac tissue, by increasing heart
rate and blood pressure’’-8, Cardiomyocyte proliferation has been shown to be crucially reliant on
this sympathetic drive as disruption of cholinergic nerve-derived signals can abolish regeneration in

both the zebrafish and the neonatal mouse by decreasing cardiomyocyte proliferation®?.

Pro-regenerative ECM induces cardiomyocytes to re-enter the cell cycle

Cardiomyocytes are embedded within the ECM, a 3D-network of proteins that provide
structural support and intercellular signalling information to the surrounding cells®3®4. Changes in
ECM tensile strength have been observed to coincide with changes in cardiomyocyte proliferation.
From P7, the ECM of the neonatal mouse remodels and matures, becoming stiffer and forming a
honeycomb-like structure that encases each cardiomyocyte individually®*. This maturation coincides
with neonatal cardiomyocytes exiting the cell-cycle and the end of the regenerative window.
Alterations to the mechanical properties of the ECM have been shown to directly regulate
cardiomyocyte proliferation and cytokinesis in vitro, with reduced matrix rigidity enhancing the
proliferation of neonatal cardiomyocytes®®. Therefore, the cell cycle arrest of mammalian
cardiomyocytes seems to be strongly linked to the developmental stiffening of the ECM, whilst the

pro-regenerative ECM is less rigid.

Comparisons between the regenerative and non-regenerative setting have also revealed
significant compositional differences in ECM proteins, with the zebrafish ECM containing more

elastins than the collagenous adult mouse ECM®. As components of the ECM such as Agrin®,
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Periostin® and Fibronectin®, have been shown to directly induce cardiomyocyte proliferation in
vitro, it is clear that cardiomyocytes require cues from a pro-regenerative ECM to proliferate
following injury. This has been further supported by the findings that Periostin knock-out inhibits
regeneration in neonatal mice® whilst injection of decellularized pro-regenerative ECM from the
zebrafish® and the neonatal mouse® can induce cardiomyocytes to re-enter the cell cycle in vivo in

the non-regenerative adult mouse.

Hypoxia induces a metabolic shift in cardiomyocytes to induce proliferation

The loss of the regenerative window in neonates also coincides with an increase in
environmental oxygen (hypoxia to normoxia) and a corresponding metabolic shift away from
anaerobic glycolysis to the oxidative phosphorylation of free fatty acids (FFAs)®2. This post-natal
metabolic shift results in increased energy production which is essential for the demands of the
post-natal heart. However, it also leads to the increased production of reactive oxygen species (ROS)
which causes deoxyribonucleic acid (DNA) damage and global cardiomyocyte cell cycle arrest®. Both
hypoxia and glycolysis have been shown to be important regulators of the cardiomyocyte cell cycle
that are essential in regeneration. Indeed, hypoxia has been shown to induce the dedifferentiation
and proliferation of cardiomyocytes during regeneration in the zebrafish®, whilst exposure to
hypoxic conditions can induce non-regenerative adult mouse cardiomyocytes to divide after injury®.
Similarly, dedifferentiating and proliferating cardiomyocytes have been shown to re-upregulate
glycolysis whilst mutations of key glycolytic genes abolish regeneration in the zebrafish by

preventing cardiomyocyte dedifferentiation and proliferation®®.

1.2.2 Cardiomyocyte proliferation is insufficient for cardiac regeneration and requires a
pro-regenerative immune response

Despite the fundamental need for de novo cardiomyocytes during regenerative repair, the
presence of proliferating cardiomyocytes post cardiac injury is insufficient for the successful

completion of regeneration. Full tissue replenishment requires a coordinated effort across a range of
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cardiac cells to replace the lost blood vessels, interstitial cells and ECM within the regenerating
myocardium. Additionally, the deposited collagen scar must be resorbed and removed at the same
rate that healthy new myocardium is produced for regeneration to succeed. As such, studies have

shown that, even when myocardial proliferation is unaffected, regeneration can fail when:

e Revascularisation of the wound is inhibited®”~*°
e Cardiomyocytes do not migrate into the wounded tissue®

e Scar formation is disrupted?’>101.102

Furthermore, two independent studies in separate models of regeneration have shown that
macrophage depletion post-injury results in regenerative failure, whilst cardiomyocyte proliferation
remains unaffected. Aurora et al found in the neonatal mouse that macrophage depletion led to
impaired angiogenesis and fibrotic scar formation, resulting in decreased cardiac function®®,
Similarly in the axolotl, Godwin et al showed that macrophage depletion resulted in alternative
fibroblast activation and the formation of a permanent and highly cross-linked fibrotic scar that
could not be reabsorbed®. Therefore, although cardiomyocyte proliferation is still a pre-requisite
for cardiac replenishment, regenerative success also relies on the immune system and its ability to

regulate revascularisation, fibrosis, and the formation and degradation of a transient scar.

Since these studies initially highlighted macrophages as playing key roles in regeneration, much
evidence has now accumulated that reveals that the entire immune response regulates regenerative
success. Disruption of the immune response, either by broad-spectrum anti-inflammatory
treatment!®>1% or by genetic-perturbations that result in excessive inflammation!?’, completely
abolishes regeneration in the zebrafish and the neonatal mouse. On the other hand, stimulation of

108 'and can even

the immune response enhances regeneration in the zebrafish via preconditioning
improve regenerative repair in the non-regenerative medaka!®. Therefore, if we are to ever develop

effective regenerative therapies, it is imperative that we understand the role of the immune system

in cardiac regeneration.
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1.3 The Immune System is a master regulator of regeneration and scarring following
injury
1.3.1 The Immune System: a universal tool kit that is essential for survival and homeostasis
The need to defend against pathogens and toxins; respond to damage; and distinguish between
‘self’ and ‘non-self’ is fundamental to the homeostasis and survival of all living organisms. Life is
simply not viable without a functioning immune system and conditions with defective immune
systems, such as severe combined immunodeficiency (SCID), are fatal*'®. The immune system is a
broad term that refers to the complex and interconnected network of effector cells, inflammatory
signals, chemicals, proteins, tissues and organs that make up an organism’s defence mechanisms. In

higher vertebrates, the immune system is made up of two branches (Fig 1.3):

1) The Innate Immune System

2) The Adaptive Immune System
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Figure 1. 3: Overview of innate and adaptive immune systems
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Cells of the innate immune system are collectively referred to as myeloid cells as they originate from
a common myeloid progenitor whilst cells of the adaptive immune response originate from a
common lymphoid precursor and thus are collectively referred to as lymphoid cells. NK-Natural Killer
Cells

Although the presence of an immune system is universal across the animal kingdom, it varies
in its complexity and sophistication. The main drivers of complexity in the immune system are the
ability to produce antigen-specific receptors and to form immunological memory following pathogen
exposure. In higher vertebrates, the adaptive immune system evolved approximately 150-100

11112 after the innate immune system and, as such, is responsible for specific antigen-

million years
recognition and immunological memory. In higher vertebrates, cells of the innate immune system
(i.e. myeloid cells) express germline-encoded pattern-recognition receptors (PRRs) which recognise
non-specific patterns present on distinct classes of pathogen. In contrast, cells of the adaptive
immune system (i.e. lymphoid cells) can produce a diverse repertoire of receptors that recognise
specific antigens through the somatic diversification of antigen-recognition receptor genes!®. These
receptors are expressed on adaptive immune cells so that each cell expresses one unique receptor.
This ability to recognise specific antigens confers the adaptive immune system with immunological

memory — it can remember antigens it has previously encountered and, in response to re-exposure,

will launch a rapid and more intense immune response that efficiently eliminates the pathogen'4.

1.3.2 The Adaptive Immune system: a barrier to regeneration?

Whilst a mature and complex adaptive immune system provides the huge benefit of lifelong
immunity to higher vertebrates and mammals, its complexity seems to be counter-productive for
regeneration. Comparisons across the phylogenetic tree have revealed an inverse correlation
between immune system complexity and regenerative capacity (Fig. 1.4). Indeed, a common theme
amongst adult regenerative models, such as the zebrafish and the axolotl, is the presence of an
immature and unsophisticated immune system that is characterised by limited pro-inflammatory

responses and a lack of adaptive immune cell diversity. This association is further supported by
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models, like the neonatal mouse and the frog, in which the end of the regenerative window
coincides with the maturation of the adaptive immune system!® (P1-P6 neonatal mice have an
immature and undeveloped adaptive immune system?!®). From these associations, a widely-
respected theory has emerged that a component of the adult mammalian adaptive immune system
acts as a barrier to regeneration which is absent in primitive regenerative models with

unsophisticated adaptive immune systems7-119,

Amphibians

Neonatal Mammals

Regenerative Capacity

Adult Mammals

Immune System complexity

Figure 1. 4: Regenerative capacity and immune system complexity show an inverse relationship
The zebrafish and other lower vertebrates (i.e. fish, salamanders and amphibians) have the ability to
regenerate many of their organs and tissues such as their spinal cord, retinas, fins and limbs.
However, as vertebrates have evolved into higher vertebrates (i.e. birds and mammals), their
immune systems have increased in complexity with a corresponding decrease in regenerative
capacity. In mammals, regenerative capacity decreases with developmental stage (from foetal to

neonate to adult) as their immune systems mature. Figure adapted from Julier et al (2017)**°
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1.3.3 What is the immune response to cardiac injury?

The immune response to cardiac injury is a dynamic response in which, following the release
of activating inflammatory signals, innate and adaptive leukocytes are sequentially recruited to the
wound to remove tissue debris, resolve inflammation, and coordinate revascularisation and scar
formation. It can be temporally divided into 1) a pro-inflammatory phase (1-7 days post-injury (dpi))
during which leukocytes are recruited to the wound to clear necrotic debris; and 2) a reparative
phase (7-14dpi) during which inflammation is resolved and leukocytes orchestrate cardiac repair.
The processes of inflammation initiation, propagation and resolution, and leukocyte recruitment are
common between the regenerative and scarring response®!?°, However, significant differences in
the extent of inflammation; the response of cardiac resident cells and recruited leukocytes to
inflammatory signals; and the spatiotemporal dynamics of leukocytes have been shown to critically

regulate permanent scarring vs complete tissue replenishment.

The inflammatory phase

Following M, a plethora of proteins, enzymes and chemicals burst into the extracellular
space as damaged cells release their internal contents. The aberrant presence of these intracellular
components raises the alarm and signals to the surrounding cells, via their PRRs, that tissue damage
has occurred. In response, a downstream cascade of inflammatory signalling is induced in the
surrounding endothelium, fibroblasts, surviving cardiomyocytes and tissue-resident leukocytes,
which results in the production and secretion of a diverse range of pro-inflammatory cytokines such
as interleukin-6 (IL-6), interleukin-18 (IL-18), interleukin-1p (IL-1B) and tumour necrosis factor a
(TNFa)!. These pro-inflammatory signals act as chemotactic gradients that recruit cells of the

immune system to the site of injury in order to coordinate cardiac repair.

Inflammasome activation
The proteins released by injured cells upon necrotic cell death are collectively referred to as

damaged-associated molecular patterns (DAMPs) and include nucleic acids, ATP, fragmented ECM
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and heat-shock proteins!?>12, Necrotic cells also release reactive oxygen species (ROS) from their
necrotic mitochondria. Both DAMPs and ROS act as activating ligands for PRRs, such as Toll-like
receptors (TLRs) and NOD-like receptors (NLRs), which in turn activate the inflammasome*. The
inflammasome is a multiprotein oligomeric complex found in tissue-resident leukocytes, fibroblasts,
endothelial cells and cardiomyocytes that results in the proteolysis and secretion of IL-1 and IL-18.
IL-1B is a major inflammatory signal that propagates inflammation by stimulating the release of

additional pro-inflammatory cytokines such as IL-6, TNFa and IL-1a*?2,

Complement System Activation

DAMPs can additionally activate the complement system. The complement system is a
critical part of the innate immune system and facilitates the phagocytosis of dead/dying cells by
leukocytes. It is made up of circulating inactive proteins and enzymes that, when activated, perform
a succession of proteolytic reactions that culminate in the cleavage and release of biologically active
peptides. These peptides, such as C3a and C5a, act as chemoattractants to recruit leukocytes'®,
Additionally, they facilitate leukocyte recruitment and extravasation by activating the endothelium,

increasing vascular permeability and the expression of endothelial leukocyte-adhesion proteins??®.

Leukocyte Recruitment

Leukocytes are serially recruited to the injured myocardium in response to the extensive
pro-inflammatory cytokines, chemokines and chemoattractant signals where they act to remove
dead/dying cells by phagocytosis and clear the tissue of any remaining debris'?’. Neutrophils are the
first myeloid cells to be rapidly recruited to the wound where they engulf tissue debris; release
degradative enzymes that break down the ECM; and release chemoattractants that recruit
monocytes!?®. Recruited monocytes differentiate into phagocytic inflammatory macrophages and
dendritic cells when they enter the wound that further clear the injury site of debris by phagocytosis
and protease secretion!?. Additionally, monocytes/macrophages are antigen-presenting cells and

activate lymphoid cells of the adaptive immune system to directly lyse dying cells, further secrete
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inflammatory signals and perform an immunomodulatory role'*®., Inflammatory immune cells are
continually recruited during the inflammatory phase until the wound is cleared of all tissue debris. At

this point, inflammation is actively repressed and the reparative phase takes over.

The reparative phase of the immune response orchestrates revascularisation, fibroblast proliferation

and scar deposition

In the reparative phase of the immune response, recruited leukocytes polarise towards an
anti-inflammatory phenotype. These recruited innate and adaptive immune cells act as extensive
sources of pro-reparative signals such as cytokines, chemokines, proteases and growth factors that
are necessary to: stimulate the restoration of the coronary vasculature; remodel the wounded ECM;

promote the proliferation of (myo)fibroblasts; and stimulate scar deposition.

Revascularisation and angiogenesis

In order to supply the healing infarcted tissue with oxygen and nutrients from the blood, the
coordinated proliferation and migration of endothelium, pericytes and smooth muscle is required to
form new blood vessels. Anti-inflammatory neutrophils, macrophages and dendritic cells, have been
shown to coordinate and stimulate this complex process through the release of mitogenic paracrine
signals, such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF),
as well as through cell-cell interactions that help prune and organise the new network of blood

vessels!3!,

ECM remodelling

After MI, the ECM is broken down by matrix metalloproteinases (MMPs) released by
recruited leukocytes and resident cardiac cells during the inflammatory phase. In its place, a
provisional matrix of fibrin proteins is formed by plasma cells during blood coagulation and clot
formation after injury®®2. Although this fibrin clot seems to play several key signalling roles, it does

not provide any structural support and needs to be degraded to make way for the collagen scar. This
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is largely mediated by macrophages which directly secrete MMPs**° and activate the secretion of

MMPs and additional matrix-remodelling enzymes from fibroblasts.

Fibroblast activation, myofibroblasts and scar deposition

The formation of the collagen scar is the ultimate goal of cardiac repair in the adult
mammalian heart. Scar deposition is critically coordinated via the immune response through a
multitude of mechanisms. Firstly, macrophages secrete transforming growth factor B (TGFB)***
which is essential for the production of ECM-producing myofibroblasts. Myofibroblasts are absent
from the uninjured heart but show a significant increase in their population following injury as TGFp-
activated fibroblasts undergo a phenotypic switch, upregulate a-smooth muscle actin, and
transdifferentiate into scar-producing cells. Secondly, macrophages actively recruit myofibroblasts to
the site of injury by secreting attractive chemokines such as CCL7 and CCL8'*>, ensuring the correct
spatial organisation of the deposited scar. Recently, macrophages have been shown to not only
coordinate scar deposition but to also secrete collagen proteins to the scar, revealing that leukocytes

136 Once the collagen scar is initially deposited, it

also contribute to scar formation directly
undergoes a period of maturation, during which fibrillar type | and type Il collagens are deposited

and cross-linked to form a strong and stable scar.

1.3.4 How is the immune response different between regeneration and scarring?

Once the scar has been formed post-Ml, the regenerative and scarring responses
significantly diverge. In non-regenerative models like the human, the collagen scar is permanent
and, for reasons still unknown, it will either remain stable or will re-trigger inflammation and
fibrosis, leading to cardiac decline and HF. In contrast, in regenerative models, the collagen scar is
gradually resorbed, and the wounded tissue is replenished with healthy new myocardium. Although
the exact signals governing scar resorption are yet to be elucidated, it seems that the immune
response plays a master regulatory role throughout post-Ml repair, finetuning the balance between

inflammation, cardiomyocyte proliferation and scar deposition?*’. Although much research still
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needs to be done, comparative studies between the regenerative and scarring responses, as well as
between regenerative models, have highlighted key components of the immune response that are

essential for regenerative capacity.

The immune response directly induces cardiomyocyte proliferation in regenerative models

The initiation of sterile inflammation is shared between the regenerative and scarring
responses; however, it results in vastly different outcomes in the two settings. In non-regenerative
models, inflammation can exacerbate tissue injury and lead to increased infarct sizes whereas in
regenerative models, inflammatory signals directly induce cardiomyocytes to proliferate. Indeed,
inhibition of inflammatory signal transduction in cardiomyocytes through cardiomyocyte-specific
deletion of signal transducer and activator of transcription 3 (STAT3, acts downstream of IL-6), will
inhibit cardiomyocyte proliferation in the neonatal mouse®. Furthermore, inflammation has been
shown to induce neonatal cardiomyocyte proliferation in vitro and in the absence of injury in vivo®,
revealing that inflammation is a sufficient signal to induce proliferation and suggesting that
inflammation plays a prominent role in regulating cardiomyocyte renewal. This is further supported
as the regulation of cardiomyocyte proliferation by inflammation has been evolutionarily conserved
across the animal kingdom: in the axolotl, zebrafish and neonatal mouse, inhibition of inflammatory

signalling via C5aR1 inhibits cardiomyocyte proliferation after injury!3.

In addition to inflammation, the regenerative immune response triggers cardiomyocyte
proliferation through paracrine mitogenic signals released by recruited leukocytes. So far, these
paracrine factors seem to be uniquely expressed in regenerative leukocytes and are absent in their
scarring leukocyte counterparts. Zebrafish regulatory T cells (Tregs) have been shown to secrete
Neuregulin-1'* whilst neonatal mouse Tregs secrete Ccl24, Gas6 and Areg'® to trigger
cardiomyocyte proliferation. Macrophages have also been observed to secrete many mitogenic

factors in the neonatal mouse in response to injury such as Ccl24, Areg!*! and Clcf14!. Additionally,
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macrophages also secrete oncostatin M (OSM) which promotes sarcomere disassembly and

cardiomyocyte dedifferentiation*,

Leukocytes show key transcriptomic differences in the regenerative and scarring setting

Transcriptomic comparisons between regenerative and non-regenerative models have
highlighted key differences in leukocyte gene expression. Bulk RNAseq data from neonatal and adult
mouse macrophages has shown that, in response to injury, P1 macrophages specifically upregulate
genes involved in angiogenesis and oxidative stress whereas P14 macrophages upregulate cell
motility genes!®. Furthermore, comparison between P1 and P8 neonatal hearts has shown that P1
immune cells uniquely upregulate T cell activation and humoral immunity which was not seen in P8
hearts'®, Additionally, the medaka and zebrafish show significant transcriptomic differences, with
the non-regenerating medaka strongly upregulating neutrophil/monocyte chemotaxis and
neutrophil differentiation whereas the zebrafish upregulates phagocytosis and the adaptive immune

system?%,

Regeneration and scarring show significantly different spatiotemporal leukocyte dynamics

Comparisons between the regenerative and scarring responses have revealed that
significant differences in leukocyte spatiotemporal dynamics can drive differential regenerative
capacity. Reciprocal analysis between the regenerative zebrafish and the closely-related medaka has
found that the spatiotemporal dynamics of both neutrophils and macrophages were significantly
different between regeneration and scarring'®. The medaka showed delayed neutrophil clearance
as well as a delayed and reduced macrophage response. Strikingly, however, when TLR signalling in
the medaka was stimulated to accelerate neutrophil clearance and increase the macrophage
response, the regenerative capacity of the medaka was improved; there was increased
cardiomyocyte proliferation, scar resorption and revascularisation. Furthermore, comparisons
between the neonatal and adult mouse identified significantly different monocyte and macrophage

responses between regeneration and scaring in terms of the magnitude and kinetics®®. Therefore, it
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seems that the number of recruited leukocytes, as well as the timing of influx and efflux, is critical
for regenerative success. This is further exemplified by ablation studies which disrupt the timing of
macrophage and Treg'*® entry and exit from the wound. These ablation studies have led to the total
inhibition of regeneration in the axolot!|'®, zebrafish!®® and neonatal mouse!® due to increased

fibrosis, impaired angiogenesis and cardiomyocyte proliferation.

As leukocytes seemingly play critical roles in the coordination of key regenerative processes
such as angiogenesis, cardiomyocyte proliferation, debris removal, inflammation resolution and scar
deposition, it seems very likely that any disruption to their tightly coordinated and regulated influx
and efflux from the injured heart would have a wide range of knock-on effects that disrupt

regenerative repair.

Distinct leukocyte subpopulations mediate different aspects of regenerative repair

So far, we have discussed innate and adaptive immune cells broadly as uniform populations.
However, immune cells are much more complex than that and neutrophils, monocytes,
macrophages, T cells etc, can be further classified into distinct, heterogeneous sub-populations that
play differential roles within regenerative repair. For instance, tnfa* and tnfa” macrophages have
recently been characterised in the zebrafish which play distinct roles within cardiac repair: tnfa*
macrophages promote scar deposition whilst tnfa” macrophages facilitate scar removal during
regenerative healing!**. Distinct macrophage and monocyte populations have also been observed in
the mouse: Ly6C"&" monocytes give rise to pro-inflammatory macrophages that facilitate debris
removal from the wound whereas Ly6C°" monocytes differentiate into anti-inflammatory

macrophages that stimulate angiogenesis and scar deposition#7147,

Comparisons between the regenerative and non-regenerative setting have shown that
differences in leukocyte subpopulations can drive differential regenerative capacity. Indeed,
comparisons between the neonatal and adult mouse have shown significant differences in their

macrophage subpopulations. Prior to injury, the neonatal mouse is populated by embryonically-
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derived MHC-II"""CCR2" macrophages. In response to injury, this macrophage population selectively
expands where it stimulates regeneration via promoting angiogenesis and cardiomyocyte
proliferation. In contrast, adult mice are unable to proliferate their MHC-II"WCCR2" tissue-resident
macrophages after injury. Instead, these cells die and are replaced by recruited CCR2* monocyte-
derived macrophages which are pro-inflammatory and promote adverse ventricular remodelling®’.
Furthermore, transplantation of neonatal macrophage subpopulations into adult hearts leads to
improved regenerative capacity, with decreased scarring and increased cardiomyocyte proliferation,
suggesting the distinct leukocytes can mediate their regenerative roles, regardless of the cellular

environment.

Timely resolution of inflammation is crucial to regenerative success

The key theme that emerges from regenerative models is that a “goldilocks” level of
inflammation is required for regenerative success. “Too much” and excessive inflammation will
abolish regeneration and lead to fibrotic scarring, whilst “not enough” inflammation that is
insufficient/inhibited/or terminated too early will also result in regeneration inhibition. However,
when this inflammatory signalling is “just right” it can initiate regeneration by promoting
cardiomyocyte proliferation, scar deposition and degradation, and even induce non-proliferative
cardiomyocytes in the medaka and adult mouse to re-enter the cell cycle and proliferate. As many
regenerative models have a limited and dampened inflammatory response to tissue damage, it is
thought that excessive inflammation in mammals is critically contributing to their regenerative
failure. Indeed, prolonged inflammation has been shown to enhance fibrosis and worsen functional

148

recovery in adult rodents!* whilst completely inhibiting regeneration in the zebrafish4.

Furthermore, in the clinic, chronic inflammation leads to increased infarct sizes and adverse
ventricular remodelling in post-MI patients and is associated with increased incidences of HF#%-1%2,

As such, the contemporary consensus is that the timely resolution of inflammation is critical to

regenerative success.
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Although the exact signals that resolve inflammation are far from being elucidated,
accumulating evidence suggests that leukocytes play a major role in actively suppressing
inflammation post cardiac injury. The removal of apoptotic neutrophils by macrophage engulfment

has been shown to initiate the process of inflammation resolution>?

and stimulates the production
of anti-inflammatory cytokines VEGF, TGFB1%** and IL-10%>°. Macrophages also secrete oncostatin M
which actively supresses fibroblast activation to prevent fibrosis!®¢. Furthermore, recruited Tregs
have been shown to secrete TGFB1 and IL-10 to resolve inflammation, as well as attenuating the

inflammatory response by promoting the polarisation of Ly6C"&" monocytes towards anti-

inflammatory macrophages®*’.

In conclusion, it is apparent that a pro-regenerative immune response requires:

1) The onset of inflammation to induce CM proliferation and recruit leukocytes

2) Tightly controlled influx of distinct leukocyte subpopulations that perform specific reparative
and regenerative roles of wound debris clearance; inflammation resolution; secretion of
paracrine factors which stimulate CM proliferation, angiogenesis and myofibroblast

activation; and regulation of scar deposition and degradation

1.4 The Astyanax Mexicanus: a uniquely suited model for studying cardiac

regeneration

1.4.1 The key to unlocking the secrets of the regenerating heart is comparing fibrotic scarring
with regenerative success

Despite the numerous mechanisms and models of cardiac regeneration that have been
discovered, we are not much closer to stimulating regeneration in the human heart. This is largely
because many studies have relied on candidate approaches and reverse genetics. In these
approaches, genes, molecules or signalling pathways that are already predicted to be important in

regeneration are investigated. Although the candidate approach has enabled highly relevant genes
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and signalling pathways to be prioritised and tested, it is limited by a significant drawback: it is
inherently biased and cannot be used to identify previously unknown pathways that may be key to
regeneration. In contrast, the comparative approach (i.e. the comparison of at least two different
models of regeneration) offers an unbiased way to screen for key genes, signalling pathways and
regenerative cells. As it is not limited by previous knowledge, it can be used to identify novel
pathways that have not previously been linked to regeneration and holds great promise for

unlocking the secrets of the regenerating heart”.

To date, applying the comparative approach to the mysteries of the regenerative heart has
led to significant breakthroughs in our understanding of the key cellular and molecular signals that
govern regenerative success and failure. For example, Wang et al were able to identify regenerative-
responsive enhancers as master regulators of regeneration by comparing the regenerative zebrafish
and killifish3°. Critically, they showed that these enhancers triggered a pro-regulatory gene program
in response to injury, whilst their counterparts in non-regenerative models like the human were
mutated. Additionally, the comparative approach has been used to identify novel cell behaviours
that have not previously been linked to regeneration as it does not rely on previous, and potentially
biased, knowledge. Indeed, Simdes et al. used the comparative approach to identify that

136 3 cellular behaviour which

macrophages directly contribute collagen proteins to the forming scar
was unknown for macrophages. Finally, comparisons between successful regeneration and scarring
have already identified that both the temporal dynamics of myeloid cells post-injury'® and the
structural composition of the ECM?®, are key checkpoints that regulate regenerative success vs
fibrotic scarring. Therefore, the comparative approach holds great promise for enhancing our

understanding of the key signals that regulate regeneration and will ultimately be essential to the

development of an effective therapy for stimulating the adult human heart to repair itself.

* Denotes paragraph | have previously published in “Unlocking the Secrets of the Regenerating Fish Heart:
Comparing Regenerative Models to Shed Light on Successful Regeneration” Potts et al (2021)
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Unfortunately, however, despite the great potential of the comparative and forward
genetics approach, its application to cardiac regeneration has so far been limited due to some
uniquely challenging barriers. One of the major limiting factors of the comparative approach is that
comparisons can be confounded by both developmental (such as neonate vs adult mouse) and
interspecies differences (such as zebrafish vs medaka). Different physiologies, morphologies and
epigenetic changes that arise from different evolutionary selection pressures and developmental
stages can make it difficult to identify which differences are driving regenerative capacity, rather
than just being artefacts of evolutionary distance and development. In addition, traditional forward
mutagenic screens for cardiac regeneration are simply not feasible in animal models. This is because
assessing regenerative capacity requires culling the unique mutant so that its heart can be dissected
and stained. This means that, to prevent any mutations of interest from being lost, all mutants

would need to be bred prior to screening which would require the use of too many animals."

Therefore, to truly capitalise on the power of the comparative approach, a new model of
cardiac regeneration is required which can overcome the barriers of developmental and interspecies
differences, and is amenable to forwards genetics. Ideally, such a model would consist of 2
populations from the same species that showed distinct regenerative and scarring responses to
injury at the same developmental stage. Furthermore, in an ideal model, the regenerative and
scarring populations would be able to interbreed so that the genetic heritability of regenerative
success could be probed. It is only through directly comparing regenerative models to non-
regenerative models that we can fully understand how regeneration can fail and what key signals

need to be replicated to induce cardiac healing in the adult human heart.

" | have previously published text within the paragraph in “Unlocking the Secrets of the Regenerating Fish
Heart: Comparing Regenerative Models to Shed Light on Successful Regeneration” Potts et al (2021)
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1.4.2 Astyanax mexicanus (AM): a comparative model uniquely suited for studying cardiac

regeneration

The A. mexicanus is a teleost fish that has recently been introduced by the Mommersteeg
lab as a novel comparative model of human-like scarring and complete cardiac regeneration®. The
AM is made up of closely related surface-dwelling and cave-dwelling populations that have a
differential regenerative capacity. These separate fish populations arose 10,000-1 million years ago
when changes in river levels isolated a series of caves in North-Eastern Mexico from the surrounding
rivers'>®18!, From this point, the surface- and cave-dwelling populations began to diverge in their
evolution as they adapted to their local environment. During this process of divergence and
adaptation, cave-dwelling populations lost redundant features, such as their eyes and pigment, and
instead gained features that are beneficial to cave life like their altered metabolism which enables

them to cope with a scarcity of food and long periods of fasting®?1%* (Fig. 1.5a & b).

Despite showing the same capacity for fin regeneration, cave-dwelling populations have lost
the capacity to fully repair their hearts following injury. Indeed, following ventricular resection, adult
surface-dwelling fish (SF) and adult fish from the Pachén cave (PF) will both initially form a collagen
scar (Fig. 1.5c & d). However, the SF can gradually resorb this scar and replace it with healthy new
myocardium (Fig. 1.5e), reaching full regeneration by 90dpi. In contrast, the PF scarring response is
permanent, much like the adult human heart, with PF hearts still showing scar tissue at 100dpi and
one-year after injury (Fig. 1.5f & g). Therefore, the SF and PF populations of the AM enable powerful
comparisons to be made between successful cardiac regeneration and scarring that are not limited

by either interspecies or developmental differences.
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Figure 1. 5: The AM is the best comparative model of successful regeneration and scarring

(A) Adult SF. (B) Adult PF. (C-F) AFOG staining is a histological stain that is used to assess
regenerative capacity as it stains healthy myocardium orange, collagen scar blue and fibrin in red.
After amputation of the ventricle apex, both the SF (C) and PF (D) initially form a collagen scar at
21dpi. However, by 64dpi, the SF has resorbed much of the collagen scar and replaced it with healthy
new myocardium (E). In contrast, a permanent collagen scar can still be visualised in the PF at 100dpi
(F). (G) Quantification of the percentage of heart that was wounded was performed for SF and PF for
up to 1 year after injury, showing that the persistence of the scar in PF is permanent. Figure adapted

from Stockdale et al (2018)%

Additionally, as the SF and PF are still members of the same species (and thus can interbreed
to produce fertile offspring), the AM model is uniquely amenable to a forwards genetics approach
and can be used to identify novel genes that are necessary for regenerative repair. Indeed, in
Stockdale et al?®, such an approach was taken. The authors interbred a PF and a SF (the founding Fo
generation) to produce the F; generation, in which each fish had chromosomal pairs made up of 1 PF

chromosome and 1 SF chromosome. Two F; siblings were then incrossed to produce the F;
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generation. Due to the process of homologous recombination that occurs during meiosis and the
formation of gametes, the chromosomes of the F, generation were made up of a mixture of PF and
SF genomic DNA (Fig. 1.6a). Remarkably, rather than having a binary range of regenerative capacity,
this F, generation showed a continuous range of regenerative ability at 90dpi, from full
cardiomyocyte replacement to no regeneration (Fig. 1.6b & c). Following characterisation of the
regenerative capacity of the F2 generation, their genomes were sequenced, and a Quantitative Trait
Locus (QTL) analysis was performed. QTL analysis is a statistical method that enables the genetic
basis of complex phenotypic traits to be explored by linking genotypic data with distinct phenotypic
traits®®. Here, Stockdale et al categorised the F2 generation into different groups according to their
regenerative capacity (i.e. the phenotypic trait, Fig. 1.6b & c) and, using their sequencing data, were
able to identify 3 loci in the AM genome that were significantly linked to the degree of regeneration
(Fig. 1.6d). These loci contain many novel genes that have never previously been linked to
regeneration, such as Irrc10, and represent a list of potential candidate genes that could be driving

the AM differential regenerative capacity.

Therefore, the AM represents a unique model that holds great promise for unlocking the
secrets of the regenerating heart. It is hoped that by fully understanding the PF and SF responses to
cardiac injury, the key checkpoints at which regeneration either succeeds or fails can be pinpointed.
If these checkpoints can be manipulated in the PF to reverse regenerative failure, this would be a
significant breakthrough in the development of effective therapeutics that stimulate cardiac

regeneration in the adult human heart.
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Figure 1. 6: Forwards genetic approach has unbiasedly identified three loci of the AM genome that
are significantly linked to cardiac regeneration

(A) Schematic for the generation of the F, offspring. During the crossing of the F; generation, PF and
SF chromosomes undergo homologous recombination, resulting in the production of F, chromosomes
that are a random mix of both PF and SF genomic DNA. For the QTL analysis, 188 F2 generation fish
were injured by resection and stained with AFOG. The resultant AFOG images were sorted into
degree of regeneration (0=no regeneration 6=full regeneration). (B) Bar chart of the number of
hearts that fell into each regeneration category. (C) Representative AFOG images of each
regeneration category. Group 0 showed no sign of regeneration; Group 2 shows some thickening of

the compact wall but no overgrowth of over the scar; Group 4 has a completely regenerated compact
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wall; Group 6 display full regeneration. (D) As a result of the QTL analysis, three regions of the AM
genome were significantly associated with regeneration by de novo linkage analysis (as visualised by
the dotted line). The QTL analysis was performed using two measurements of regenerative capacity
for each heart: 1) categorisation into 1 of 7 discrete regeneration categories 2) calculation of the
percentage of open wound in each heart (proportion of open wound: total ventricle). Figure adapted

from (Stockdale et al, 2018)%

1.5 DPhil Project

1.5.1 Rationale

To identify the complex cellular and molecular mechanisms that are regulating differential
regenerative capacity in the AM, the Mommersteeg lab has already characterised the proliferative
response of PF/SF cardiomyocytes to injury and performed a powerful comparison of bulk RNAseq

data (Table 1.2).

CM peaks at 7dpi CM peaks at 7dpi

Able to complete CM cytokinesis Unknown if unable to complete CM
and form new cells cytokinesis or proliferating CM die
Cell Proliferation by apoptosis
1 Endocardial proliferation at 14/30dpi
1 Epicardial proliferation

1 Amino acid activation
Metabolism 1 Ribosome biogenesis
1 lon channel complex

| mitochondrial pathways
| glycolytic pathways

Immune Response | Innate immune response T Innate immune response

| Adaptive immune response 1 Adaptive immune response
Scarring Response | Collagen turnover 1 Collagen turnover

| ECM + ECM

Table 1. 2: Summary of what is currently known about the SF and PF responses to cardiac injury
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Findings from Stockdale et al (2018)%°

Remarkably, the PF and SF show the same ability to initiate cardiomyocyte proliferation
following injury. Using Pcna and Mef2 to visualise proliferating cardiomyocyte nuclei, Stockdale et al
found that PF and SF show similar numbers of proliferating cardiomyocytes at 3-, 7-, 14- and 30dpi
(Fig. 1.7a-c) whilst bromodeoxyuridine (BrdU) incorporation revealed similar levels of DNA synthesis
at 7dpi. However, using a BrdU pulse-chase experiment, Stockdale et al also found that PF and SF do
show a significant difference in their ability to complete cardiomyocyte proliferation. Cell counts of
BrdU* cardiomyocytes at 7- and 14dpi revealed that at 14dpi, only the numbers of SF BrdU*
cardiomyocytes had increased whereas PF levels were unchanged from 7dpi (Fig. 1.7d-f). This
striking difference suggests that both PF and SF cardiomyocytes can enter the S phase of the cell
cycle. However, whilst SF cardiomyocytes can successfully proliferate, PF cardiomyocytes seem to
get stuck in the G2/M phase of the cell cycle and cannot complete cytokinesis. Therefore, to
determine what network of signals might be regulating the cell cycle roadblock in PF, Stockdale et al
performed a powerful bulk RNAseq comparison at 3-, 7-, and 14dpi (Fig. 1.7g). This transcriptomic
comparison has pointed towards significant differences in metabolism, scarring and the immune

response to injury between PF and SF that could be driving their differential regenerative capacity.

7 Sh'am » 3 days “‘
resgor‘1—> S “‘
A 7 days “‘

*14 days‘ “

v Sh'am » 3 days “‘
resgorT) ’ days“‘
“A 7 days “‘

14 days~‘~
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Figure 1. 7: Although cardiomyocyte proliferation peaks at 7dpi in both the Pachon and Surface
fish, the Pachon show impaired cardiomyocyte cytokinesis

(A) Pcna (proliferative marker) and Mef2 (cardiomyocyte nuclei marker) were used to stain
proliferating cardiomyocytes in PF and SF hearts at 3, 7, 14 and 30dpi. The number of Pcna+ Mef2
nuclei were counted and normalised to the size of the wound, showing that proliferation rates
peaked at 7dpi and that the PF and SF show no significant differences in proliferation rates at any
time point after injury. (B) Representative images of Pcna staining in PF (B) and SF (C) at 7dpci. (D)
24-hour BrdU incorporation was used to assess proliferation rates at 7- and 14dpi. At 7dpi, PF and SF
show no difference in the number of BrdU+ cells. However, at 14dpi, SF show significantly elevated
numbers of BrdU+ cells suggesting an increased production of daughter cells following BrdU
exposure at 6-7dpi. (B) Representative images of BrdU staining in PF (E) and SF (F) at 14dpci. (G)
Schematic of experimental design for the comparative PF/SF bulk RNSAseq dataset. 3 hearts were

pooled for PF and SF at each time point.

Although differences in metabolism, scarring and the immune response all demand further
exploration, three key pieces of evidence suggest that the AM immune responses are significantly

different and could be driving the SF to regenerate whilst resulting in regenerative failure in the PF.

Firstly, the bulk RNAseq identified that the PF show increased upregulation of both the
innate and adaptive immune response in comparison to the SF (Fig. 1.8). This is critical as both an
excessive innate response and an over-active adaptive immune response have been linked to
regenerative failure. As discussed, an overaccumulation of leukocytes and excessive inflammation
after cardiac injury are associated with increased infract sizes and fibrosis, suggesting that an
unnecessary innate immune response in the PF could be driving permanent scarring. Additionally,
the adaptive immune response has been linked to decreased regenerative capacity across the
animal kingdom and is associated with autoimmunity, chronic inflammation, and HF in the clinic. As

the PF show consistent upregulation of the adaptive immune response whereas the SF specifically
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downregulate the adaptive immune response at 7- and 14dpi, this suggests that a late-stage
adaptative immune response in the PF could be key in driving its regenerative failure. Therefore, it
seems likely that the AM immune responses will differ in their strength, with the PF heart potentially

facing a greater burden of innate and adaptive leukocyte infiltration following injury.

CONNECTIVE_TISSUE_DEVELOPMENT FoR
CONTRACTILE_FIBER_PART <0.05
COLLAGEN_TRIMER
EXTRACELLULAR MATRIX 0.05-0.25
WOUND HEALING N 005
INNATE_IMMUNE_RESPONSE
ADAPTIVE_IMMUNE RESPONSE 8 005
JON_CHANNEL_COMPLEX
RIBOSOME_BIOGENESIS 0.05-0.25
NCRNA_PROCESSING
AMINO_ACID_ACTIVATION <0.05

849333

o S

Figure 1. 8: The Pachén immune response is significantly upregulated following injury in

comparison to the Surface fish

Data from the bulk RNAseq dataset unbiasedly highlighted significant differences in the PF and SF
innate and adaptive immune responses, with the PF showing consistently higher upregulation of the

immune response at 3-, 7- and 14dpi in comparison to the SF.

Secondly, many of the genes identified in the QTL analysis are involved in the immune
response (Fig. 1.9). This further suggests that differences in the immune response are significantly
linked to regenerative capacity in the AM. Critically, the top candidate gene from the QTL analysis
was jitgam, a leukocyte adhesion protein. ltgam had the highest number of mutations in its protein-
coding regions of all QTL-identified genes. This therefore suggests that the itgam protein may be
functionally different in the PF/SF, resulting in leukocytes with different binding properties. As itgam
is expressed on almost all cells of the immune system and regulates leukocyte binding to the
endothelium and extravasation into the wound, PF/SF leukocytes may well show significantly

different leukocyte kinetics. As regenerative success has already been shown to be critically
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dependent on leukocyte spatiotemporal dynamics, especially on the dynamics of neutrophils and
macrophages, it again seems likely that significant differences in the PF and SF immune response

could be driving their differential regenerative capacity.
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Figure 1. 9: QTL analysis of the PF and SF populations identified numerous genes involved in the
immune system that are significantly linked to regeneration

Black arrows indicate immune response genes highlighted by the QTL that are all upregulated in the

Pachon.

Thirdly, previous work from PeuR et al has revealed that PF/SF leukocytes are functionally
different®®, The authors found that, in vitro, PF leukocytes show decreased phagocytosis; increased
sensitivity to stimulation; and a greater pro-inflammatory response, characterised by prolonged and

elevated inflammatory cytokine production. These findings have a plethora of implications for the PF
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immune response to cardiac tissue damage. A decreased phagocytic ability will mean that tissue
debris takes longer to remove in the PF than in the SF, resulting in a prolonged inflammatory phase
which could lead to increased fibrosis and scarring. This will seemingly be exacerbated by PF
leukocytes that show increased sensitivity to stimulation and secrete greater levels of inflammatory
cytokines for prolonged periods of time, further exacerbating the prolonged PF inflammatory phase.
Furthermore, PeuR et al also found that, in vivo, PF/SF show overall differences in the composition of
their immune response to lipopolysaccharides (LPS) injection in the head kidney, with PF showing a
reduction in innate immune cells and an overrepresentation of T cells!®. Taken together, PeuR'’s in
vitro and in vivo findings suggest that following cardiac injury, the PF and SF could also display
significant differences in both the type of leukocytes that influx to the heart and in PF/SF leukocyte

functionality.

Finally, there is a wealth of evidence that the immune system is essential to regenerative
success, not only in the injured heart, but in many different tissues such as the skin'®’, retina®® and
limb®%°, Perturbations of the immune response within the regenerating heart have already been
shown to both enhance and inhibit regeneration, suggesting that the immune system exerts fine

control over the decision to regenerate after tissue damage or heal by scarring.

Therefore, it seems very likely that the PF/SF will show significantly different immune
responses to cardiac injury and, specifically, that the AM immune responses may differ in terms of
their inflammatory response, leukocyte functions, leukocyte composition and spatiotemporal

leukocyte dynamics. Currently, however, the AM immune response is completely unknown.

1.5.2 Hypothesis

The observed differential regenerative capacity of the Pachon and Surface fish is caused, at

least in part, by differences in the immune response to cardiac injury.
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1.5.3 Aims
The overarching aim of this thesis was therefore to characterise the AM immune response to
cardiac injury. To identify differences in the PF and SF immune response, the following sub-aims

were established as experimental objectives:

1) Characterise the number of leukocytes present in the heart after injury

2) Characterise the spatiotemporal dynamics of recruited SF and PF leukocytes
3) Determine whether SF and PF leukocytes are functionally similar

4) Identify any unique SF and/or PF leukocyte populations

5) Pharmacologically manipulate the AM immune response to establish whether

differences in SF and PF leukocytes are driving differential regenerative capacity

1.5.4 Methodology

Previously, the AM heart has been injured using ventricular resection. Although this injury
model results in the effective removal of up to 20% of the ventricle, it is not very representative of
MI where coronary artery occlusion and cardiac cell death results in ischaemia and masses of
apoptotic, necrotic and inflammatory signals. Since the field of cardiac regeneration was discovered,
alternative models to resection have been developed that better model the post-Ml setting. For
example, in the neonatal mouse, Ml is accurately modelled by obstructing a coronary artery using
LAD ligation. However, alternative cardiac injury models have been developed in fish where LAD
ligation is not possible due to prohibitively small coronary arteries, such as cryoinjury, cauterisation
and mechanical destruction. Within the Mommersteeg lab, unpublished data has already shown that
the PF and SF show the same regenerative and scarring responses to both resection and cryoinjury.
Therefore, cryoinjury was chosen as the model injury of choice for this thesis so that the AM
immune response would be studied within a setting of necrotic cell death and inflammation, to

better reflect the necrosis and inflammation observed in the post-MI human heart.
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To characterise the AM immune response following necrotic cell death, single cell RNA
sequencing of SF and PF ventricles was performed at uninjured, sham, 1-, 3-, 7- and 14- days post-
cryoinjury (dpci). Findings from the scRNAseq dataset were validated in heart sections using in situ
hybridisation and immunofluorescent staining. Finally, in vivo pharmacological studies were utilised
to test whether inhibiting key signalling pathways in the SF immune response could prevent

regeneration.
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Table 2. 1: Summary of Reagents

Reagent

Chapter Il

Materials and Methods

Supplier & Catalog Number

In vivo Drugs

Tricaine methanesulfonate (MS-222)

DMSO

Saline
DHMEQ
CAY10500
Ac-YVAD-cmk
Leukadherin-1

Dexamethasone

Heart Digestion

2,3-butanedione monoxime

HEPES

CaCly

Sheep serum
Glucose
Taurine
Collagenase Il
Collagenase IV
DNAse |
DMEM

Fetal Bovine Serum
Liberase

HBSS

pluriStrainer® 100 pum

Chemicals
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Sigma, # A5040

ThermoFisher, # 022914.M1

CD Medical, # FS533

Med-Chem Express, # HY-14645
Santa Cruz, # 869998-49-2
Med-Chem Express, # HY-16990
Med-Chem Express, # 344897-95-6
Sigma, # D2915-100MG

Sigma, # B0753

Sigma, # H3393

Sigma, # C4901

Sigma, # S3772

Sigma, # G7528

Sigma, # T8691

Gibco, # 17101-015

Gibco, # 17104-019

Sigma, #10104159001

Life Technologies, # 22320-022
ThermoFisher, # A3840001
Sigma, # 5401119001
ThermoFisher, # 14175095
Pluriselect, # 43-50100-51



Phosphate Buffered Saline (PBS)
Xylene

4% paraformaldehyde (PFA) in PBS
TNB block

Butanol

Ethanol

Paraffin wax

Histoclear

Bouin’s solution

Nuclease-free water

Histology

Methyl blue

Orange g

Acid fuchsin

Phosphomolybdic acid

Mowiol 4-88

DPX mountant

Prolong™ gold antifade mountant
SuperFrost adhesion slides

Antigen Unmasking Solution (H-3300)

Commercial kits

10x Chromium Chip B

10x Chromium Next GEM Single Cell 3’ v3.1
Ilumina Nextseq® 500/550 High Output Kit V2
RNAscope Multiplex Fluorescent V2 Assay
TSA plus Cy3

TSA plus Cy5

TSA plus FITC

Quick-RNA Microprep Kit

Qubit RNA High Sensitivity Assay Kit

Pico-Sirius Red Stain Kit
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Sigma, # P4417

Sigma, # 214736

Santa Cruz, # sc-281692

Perkin Elmer # NEL702001KT
Sigma, # 281549-1L

Sigma, # 51976

Sigma, # 327212

National diagnostics, # AGR1353
Sigma, # HT10132
ThermoFisher, # AM9935

Sigma, # 95290

Sigma, # 07252

Sigma, # F8129

Alfa Aesar, # 56166

Sigma, # 81381

Sigma, # 06522-500ML
ThermoFisher, # P36930

VWR, # 631-0108

Vector Laboratories Inc, # H-3301-250

10x Genomics, # 1000073
10x Genomics, # 1000092
Illumina, # FC-404-2005

ACD Biosciences, # 323100
Perkin Elmer, # NEL744001KT
Perkin Elmer, # NEL745001KT
Perkin Elmer, # NEL756001KT
Zymo Research, # R1050
Invitrogen, # Q32852

Abcam, # ab245887



2.1 Animal husbandry

2.1.1 Astyanax mexicanus

All experimental procedures were performed in accordance with the UK Animals (Scientific
Procedures) Act 1986 and institutional guidelines. All animal procedures conformed to the guidelines
from Directive 2010/63/EU of the European Parliament on the protection of animals used for
scientific purposes. Adult male and female A. mexicanus fish were maintained in the laboratory on a
14/10-hour photo-period at 22-25°C whilst adult zebrafish were maintained on a 12/12-hour

light/dark cycle at 28°C3.

2.1.2 Cardiac surgery - Cryoinjury

Prior to cryoinjury, fish were anaesthetized in MS-222. Cryoinjury was performed aseptically
in a similar manner to that previously described for the zebrafish®. First, a small incision was made
in the thorax using forceps and spring scissors. Then the chest cavity was held open using forceps to
expose the heart. Hearts were dried using sterile tissue paper before a copper cryoprobe was cooled
in liquid nitrogen and placed on the ventricle surface until thawing was observed. For sham surgery,
the thorax and pericardial sac were opened, and a room temperature cryoprobe was placed on the
ventricle. Sham surgery hearts were isolated 3 days after sham surgery and cryoinjured hearts were

isolated at 1-, 3-, 7-, 14-, 30- and 60- days post-cryoinjury.

2.1.3 Intraperitoneal in vivo inhibitor injections

To keep final concentrations of DMSO to a minimum, all inhibitors were dissolved in DMSO
and diluted using sterile saline to reach a maximum final concentration of <3% DMSO. Following
cryoinjury, fish were randomly assigned to one of five groups: DMSO control, DHMEQ, CAY10500,

Ac-YVAD-cmk or Leukadherin-1 (Table 2.2). For intraperitoneal (ip) injections, fish were

3 Denotes paragraph | have previously published in “Discordant Genome Assemblies Drastically Alter the
Interpretation of Single-Cell RNA Sequencing Data Which Can Be Mitigated by a Novel Integration Method”
Potts et al (2022)
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anaesthetised in MS-222 and injected every 24hrs with 20uL of inhibitor into the ip cavity. Hearts
were isolated at the specified time points and processed for RNAseq or paraffin embedding.

Inhibitor doses were chosen based on concentrations previously used in zebrafish and in mice’®173,

Table 2. 2 Summary of inhibitor concentrations used

Drug Concentration used
DMSO 3%

DHMEQ 4pg/g fish
CAY10500 15ug/g fish
Ac-YVAD-cmk 100pM
Leukadherin-1 100puM

2.1.4 Dexamethasone Exposure

SF morphs were cryoinjured and randomly assigned to one of 4 groups: 30dpci control,
30dpci Dexamethasone, 60dpci control, 60dpci Dexamethasone. At 7-14dpci, fish were exposed to
either water-soluble Dexamethasone at 10mg/L or system water for 7 consecutive days. The
system/Dexamethasone water was replenished every 24 hours until 15dpci, at which time the fish
were washed 3 times for 5 minutes each in fresh system water before returning to system water

until their stated end point.

2.2 Single Cell RNA sequencing

2.2.1 Astyanax mexicanus heart digestion

Ventricles were isolated and digested using the protocol described previously in Potts et al
(2022)74, Three ventricles were pooled per sample, collected into ice-cold PBS and minced using
spring scissors before transferral into Eppendorf tubes containing 500uL fresh Digestion Buffer.
Digestion Buffer was optimised from the recipe described in Sander et al (2013)”® and consisted of:
1X PBS, 30mM Taurine, 5.5mM Glucose, 10mM 2,3-Butanedione Monoxime, 10mM HEPES, 12.5uM

CaCly, 5mg/mL Collagenase I, 5mg/mL Collagenase IV and 30ug/mL DNAse I. [CaCl,] was kept at
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12.5uM to ensure adequate cell survival of both cardiomyocyte and non-myocyte cardiac cells.
Samples were incubated at 32°C on an Eppendorf thermomixer at 800rpm. Every 15 minutes,
supernatants were collected on ice and neutralised using 1% sheep serum. Samples were
replenished with fresh Digestion Buffer and supernatants continued to be collected until all tissue
had been digested (approx. 1-2 hours). Dissociated cells were filtered through 100um filters and
spun at 300g for 5 minutes at 4°C to form a cell pellet. Cell pellets were resuspended and counted
before being spun down again and resuspended at 2000 cells/uL in DMEM plus 10% fetal bovine

serum ready for 10X chip loading.

2.2.2 10X Chromium Single Cell RNA-sequencing

AM samples at 2000 cells/uL were processed individually by the Oxford Single Cell Facility at
the MRC Weatherall Institute of Molecular Medicine using the 10X Chromium Next GEM Single Cell
3’ v3.1 kit. Samples were processed according to manufacturer’s instructions and sequenced in 6
rounds using the lllumina NextSeq® 500/550 High Output Kit v2 with the Illlumina NextSeq500
sequencer to reach an average depth of 50,000 reads/cell. An average depth of 50,000 reads/cell
was chosen to achieve sufficient sequencing saturation for cell clustering into distinct populations,
based on 10X recommendations for 3’ v2 libraries. The raw BAM files were then collected for

scRNAseq pre-processing.

The CellRanger pipeline was used to pre-process the Chromium single cell RNAseq data and
was performed by Dr. Madeleine E. Lemieux. Firstly, cellranger mkfastq (v3.0.2) was used to
demultiplex the raw reads and generate fastq files. Then cellranger count was used to map the fastq
files to the AM v1.0.2 and v2.0 genome assemblies and perform filtering, barcode counting and UMI
counting to produce filtered feature matrices for each sample. Custom extended 3’UTR gtf files were

used during genome alignment (see below)
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2.2.3 Custom 3’ UTR extension of A. mexicanus genome assemblies

Custom 3’UTR extended gtf files were created by Dr. Madeleine E. Lemieux to mitigate the

problems caused by poor 3’UTR annotation of the v1.0.2 and v2.0 AM genome assemblies.

To extend the 3’UTR annotation and enable the maximum capture of transcripts during data
exploration, a terminal exon extension algorithm was applied. The extension algorithm used a full-

length poly(A) RNA-seq sample as a reference and applied the following heuristic:

1. Identify transcripts without 3'UTR annotation in the Ensembl GTF file

2. Compare fragment coverage over 100bp flanking the terminal exon

3. If median 3' coverage > median 5' coverage, extend last exon 100bp in the 3' direction and

repeat steps 2 & 3 until no further extension occurs.

The extension algorithm was used to create two custom extended GTF files that were used
for read counting with the corresponding v1.0.2 and v2.0 genome assemblies (available in
Supplementary Materials of Potts et al (2022)4). In all, 5,077/25,489 gene-level annotations on
2,530 contigs were extended for v1.0.2 and 8,721/27,420 on 25 chromosomes and 1,363 contigs

were extended for v2.0%

2.2.3 Sample Integration and Cluster Annotation

The filtered feature matrices were analysed in R studio using the Seurat package (version
4.0.6). To create the Seurat object, initial filtering removed all cells with <50 captured genes and all
genes present in <2 cells. Poor quality cells and doublets were further removed from each sample
based on the average nFeature and nCount values in each sample. Cells with relatively low nFeature

counts were filtered out to remove cells which had likely burst during GEM capture and lost many of

41 have previously published this methodology in “Discordant Genome Assemblies Drastically Alter the
Interpretation of Single-Cell RNA Sequencing Data Which Can Be Mitigated by a Novel Integration Method”
Potts et al (2022)
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their cytoplasmic RNAs. Cells with very high nFeatures or nCounts most likely represented captured

doublets and thus were also removed during quality control.

After cell quality control, the v1.0.2 and v2.0 versions of each scRNAseq sample were
processed using Seurat. SCTransform?’® was used to normalise each sample to account for variability
in sequencing depth between cells. 2000 highly variable features were found using SCTransform
which were then used to centre and scale the data. The v1.0.2 and v2.0 datasets for each scRNAseq
sample were integrated together using 3000 integration features in the SCTIntegration pipeline. The
dimensions of each integrated sample were reduced using Principal Component analysis (PCA) and
uniform manifold approximation projection (UMAP). Cells were assigned to clusters using the
FindNeighbours and FindClusters functions and the appropriate resolution was chosen using the
Clustree package (version 0.4.3)Y7. Marker genes for each cluster were found using FindAllMarkers.
Cell type annotations were based on the results of FindAlIMarkers and the expression of canonical
markers of cardiac cell types. Once cell identity had been determined for each integrated sample,

the annotated cell identities were embedded into the metadata for the v2.0 scRNAseq datasets.

2.2.4 Harmony Integration

To create the overall scRNAseq dataset and integrate all 12 scRNAseq samples together, the
v2.0 filtered feature matrices with cell identity embeddings were used. Following quality control,
SCTransform without scaling was used to normalise each sample individually prior to merging into
one matrix. After merging, 5000 variable features across all 12 samples were found and used to
centre and scale the data. The dimensionality of the merged dataset was reduced using 50
components in PCA. Batch effects between scRNAseq samples were corrected for using Harmony
(version 1.0)'78, an iterative integration methodology. After integration, UMAP was used to project
the data into 2D space whilst similar cells were clustered together using the Seurat functions
FindNeighbours and FindClusters. Cell identity embeddings were used to annotate the overall

scRNAseq dataset. To further facilitate the annotation of cell types, identity embeddings were cross-
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referenced to the results of FindAllIMarkers and the expression of canonical cell type markers.
Neutrophil, monocyte/macrophage and B cell scRNAseq datasets were subset from the overall

dataset and re-scaled prior to downstream analysis.

2.2.4 Differential Gene Expression (DGE) Analysis

Differential gene expression analysis was performed using the MAST” test and the LR test
in the FindMarkers function and visualized using EnhancedVolcano (version 1.8.0), violin plots,
heatmaps and Euler plots (eulerr, version 6.1.1). DGE results were analysed for their associated GO
terms/signalling pathways by converting AM genes to their correspondent mouse homologs via
BiomaRt (v2.46.3). Any genes which did not have a mouse homolog or mapped to multiple mouse
genes were removed and the final mouse gene lists were tested using fGSEA (v1.16.0)*°, topGO
(v2.42.0) and PROGENYy (v1.12.0)*. The weight01 algorithm in topGO was used to pull the top 20
associated Biological Process GO terms and significance was set at p<0.05 for the Fisher’s test. The
results of the DGE analysis were tested for enrichment in the MSigDB Hallmarks Gene Sets using the

fGSEA package. False Discovery Rate (FDR) was set at <0.25 to determine significant enrichment.

2.2.5 Differential Proportion Analysis
Differential Proportion Analysis (DPA) was performed on the overall Seurat object using the
code provided in Farbehi et al (2019)*2. All identified doublet clusters were excluded from the

analysis. An error rate of 0.01 was set and significance threshold was set to p<0.01 for stringency.

2.2.6 Ligand-Receptor Analysis

Ligand-Receptor Analysis was performed on the overall Seurat object using the code
provided in Farbehi et al (2019)#2. All AM genes were mapped to their human homologs using
biomaRt and ligand-receptor interactions were weighted and calculated based on the published

database of known protein-protein interactions in humans, and the STRING database®184,
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2.3 Molecular Biology

2.3.1 RNA isolation

Zebrafish hearts were isolated on ice 6 hours after the final ip injection (n=3/treatment
group) and snap-frozen using liquid nitrogen before RNA isolation. RNA isolation was performed
using the Quick-RNA Microprep kit according to manufacturer’s instructions. Each RNA sample
consisted of a single ventricle. Isolated RNA concentrations were measured using the Qubit RNA
High Sensitivity Assay kit according to manufacturer’s instructions. 260/280 ratios were calculated

using a NanoDrop™ spectrophotometer.

2.3.2 RNA sequencing
Following RNA isolation, samples were prepared according to the instructions set by the
Oxford Genomics Centre, where all RNA sequencing was performed. RNA sequencing was performed

using the lllumina NextSeq500 sequencer with the Illumina NextSeq® 500/550 High Output Kit v2.

Principal component analysis of the RNAseq data was performed by Dr. Madeleine E.

Lemieux.

2.4 Imaging

2.4.1 Sample processing

Hearts were isolated at baseline, sham and at the indicated time points after cryoinjury and
fixed overnight in 4% PFA with gentle agitation. After fixation, samples were washed (3 X 5 mins) in
1X PBS before dehydration in increasing EtOH concentrations (70%, 80%, 90%, 96%, 100%, 100%).
Hearts were incubated for 1 hour in each [EtOH] before incubation in Butanol overnight at 4°C with
gentle agitation. For paraffin embedding, samples were washed three times in melted paraffin (1
hr/wash), to ensure adequate penetration of paraffin into the tissue, before embedding using plastic
cassettes. Samples were sectioned at 7-10pum, mounted onto SuperFrost slides and dried overnight

at 37°C before staining.
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2.4.2 Immunofluorescent staining

For fluorescent immunohistochemistry, mounted sections were deparaffinised in Xylene (2 X
7 mins) and rehydrated in decreasing concentrations of EtOH (1 min/[EtOH]: 100%, 100%, 96%, 90%,
80%, 70%). Following immersion in distilled water, sections were pressure cooked for 4 minutes in
1x Antigen Unmasking solution, before blocking of non-specific binding by incubating sections for 30
minutes at room temperature in TNB. Primary antibodies (Table 2.3) were left to bind overnight in
TNB before washing in 3 X 5 mins PBS-Tween 80 and incubating with secondary antibodies for 2

hours (Table 2.4). Sections were then counter-stained with DAPI, washed again with 3 X 5 mins PBS-

Tween 80 and mounted in Mowiol 4-88 ready for imaging.

Table 2. 3: Primary Antibodies

Primary Antibodies Clonality Concentration Used Catalog number

Myosin Heavy Chain Monoclonal Mouse 1in 200 Developmental Studies

(MF20) Hybridoma Bank, #
AB_2147781

Lysozyme (Lyz) Polyclonal Rabbit 1in 200 GeneTex, #
GTX132379

Proliferating Cell Monoclonal Mouse 1in 200 Dako, # M0879

Nuclear Antigen

(Pcna)

L-plastin 1 (Lcpl) Polyclonal Rabbit 1in 200 GeneTex, #
GTX124420

Table 2. 4: Secondary Antibodies

Secondary Antibodies

Clonality

Concentration Used

Catalog number

Alexa 488

Goat anti-mouse

1in 200

Invitrogen, # A55058

Alexa 546

Donkey anti-rabbit

1in 200

Invitrogen, # A10040
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2.4.3 RNAscope

RNAscope® (Advanced Cell Diagnostics Biosciences) is a commercial in situ hybridisation
technique. The RNAscope Multiplex Fluorescent Reagent Kit V2 Assay was performed according to
manufacturer’s instructions. Briefly, mounted sections were deparaffinised before sections were
washed twice in 100% EtOH. After air drying, sections were incubated for 10 minutes at room
temperature in 3% hydrogen peroxide and washed in distilled water. To retrieve mRNA targets for
visualisation, sections were boiled (98-102°C) with RNAscope target retrieval for 15 minutes and
then incubated in 100% EtOH for 3 minutes. After drying, sections were digested using Protease IlI
digestion at 40°C for 12 minutes. Following protease treatment, sections were incubated with
RNAscope probes for 2 hours at 40°C before the signal was amplified according to manufacturer’s
instructions. TSA plus Cyanine 3 (1:1500); Cyanine 5 (1:1500) and Fluorescein (1:500) were used to
detect the hybridisation signal. ACD Biosciences designed all probes as summarised in Table 2.5. All
sections were counterstained with DAPI and mounted using ProLong™ Gold Antifade Mountant. For
sections that were counterstained with antibodies, the immunofluorescent protocol described

above was applied from the 30 minutes TNB blocking step.

When a C1 channel was not used, probes were diluted using RNAscope probe diluent
(#300041). All RNAscope staining procedures included a section stained with ACD Negative Control

probe mix to assess background levels of staining.

Table 2. 5: RNAscope probes

Probe Channel Catalog Number
itgam c3 532001-C3

tnfa Cc1 535021

nfkb2 c3 1052861-C3
mpeg1 Cc2 814911-C2
ptprc Cc2 874211-C2

Iep1 C2 551161-C2

cd37 Cc1 1052831-C1
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mmp9 C1 532021-C1

2.4.4 Histology

Mounted sections were deparaffinised with two X 5 mins washes in Xylene or Histoclear.
Sections were then rehydrated in decreasing concentrations of EtOH with approximately 1 minute of
incubation in each [EtOH] (100%, 100%, 96%, 90%, 80%, 70%). After the final incubation in 70%
EtOH, sections were washed in distilled water and stained with Acid Fuchsin Orange-G (AFOG) or

Pico-Sirius Red, prior to mounting in DPX.

AFOG

For AFOG staining, AFOG solution was made up as follows: 1L of distilled water was boiled
with 5g of Methyl Blue. Once cooled, 10g of Orange G and 15g of Acid Fuchsin were added and pH
was adjusted to 1.09 using HCL. Rehydrated mounted sections were incubated in Bouin’s Solution
for 3 hours at 60°C and washed in distilled water until clear. Sections were then submerged in 1%
phosphomolybdic acid for 5 mins before submersion in AFOG solution for 10 mins, followed by rapid
washing using distilled water and dehydration through increasing concentration of EtOH (70%, 80%,

90%, 95%, 100%, 100%). Sections were then rapidly dipped in Xylene prior to mounting with DPX.

Pico-Sirius Red

For Pico-Sirius Red Staining, rehydrated sections were incubated for 1 hour in Pico-Sirius Red
Solution at room temperature. After incubation, sections were quickly washed twice in 0.5% Acetic
Acid Solution (provided in the Pico-Sirius staining kit), followed by two rapid washes in 100% EtOH

and Xylene before mounting.

2.4.5 Acquisition

RNAscope images were acquired using an Olympus FV3000 confocal and Pico-Sirius Red

images were acquired using am Olympus BX53 Polarised Light microscope. All other images were

75



acquired using a Nikon Digital Sight stereo microscope. Images were processed using FlJl/Image). All

measurements and cell counts were performed blinded.

2.4.6 Leukocyte Cell Counts

Cell counts were performed by counting the number of positive cells showing DAPI and
probe/antibody overlap in Imagel. Counts were normalised to either total ventricle area or fractional
wound area (area of wound/area of total ventricle). Fractional wound area was devised to account
for differences in the morphological size of the PF and SF hearts as well as for variable wound sizes.

At least 3 sections/heart were used to calculate an average cell count value for each sample.

For the Icp1 RNAscope probe, staining at 3dpci in PF was so dense that individual cells could
not be easily distinguished. Therefore, to avoid random clicking during cell counts, the area of
wounded tissue positive for Icp1 staining was used as a substitute for cell counts. To calculate the
percentage of wound that showed positive /cp1 staining above background levels, images were
thresholded in ImageJ to remove background staining and the ‘Area Fraction’ (i.e. the percentage
area of wound positive for Icp1 staining) was measured. This methodology was also used to calculate
the degree of MF20 degradation in 3dpci sections when comparing the rate of myocardial wound

death in PF/SF hearts.

2.4.7 Neutrophil Density Measurements

To assess neutrophil density within AM wounds, the number of mmp9* cells was counted

and normalised to the measured area of the wound.

2.4.8 Regenerative Capacity Measurements

To assess the ability of the SF to regenerate following in vivo inhibitor exposure, serial
paraffin sections of the entire ventricle were mounted (i.e. 1 in 10 sections were mounted
throughout the heart). The results of AFOG staining were used to assess regenerative capacity. Two
measurements were calculated to independently assess SF regenerative capacity: scar size and the

ratio of open wound: ventricle perimeter
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Scar size

Scar size was calculated as follows: using Imagel, the area of the scar and the ventricle were
measured in each section. Total scar area and total ventricle area were then summed across all
sections. Total scar area was divided by total ventricle area and then multiplied by 100 to derive the

percentage of the SF heart that was scarred.

Open Wound: Ventricle perimeter

The ratio of open wound: ventricle perimeter was calculated as follows: 3 sections with the
largest wounds from each heart were used. In sections with wound, the length between openings of
the compact myocardial wall was measured (i.e. the length of scar tissue not overgrown by the
myocardial wall was measured). To measure ventricular perimeter, the section that captured the
largest part of the ventricle was used. The ratio of open wound: ventricle perimeter was then

calculated and averaged across all 3 sections.

2.4.9 Scar Composition

Scar composition analysis was performed in ImagelJ using the Colour Threshold feature.
Sections were thresholded according to blue, red and orange/brown channels to measure the area
of the wound that was made up of collagen, fibrin and blood clot/tissue debris respectively. The area
of the wound was measured and the percentage of collagen/fibrin/tissue debris was calculated. At
least three of the largest wound sections were used to calculate an average percentage value for

each heart.

2.4.10 Collagen Fibre Alignment

To assess collagen fibres for differences in straightness, length and orientation, sections
were stained with Pico-Sirius Red. Images were captured using both brightfield and linear polarisers.
Captured images were first converted into greyscale and thresholded using Imagel before analysing

using CT-FIRE software (v2, loci.wisc.edu/software/ctfire)®,

All collagen fibre alignment analysis was performed by Esra Sengiil.
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2.5 Statistics

The number of samples (n) and statistical test used are detailed in each figure legend. Only
time points that had at least n=3 were tested for statistical significance using parametric tests.
Parametric tests were applied based on previous data that found PF and SF populations to display
normally distributed responses to cardiac injury?® that passed normality and equal variance tests. All

statistical tests were performed using GraphPad Prism 7.
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Chapter Il

Characterisation of the A. mexicanus heart following cryoinjury using
single cell transcriptomics

3.1 Background

The aim of this project was to characterise the AM immune response to cardiac injury and
identify differences in the PF/SF immune response that could be driving their differential
regenerative capacity. However, as the AM immune response to cryoinjury had never previously
been explored, no data was available on PF/SF cardiac-resident leukocytes, the number of
leukocytes recruited in response to injury, the transcriptional profile of recruited AM leukocytes, nor
on the kinetics of leukocyte recruitment. Therefore, to achieve this aim, an experimental approach
was required that would enable AM leukocytes to be comprehensively characterised at multiple

time points after necrotic cardiac cell death.

3.1.1 Single Cell RNA Sequencing

Since it was first developed in 2009, single cell RNA sequencing (scRNAseq) technology has
proven to be a powerful tool that provides transcriptomic information about individual cells®’.
scRNAseq enables researchers to answer a wide variety of biological questions about topics such as
cell-cell heterogeneity, tissue composition and cell-specific gene expression responses to disease

188

and/or injury®®®. As commercialised kits have helped to lower costs, scRNAseq is becoming a routine

investigatory approach and has been used extensively for characterising heterogeneous tissues in

novel non-model organisms!8%-19,

The rising popularity of scRNAseq has led to the development of many different scRNAseq
technologies such as Smart-seq2'®?, In-Drop*®3, C1%* and Drop-seq'®®. The major difference between

the main scRNAseq options is the platform in which cells are captured. Most scRNAseq technologies
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are either plate-based (cells are sorted into one cell/well plates for scRNAseq) or are droplet-based
(each cell is captured within a droplet). Plate-based technologies, such as Smart-seq2, are typically
limited in the number of cells that can be captured within an experiment. However, low cell capture
rates offer the select advantage that captured cells can be sequenced to very high depths, producing
scRNAseq data that is more representative of the cellular transcriptome. On the other hand, droplet-
based approaches, such as In-drop, offer lower sequencing depths but much higher cell capture
rates, enabling many cells from a tissue to be captured (plates: 100-1000 cells Vs droplets: 1000-
10,000 cells)®. Droplet-based approaches can achieve higher capture rates with reasonable
sequencing depth as they use cellular barcoding during cell capture. This enables sequenced reads to

be pooled for high-throughput sequencing, keeping costs affordable (Fig. 3.1)81%,

Studies which aim to characterise complex, heterogeneous tissues for the first time are best-
suited to a droplet-based approach so that the diverse range of cells present within a tissue can be
comprehensively profiled. 10X Genomics Chromium?¥ is one of the most established droplet-based
scRNAseq technologies due to its low cost and high-throughput®® and thus it is well suited to large-

scale characterisation studies.

~Xx 10X barcode
~./ Capture Sequence >

e GEMs o cells 10X barcoded cDNA

Figure 3. 1: Overview of the 10X Genomics Chromium (10X) droplet-based approach

10X captures cells for sequencing in gel bead-in emulsions (GEMs) droplets. Each GEM contains all
the necessary enzymes, nucleotides and oligos to lyse the captured cell, and reverse transcribe its
component mRNA molecules into cDNA. 10X uses specially designed oligos that adhere to mRNA
molecules and result in the incorporation of cellular barcodes in the final cDNA molecules. Cellular
barcoding labels each captured read with specific and unique sequences that enable the final

sequencing data to be demultiplexed into a cell x genes matrix. Each GEM has a unique 10X barcode
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sequence that labels all reads from the same cell with a cellular identifier, enabling reads from
individual cells to be grouped together. The unique molecular identifier (UMI) sequences are attached
to all reads within a cell. UMIs ensure accurate read counting as there are millions of different UMIs
within a GEM, allowing individual reads to be counted separately. The capture sequence is typically a

poly-thymine tail and adheres to the complimentary poly-adenosine tail of mRNA molecules.

3.1.2 Why scRNAseq of the entire A. mexicanus heart

Despite the unique suitability of the AM as a model for cardiac regeneration, very little is
known about its heart. A morphological study has shown that the PF have smaller, rounder
ventricles that beat faster that the SF'*%; and the Mommersteeg lab has shown that, after injury, the
PF and SF hearts show differences in cardiomyocyte cytokinesis, scarring, metabolism and the
immune response?’. Otherwise, this diverse and complex tissue has not yet been fully explored.
Cardiac cell type-specific markers have not been established and the proportion of the major cardiac
cell types such as fibroblasts, cardiomyocytes and endothelial cells are unknown at baseline and
post-injury. Therefore, scRNAseq of the entire AM heart will provide answers to many of the basic

guestions that still remain about the AM heart.

Additionally, to date, no comparative studies have been performed in the AM following
cryoinjury. Previous work in the Mommersteeg lab has used ventricular resection as a cardiac injury
model. Cryoinjury and resection are significantly different injury models: cryoinjury results in
substantial necrosis, inflammation?®, tissue damage and scar deposition whereas resection induces
minimal levels of apoptosis, tissue damage and collagen deposition?°2%2, As necrotic cell death is the
initial trigger of the immune response, whilst collagen deposition will impact the scarring responses,
it is very likely that the PF and SF will respond in substantially different ways to cryoinjury than to
resection. Therefore, it is essential that cellular transcriptomes are collected from the entire AM

heart. This will enable unbiased comparisons to be made, confirming whether scarring, metabolism
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and the immune response (i.e. findings from previous bulk RNAseq data) remain the major
differences between the PF/SF following cryoinjury-induced necrosis. Furthermore, unbiased
comparisons of scRNAseq data from the entire AM heart have the potential to identify novel and

unknown differences that could also be regulating regenerative capacity in the PF/SF.

Finally, scRNAseq of the entire heart is essential in order to fully characterise the AM
regenerative and scarring immune responses to injury. Leukocytes have been shown to
communicate with a wide range of cells across the heart to stimulate repair: they induce fibroblasts
to secrete scar proteins; they stimulate angiogenesis via endothelial cells; they secrete mitogens to
cardiomyocytes and directly contribute to scar formation®3®. Therefore, to fully understand how the
PF and SF might differently coordinate scar deposition, cardiomyocyte proliferation and
revascularisation, it is critical that the entire AM heart is captured so that leukocyte interactions with

non-immune cardiac cells can be interrogated.

Therefore, scRNAseq of the whole AM heart will answer a wealth of questions about the AM
heart, as well as enable the regenerative and scarring immune responses to cardiac injury to be fully
characterised. Understanding the molecular and cellular signals governing regeneration and scarring
in AM single cells will represent a significant leap forward in our ability to unpick the key differences

between regenerative success and failure.

3.1.3 The potential pitfalls of applying 10X scRNAseq to A. mexicanus cardiac cells

The successful application of scRNAseq to the AM heart will require optimisation. The

application of 10X scRNAseq is dependent on 2 key factors:

1) Cell size and viability following sample preparation
2) The quality and availability of an organism’s reference genome and associated gene

annotations

Cell size and viability following sample preparation
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10X technology requires samples to be processed into single cell suspensions that are free
from doublets, dead/dying cells and erythrocytes (Fig. 3.2). However, this recommended workflow
presents major problems for cardiac researchers as cardiomyocytes are very vulnerable to both
single cell dissociation and fluorescence activated cell sorting (FACS) and show poor survival rates
after such rigorous treatment?®, Furthermore, cardiomyocytes are notoriously hard to capture using
10X technology. This is because a major technical limitation of 10X scRNAseq is cell size exclusion as
the gel bead-in emulsions (GEMs) used for cell capture can only capture cells <30um in diameter
(Fig. 3.2). Cardiomyocytes are very large cells (adult mammalian cardiomyocyte diameter is
~100um?%%) and, as a result, have not been successfully captured in previous, large-scale 10X
characterisation studies of the heart41182205-207  Although teleost cardiomyocytes are much smaller

than their mammalian counterparts, they are also largely missing from zebrafish 10X datasets2%%209,

Figure 3. 2: Schematic of the recommended workflow for sample preparation for 10X Genomics
Chromium.

1) Tissues should first be either enzymatically and/or mechanically dissociated to form a single cell
suspension 2) Sample suspensions should then be processed by FACS to remove dead/dying cells,
tissue debris, erythrocytes and doublets 3) Samples should be suspended at the optimal

concentration for chip loading and cell capture in GEMs and RNA sequencing.

Therefore, as scRNAseq has never previously been applied to the AM heart, the diameter of
AM cardiomyocytes is unknown and the viability of all PF and SF cardiac cells following dissociation

and FACS remains to be determined. Equally, it has not been explored whether the omission of FACS
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treatment will lead to unacceptably poor data quality due to increased capture rates of erythrocytes,

dead/dying cells and doublets.

The quality and availability of an organism’s reference genome and associated gene annotations

10X technology requires sequenced reads to be aligned to an organism’s reference genome
during analysis to determine the transcriptome of captured single cells. Therefore, the data quality
produced by scRNAseq is directly reliant on the quality and gene annotation of an organism’s
reference genome. Organisms that are best suited to 10X scRNAseq have a high-quality reference
genome that is well annotated in the untranslated regions (UTR) as 10X captures mRNA molecules

for sequencing via their 3’ polyadenylated tails.

Unfortunately, as the AM is a relatively understudied non-model organism, its genome is far
from complete and new assemblies continue to be published every few years. There are currently
two AM genome assemblies available on Ensembl: v1.0.2 (listed as Pachdn cavefish) a scaffold-level
short-read assembly created using a single fish taken from the Pachdn cave?®?, and v2.0 (listed as
“Mexican tetra”), a chromosome-level long-read assembly of a single SF that was a cross from two
Surface populations in the Rio Sabinas and Rio Valles?'!. Additionally, a new Pachén build has been
recently published that is only available on NCBI?'?, whilst a fourth assembly is set to be published
later this year. This co-occurrence of multiple AM reference genomes creates significant problems
for scRNAseq data analysis which requires sequenced reads to be mapped and aligned to a single
reference genome'®, Currently, there is no consensus within the AM field on which genome
assembly should be used for sequencing experiments. Recent publications have used v1.0.22%213;
v2.0%'%; an archived version of the v1.0.2 Pachdn build (astmex1, Ensembl 87 gene model)'®?; and the
most recent NCBI Pachdn build?!2, As new versions of the AM genome continue to be published, this
inconsistent use of AM genome assemblies will only worsen as AM researchers become faced with
an ever-expanding repertoire of genome assemblies to choose from, with no knowledge of which

genome will offer the best quality of data. Furthermore, as each AM genome assembly differs in the
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quality of its annotations and sequence, AM researchers can face the frustrating task of repeatedly
re-analysing their datasets with each new assembly publication, with no certainty that the resultant

dataset will improve each time.

To date, the optimal AM genome assembly to use in scRNAseq has not been explored nor
has whether AM genome assembly choice impacts the results of scRNAseq analysis. Additionally, a
unifying solution that enables multiple assemblies to be used simultaneously during data analysis

has yet to be identified.

3.1.4 Aims

In this chapter, | aimed to:

1) Optimise the application of scRNAseq to the A. mexicanus heart

2) Characterise the dynamics of the overall A. mexicanus immune response at baseline and at
1, 3, 7 and 14 days after injury

3) Identify the leukocyte subpopulations present in the A. mexicanus heart at baseline and at 1,

3, 7 and 14 days after injury

3.2 Results

3.2.1 Optimisation of scRNAseq of the A. mexicanus heart

1) Optimisation of AM heart dissociation into a single cell suspension

To achieve a single cell suspension of the entire AM heart, different protocols were trialled
for digesting PF/SF hearts into viable single cells. Firstly, a digestion mixture of Liberase and Hank’s
balanced salt solution was tested in which supernatants were collected and neutralised every 5
minutes using sheep serum. Although this protocol had previously been used in scRNAseq of the

zebrafish ventricle?%82%

, only small and rounded cells were successfully dissociated from the PF/SF
hearts, whilst cardiomyocytes were completely absent from the final digestion mixture. To achieve

successful liberation of PF/SF cardiomyocytes, a collagenase-based digestion mixture was next
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trialled. This protocol had previously been developed to isolate zebrafish cardiomyocytes for primary
culture” and resulted in the isolation of individual, beating cardiomyocytes. However, fewer small
and rounded non-myocyte cells were liberated using collagenase treatment than the Liberase

digestion mixture.

Therefore, to achieve a balance between the digestion of healthy cardiomyocytes and the
release of smaller, non-myocyte cells, an optimised protocol was developed that combined the use
of collagenase Il and IV with regular sheep serum neutralisation to liberate both beating
cardiomyocytes and non-myocyte cells. This digestion mixture was then used for all PF/SF heart

digestions (see methods for detailed protocol).

2) FACS is damaging to a plethora of AM cardiac cell types

Following the optimisation of AM heart digestion, the next questions were:

1) Can AM cardiomyocytes be captured within 10X GEMs?
2) Are AM cardiomyocytes vulnerable to FACS treatment?

3) Does FACS omission result in poor quality data?

To answer these questions, an initial 10X trial was performed in which 1dpci PF ventricles were
dissociated and were either sorted by FACS prior to Chromium Chip B loading or were directly
loaded onto a Chromium Chip B with no FACS. The resultant filtered feature matrices were analysed
using the standard Seurat pipeline and similar cells were clustered together. During cell-type
annotation, cardiomyocytes were identified in both samples, regardless of FACS treatment,

revealing that AM cardiomyocytes can be captured within 10X GEMs (Fig. 3.3a&c).

However, FACs treatment resulted in substantially different cell capture rates, although cell
numbers were kept consistent for chip loading: the FACS+ sample captured 1,267 cells, whereas the
FACS-sample captured 8,418 cells (Fig. 3.3b&ad). Cluster identification revealed that a wide range of

expected cell types such as fibroblasts and epicardial cells were missing from the FACS+ sample (Fig.
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3.3a) but were present in the FACS- sample (Fig. 3.3c). Additionally, FACS treatment resulted in a
very low-yield of cardiomyocytes, with the cardiomyocyte cluster representing <7% of the overall
sample (Fig. 3.3b) whereas 41.4% of the FACS- sample consisted of cardiomyocytes (Fig. 3.3d).
Previous studies of teleost hearts have found cardiomyocytes to account for approximately 40% of
the total heart?!®, suggesting that FACS treatment resulted in a scRNAseq dataset that was not
representative of the cellular composition of the AM heart. Furthermore, a comparison of data
guality between the FACS+ and FACS- samples showed that FACS omission did not result in poor
quality data as both samples showed very similar correlations between the average number of

mMRNA molecules and genes detected per cell (Fig. 3.3e).

Therefore, from the results of this trial, it was possible to conclude:

e AM cardiomyocytes could be captured by 10X GEMs
e Optimal cell capture required FACs omission prior to Chip B loading

e FACS omission did not produce poor quality data
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Figure 3. 3: FACS is damaging to a plethora of AM cardiac cell types
Annotated UMAPs of PF ventricle single cell suspensions that underwent: (A) FACs treatment; and (C)
FACS omission during sample preparation. Comparison of UMAPS (A) and (C) show that many

expected cell types were lost during FACS treatment such as cardiomyocytes and mesenchymal cells.
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Tables (B) and (D) display the number of each cardiac cell type captured following FACS treatment (B)
and FACS omission (D), showing that FACS treatment resulted in a significant decrease in cell capture
rates. (E) Scatter plots of the number of reads captured per cell vs the number of genes detected

showed that data quality is very similar for both the FACS+ and FACS- samples.

3) 10X scRNAseg sample collection

To characterise the regenerative and scarring immune response in the first 14 days after
cardiac tissue necrosis, PF and SF were subject to cryoinjury, in which necrotic cell death was
induced by rapid freeze-thawing of the ventricular tissue. PF and SF ventricles were then collected at
uninjured, 3 days-post sham (dps), 1-, 3-, 7- and 14-days post-cryoinjury (dpci) and dissociated into
single cell suspensions. Single cell suspensions were washed 3 times to remove as much tissue
debris, erythrocytes, and ambient RNA as possible without FACs treatment (Fig. 3.4). Sample
multiplexing with barcoded antibodies (known as cell hashing) was not available for the AM and so
each PF/SF sample was sequenced separately and underwent 6-rounds of sequencing to reach the
appropriate depth of ~50,000 reads/cell.

3dps
Uninjured  1dpci 3dpci 7dpci 14dpci
| |

.
HLHE'_EI

Figure 3. 4: Schematic of sample collection for 10X scRNAseq experiment

2 PF/SF ventricles were pooled for each sample.
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4) AM genome assembly choice impacts the number of cells and genes present in scRNAseq data

Once the scRNAseq data had been collected, the next question was to determine which AM
genome assembly was best suited to scRNAseq analysis. At the time of scRNAseq analysis, the only
available AM assemblies were the Pachdn cavefish (Ensembl v1.0.2) and the Mexican Tetra (Ensembl
v2.0). Prior to this work, an archived version of the v1.0.2 assembly had been successfully used in a
10X study of the AM head kidney®. However, in theory, the v2.0 assembly should produce better
results as it is more complete, contiguous, and continuous than the v1.0.2 assembly. Therefore, to
test the suitability of both the v1.0.2 and v2.0 genome assemblies for scRNAseq, the sequenced
reads from one scRNAseq sample (SF uninjured) were mapped and aligned to both available AM
assemblies using Cell Ranger. This produced two filtered feature matrices: a v1.0.2 and a v2.0

dataset.

To determine whether AM genome assembly choice had an impact on cell and gene capture
rates, Cell Ranger outputs were first compared. Strikingly, the v1.0.2 and v2.0 datasets had different
matrix dimensions (i.e. cells x genes, Table 3.1), despite originating from the same sequenced reads,
suggesting different cell and gene capture rates between the two datasets. The v2.0 dataset had
increased gene capture rates as a greater percentage of sequenced reads mapped to the
transcriptome (52.4% vs 41.7%), resulting in a higher average number of reads and genes detected
per cell. The difference in genes present in the matrix had an unexpected impact on cell capture
rates: the v2.0 assembly captured an additional 148 cells compared to the v1.0.2. Further
comparison between the captured cells showed that both datasets had assembly-specific cells (16 in
v1.0.2 and 225 in v2.0). These fundamental differences in cell and gene capture rates required
quality control thresholds to be set according to genome-assembly (Fig. 3.5), resulting in a difference
of 209 cells available for downstream analysis post-filtering. Therefore, from the Cell Ranger output

it was apparent that genome assembly choice would impact on the fundamental structure of the
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resultant scRNAseq data and would alter the number of cells and genes available for downstream

analysis®.

v1.0.2 Assembly v2.0 Assembly
Matrix Dimensions 25,489 genes, 8,870 cells 27,420 genes, 9,018 cells
Reads Mapped to Genome 72.6% 74.1%

Reads Mapped to Transcriptome 41.7% 52.4%
Median Reads/Cell 30,901 30,394
Median Genes/Cell 794 1,201

Assembly-specific cells 16 225
Assembly-specific genes 4,311 5,638
nCount vs nFeature Correlation 0.84 0.88
Quality Control Thresholds nFeatures: 200-2,500 nFeatures:200-3,500
nCounts: <20,000 nCounts <28,000
% Cells Passed Filtering 98.2% 98.9%
Cell Numbers Post-Filtering 8,717 cells 8,926 cells
% Genes Passed Filtering 64.3% 63.9%
Gene Numbers Post-Filtering 16,408 genes 17,528 genes
PCA Dimensions 30 30
Clustering Resolution 1.25 1.25
Number of Clusters Found 26 27

Table 3. 1: Table of differences in the 2 datasets generated using v1.0.2 and v2.0 genome

assemblies

nCount refers to the number of mMRNA molecules detected per cell whilst nFeature refers to the

number of genes detected per cell®

5| have previously published text from this paragraph in Potts et al (2022): ‘Discordant Genome Assemblies
Drastically Alter the Interpretation of Single-Cell RNA Sequencing Data Which Can Be Mitigated by a Novel

Integration Method’*7#

5 have previously published Table 3.1, Table 3.2, Figure 3.5, Figure 3.6, Figure 3.7, Figure 3.9 and Figure 3.10
their corresponding figure legends in Potts et al (2022): ‘Discordant Genome Assemblies Drastically Alter the
Interpretation of Single-Cell RNA Sequencing Data Which Can Be Mitigated by a Novel Integration Method’

91



2
o
~

v1.0.2 Assembly v2.0 Assembly
4000

2000
3000

2000
1000

1000

Number of Features Detected
Number of Features Detected

0 10000 20000 30000 0 10000 20000 30000
Number of Reads Captured Number of Reads Captured

Figure 3. 5: Genome assembly can alter the nFeatures and nCounts of a scRNAseq dataset,
impacting the number of cells and genes available for downstream analysis.

Scatter plots of the number of counts (reads) vs number of features (genes) in each captured cell
when aligned to: (A) the v1.0.2 genome assembly and; (B) to the v2.0 assembly. The lines on each
scatter plot represent the quality control thresholds that were set for each genome assembly,
highlighting the increase in the number of features and reads captured in the v2.0 dataset vs v1.0.2

dataset!

5) The v1.0.2 and v2.0 datasets produce significantly different cell-type markers for AM cardiac cells

To determine whether the observed differences in matrix dimensions would impact
downstream scRNAseq analysis, the v1.0.2 and the v2.0 datasets were processed using Seurat. The
underlying differences in cell/gene capture rates did not alter AM cardiac cell type detection, nor
prevent similar cells clustering together as the v1.0.2 and v2.0 UMAPs were very similar in their

structure and number of clusters identified (Fig. 3.6).
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Figure 3. 6: Genome assembly does not impact dimension reduction and cell clustering

UMAPs generated from the v1.0.2 and v2.0 datasets are very similar. The v1.0.2 B cell cluster was

manually annotated. HSCs- Hematopoietic Stem Cells

During cluster annotation, however, it became startingly apparent that the v1.0.2 and v2.0

assemblies were very discordant in their annotated genes. To annotate the v1.0.2 and v2.0 cell

clusters without bias, differential gene expression (DGE) analysis was performed using the Receiver

Operator Characteristic (ROC) test to identify top gene markers for each cell cluster. As the v1.0.2

and v2.0 datasets are generated using the same reads, the ROC test results were expected to be very

similar for both datasets. However, the ROC test produced two divergent lists of genes for each

dataset, with few genes being identified as top cell-type markers in both datasets (Table 3.2). As cell-

specific markers of the AM heart have not yet been established, these divergent results posed a

problem as there was no way to know whether the results from the v1.0.2 or the v2.0 dataset were
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the most reliable set of AM cardiac cell-type markers that could be used in future studies of AM

cardiac cells. Additionally, the divergent results of the ROC test suggested that the results of any DGE

analysis used to compare the SF and PF AM immune responses within the scRNAseq data would be

completely different depending on the choice of genome assembly.

Cell Type v1.0.2 Assembly v2.0 Assembly
ENSAMXG00005008576* myh71*
actcla ENSAMXG00000004797*
tnncla nme2b.1*
cox6a2* TNNC1
aldoan aldoab
Cardiomyocytes
2gc:193541 idh2
ENSAMXG00005013223* cox7b
IDH2 slc25a5
atpbmc3a cox7c
atp5ifla* tnnt2b
ENSAMXG00005007750% lyvela
ENSAMXG00005016906% ENSAMXG00000041928*
ENSAMXG00005003412* krt18a.1
ENSAMXG00005021204* rgs5b
plpp2a ENSAMXG00000036379*
Endothelium
ENSAMXG00005022026* il13ra2
krt5 satla.2
ucmaa™ serpinh1b
ENSAMXG00005012084* her6
ENSAMXG00005004741* ENSAMXG00000035697*
thbsla ccl25b
tcf21 rbp4
Ixn apoeb
kened pmp22a
Fibroblasts
mustnla tagln
ENSAMXG00005006660* TCF21
pltp den
clec19a colla2
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BAMBI* anxala (ENSAMXG00000035597)
hmx4 sostdcla
ENSAMXG00005022612* ENSAMXG00000006427*
cbast1 mmp9 (ENSAMXG00000007722)
ENSAMXG00005012967* ENSAMXG00000035474*
ENSAMXG00005007030% LECT2
ENSAMXG00005022013% cbast1
Neutrophils
adam8a ENSAMXG00000037167*
Itb4r cebpl
ENSAMXG00005015365* ENSAMXG00000001798*
mmp9 Scinlb
ENSAMXG00005024801* ENSAMXG00000034260%
pfnl ENSAMXG00000036068*
laptmb pfml
cxcr4b laptmb
ENSAMXG00005014236* ctsl.1 (ENSAMXG00000029871)
corola cxcrdb
T cells
ENSAMXG00005012967* rac2*
rgs13 dusp2
PTPRC rgs13
runx3 cotl1
ENSAMXG00005022013% ENSAMXG00000001798*
ENSAMXG00005001652% ENSAMXG00000033936*
ENSAMXG00005007434* zgc:194275
cd37 ENSAMXG00000029163*
ENSAMXG00005014280% ENSAMXG00000038512*
si:dkey-24p1.1 ENSAMXG00000006777*
B cells
ENSAMXG00005006484* cd37
ENSAMXG00005014291* ENSAMXG00000036191%
ENSAMXG00005012813* ENSAMXG00000034153*
ENSAMXG00005000610% ENSAMXG00000043949*
ENSAMXG00005002435* ENSAMXG00000043088*
hbaa2 ENSAMXG00000029151%
ENSAMXG00005017042* hbaa2 (ENSAMXG00000029181)
wu:fj16a03 ENSAMXG00000037273%
Erythrocytes
cahz hbba2
nt5c2l1 HBE1 (ENSAMXG00000037475 )*
ENSAMXG00005020328* si:ch211-250g4.3*
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ENSAMXG00005017060*

si:ch211-103n10.5

mit2.2 cahz
zgc:163057* slcdala
ENSAMXG00005017061* wi:fj16a03
ENSAMXG00005022849* ENSAMXG00000036050*
tcf21 TCF21
ENSAMXG00005007716* cfd
ENSAMXG00005012482* c3a.1%
2gc:158846 ENSAMXG00000036137*
Epicardium
ENSAMXG00005022791* igfbpba
ENSAMXG00005009039* stmnla
ENSAMXG00005008245% wt1b
ENSAMXG00005022313* glis2a
wtlb slc29ala
si:dkey-57k2.6 CASP6
ENSAMXG00005003735* tagln
thbs1b angptl7
ENSAMXG00005011018* ENSAMXG00000031755*
TPM1 acta2*
Smooth Muscle
anxala si:dkey-57k2.6
ITIH3 rbp4
ENSAMXG00005005681* 50x9b
ENSAMXG00005018089* anxala (ENSAMXG00000035597)
thbsda thbs1b
ENSAMXG00005011614* ENSAMXG00000036068*
ENSAMXG00005002001* ccl35.1*
ENSAMXG00005021693* ENSAMXG00000037572*
ccl34a.3* cd74a
cxcrdb ENSAMXG00000004394*
Dendritic Cells/Macrophages
ENSAMXG00005014236* cxcl8a
cd74a cxcrdb
ENSAMXG00005001734* ENSAMXG00000042210*
ENSAMXG00005009773* si:dkey-5n18.1
clgb il1Tb (ENSAMXG00000035729)*

Table 3. 2: Table of the top 10 marker genes identified using FindMarkers for the major cardiac cell

types
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Gene symbols have been provided where possible; for genes where gene symbol annotation is not
available or multiple Ensembl IDs have the same gene symbol, Ensembl IDs have been provided.
Genes identified in both genome assemblies are highlighted in red.* denotes genes that are

assembly-specific.

6) Due to poor reference genome quality, both v1.0.2 and v2.0 assemblies partially capture the

available single cell AM transcriptomic information

To facilitate cell identity annotation, the expression patterns of well-established cardiac cell

type markers were explored. However, this exploration presented two major problems.

Firstly, many cardiac canonical cell-type markers were found to be only annotated in one
genome assembly, rendering their presence in the final dataset dependent on assembly alignment.
For instance, a-smooth muscle actin (acta2: a marker of pericytes, smooth muscle and
myofibroblasts?'’2%%) is only annotated in the v2.0 assembly whilst troponin C1 (tnncla: a
cardiomyocyte contractile protein??) is only annotated in the v1.0.2 assembly. This is problematic
as, due to the incomplete but divergent gene annotation of each assembly, both the v1.0.2 and v2.0
datasets only partially captured the full transcriptomic information available in the sequencing data

and, frustratingly, captured different parts of the transcriptome.

Secondly, different patterns of gene expression were found for genes annotated in both
genome assemblies. arhgap27, a gene previously linked to cardiac regeneration by the
Mommersteeg lab? was found to have different patterns of expression. In the v1.0.2 dataset,
arhgap27 was expressed in very few leukocyte cells. On the other hand, arhgap27 had higher
expression levels in the v2.0 dataset and was also found in endothelial cells and smooth muscle cells
(Figure 3.7). When the gene-level annotation of arhgap27 was assessed in IGV browser, a greater
number of arhgap27 reads were found to align to the v2.0 annotation than the v1.0.2 annotation,

likely explaining the observed differential patterns of expression. However, this finding is particularly
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troubling as without further validation of arhgap27 expression levels in leukocytes, endothelial cells
and smooth muscle cells, no evidence is available to determine whether the v1.0.2 or the v2.0

annotation of arhgap27 most accurately reflects ‘true’ arhgap27 expression in the AM.

v1.0.2 Assembly | | v2.0 Assembly
] 1.5
A «

N~

o

_E ~

© [

>

L 0

Figure 3. 7: arhgap27 is discordantly annotated in the Pachon Cavefish and Mexican Tetra genome

assemblies

FeaturePlot show the distribution of arhgap27* cells on the v1.0.2 and v2.0 datasets as highlighted in

red.

Therefore, the discordant gene annotations of the v1.0.2 and v2.0 assemblies produced two
distinct scRNAseq datasets that differed in terms of: the number of cells and genes captured, the top
cardiac cell type markers, the annotation of key canonical cardiac genes, and the expression pattern
of shared genes of interest. However, it was unknown whether the observed differences in

individual genes would impact the results of downstream functional pathway analysis.

7) A. mexicanus genome assembly alignment can distort the interpretation of scRNAseq data due to

the problems created by underlying genome assembly differences

To test whether functional pathway analysis of the v1.0.2 and v2.0 datasets would produce
the same results, v1.0.2 and v2.0 cells were tested for significant differences in the expression of the

MSigDB Hallmark signalling pathways using Gene Set Enrichment Analysis (GSEA).
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To select which cell-type to use for GSEA, the number of unique genes detected in each cell
type was compared. This revealed that endothelial cells showed the greatest difference in the
number of features detected between v1.0.2 and v2.0 cells, with v2.0 cells expressing a greater
number of genes per cell than their v1.0.2 counterparts (Fig. 3.8a&b). DGE analysis between v1.0.2
and v2.0 endothelial cells was performed using the logistic regression test which identified 2,512
genes that were upregulated in an assembly-specific manner (Fig. 3.8c). Remarkably, GSEA of the
2,512 differentially expressed genes showed that only v2.0 endothelial cells were enriched for genes
downregulated in response to UV radiation, showing that the v1.0.2 and v2.0 datasets can generate
different functional results, despite originating from the same sequenced reads (Fig. 3.8d).
Therefore, the results of the GSEA confirmed that genome assembly choice has a significant impact

on the interpretation of the AM scRNAseq data.

In conclusion, AM genome assembly alignment can produce scRNAseq datasets that differ in:

e Cell capture rates
e Gene capture rates
e Top cell type markers
e @Gene expression patterns

e Functional pathway enrichment

The incomplete annotation of the v1.0.2 and v2.0 genome assemblies also resulted in scRNAseq
datasets that only partially captured the transcriptomic picture of the AM heart. Therefore, optimal
analysis of the AM scRNAseq dataset requires novel solutions to overcome the problems caused by

discordant and incomplete underlying reference AM genomes.

99



D
-~

v1.0.2 Assembly b) v2.0 Assembly
2500+

2000

15001 .1,

1000+

500+

Number of Features Detected

Number of Features Detected

s =-===== | | Enriched in v102 Assembly

j Enriched in v2 Assembly

-log P

a1t L | log, FC

3.0 6.0
d) fGSEA Analysis Endothelial Cells
HALLMARK_INTERFERON_ALPHA_ RESPONSE |
HALLMARK_ROS_PATHWAY | )
HALLMARK_BILE_ACID_METABOLISM ] Enriched
HALLMARK_ANGIOGENESIS ———— pathyways
HALLMARK_KRAS_SIGNALING_DOWN - R
HALLMARK_SPERMATOGENESIS . ] B vio2
» HALLMARK_UV_RESPONSE_DOWN |
HALLMARK_ALLOGRAFT_REJECTION| NN

R S |
-0.5

-
o

0 05 10
Normalised Enrichment Score

Figure 3. 8: Genome alignment choice produces assembly-specific results due to discordant
genome annotations

Violin plots showing the distribution of the number of genes detected/cell in each major cardiac cell
type in the v1.0.2 assembly (A) and the v2.0 assembly (B). The red line is drawn at 2000 features/cell
to show how many v2.0 endothelial cells express a greater number of unique genes. (C) Volcano Plot
showing the results of DGE analysis of v.1.0.2 vs v2.0 endothelial cells. id1 is upregulated in the v2.0
endothelial cells and is annotated in the Hallmark pathway of genes downregulated in response to
UV radiation. (D) GSEA analysis showing the top hallmark terms per dataset, with the pathway that

reached the 0.25 false discovery rate (FDR) threshold highlighted by the black arrow, showing that
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genes annotated in the hallmark pathway as downregulated in response to UV radiation are

significantly enriched in v2.0 endothelial cells’.

8) A novel integration methodology and 3’ UTR extension algorithm can mitigate the problems created

by discordant genome assembly annotations

To overcome the major hurdles posed by the incomplete and discordant AM reference
genome assemblies, | devised two novel solutions that would improve the quality of the scRNAseq

dataset.

Firstly, the 3’UTR annotation of both v1.0.2 and v2.0 assemblies was improved to minimise
the problems caused by incomplete genome annotation. Lack of adequate 3’UTR annotation leads to
the loss of transcriptomic information during scRNAseq analysis as scRNAseq reads which don’t align
to 3’ UTR annotations are filtered out and removed from the final dataset by Cell Ranger. However,
both v1.0.2 and v2.0 genome assemblies are poorly annotated in their 3’UTRs, resulting in the
unnecessary filtration of meaningful transcripts. Therefore, to increase the annotation of the 3'UTR,
a terminal extension algorithm was applied to both assemblies. This created custom GTF annotation
files in which the 3’ UTRs were extended in regions where there was good sequencing evidence that
the annotation had been prematurely terminated (Fig. 3.9). As a result, thousands of gene-level
annotations were extended in both assemblies, resulting in a significant increase in the capacity to

detect the expression of thousands of genes within the scRNAseq data (5,077/25,489 for the v1.0.2

7 Figure adapted from Potts et al (2022): ‘Discordant Genome Assemblies Drastically Alter the Interpretation of
Single-Cell RNA Sequencing Data Which Can Be Mitigated by a Novel Integration Method’
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assembly; 8,721/27,420 for the v2.0 assembly).
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Figure 3. 9: Custom 3’ UTR extension maximises transcript capture for genes with incomplete

3’UTR annotation

IGV browser was used to compare aligned reads using the v2.0 gtf file available from Ensembl (v103)
with our the custom extended gtf file. This revealed that many reads captured by scRNAseq are
removed during genome assembly alignment due to poor 3’'UTR annotation whilst the custom
extension algorithm helps to mitigate this problem of unnecessary read exclusion (as highlighted by

the red box).

Secondly, both datasets were integrated using the SCTIntegration pipeline to produce an
overall integrated dataset (Fig. 3.10a). Cells that originated from either the v1.0.2 or the v2.0 dataset
were present and treated as unique within the integrated dataset, preventing the loss of assembly-
specific cells from analysis. Furthermore, the integrated dataset enabled the inclusion of 4,311
assembly-specific genes for v1.0.2, and 5,638 for v2.0 within the same dataset, ensuring that all
possible transcriptomic information was available for simultaneous interrogation. SCTIntegration

clustered similar cells together regardless of genome alignment and did not introduce any assembly-
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specific cell clusters (Fig. 3.10b), enabling all 241 genome-specific cells to be included (Fig. 3.10c).
The inclusion of assembly-specific cells increased the size of a wide range of cell type clusters such as
erythrocytes, endothelial cells, cardiomyocytes, leukocytes, smooth muscle and fibroblasts,

increasing the likelihood that rare cell types are not lost during Cell Ranger filtration.

Critically, the integrated dataset improved the quality of the scRNAseq data by enabling
accurate cell type identification as assembly-specific canonical markers, like acta2, could be used
simultaneously with cluster marker genes to annotate cell identities (Fig. 3.10d). Additionally, 525
v1.0.2 cells and 765 v2.0 cells changed their cell identity annotation in the integrated dataset.
Specifically, the integrated dataset allowed more accurate annotation of doublets (see Appendix 3.1
for transcriptional profile of doublets) as many of the cells that changed annotation during
integration were found in doublet clusters in the integrated dataset (25.5% for v1.0.2 cells and

68.5% for v2.0 cells, Fig. 3.10e).?

Thus, these novel solutions (i.e. 3" UTR extension and assembly integration) maximised the
amount of scRNAseq data available for exploration by ensuring that all possible cells, genes and

transcripts were included in the final dataset.

8 have previously published text from this paragraph in Potts et al (2022): ‘Discordant Genome Assemblies
Drastically Alter the Interpretation of Single-Cell RNA Sequencing Data Which Can Be Mitigated by a Novel
Integration Method’'74
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e) | v1.0.2 cells v2.0 cells

Figure 3. 10: Integrating the v1.0.2 and v2.0 datasets improves cell type identification and
maximises the number of cells included in the final dataset

(A) Annotated UMAP of the integrated dataset showing all the expected cell types of the heart. (B)
Cells coloured according to genome assembly on the UMAP shows that SCTIntegration produces a
UMAP in which cells from both assemblies cluster together. (C) 241 cells present in the integrated
dataset are genome assembly-specific. These cells fall within a range of cell type clusters such as
erythrocytes, endothelial cells, cardiomyocytes and fibroblasts and would be excluded if either the
v1.0.2 or the v2.0 assembly was used in isolation. (D) FeaturePlot split by genome assembly was used
to plot 2 separate UMAPs in which each UMAP contains cells from either the v2.0 dataset or the
v1.0.2 dataset, revealing the cluster expression of assembly-specific marker genes like acta2 and
tnncla in the integrated dataset. (E) 525 cells from the v1.0.2 dataset and 765 cells from the v2.0
dataset were annotated differently in the integrated dataset. Many of these cells were found to

cluster in doublet clusters and were re-annotated as doublets, as indicated by the black arrows.

9) Conclusions of optimisation of the application of scRNAseq to the A. mexicanus heart

Although integrating the v1.0.2 and v2.0 datasets increased the accuracy of AM cardiac cell
type annotation, it is not suitable for many types of downstream scRNAseq analysis. The results of
DGE analysis and functional pathway analysis would be completely distorted by the presence of
assembly-specific genes in the scRNAseq matrix, as well as by the double representation of genes
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present in both assemblies. Therefore, although assembly integration is essential during cell-type
identification, | concluded that further downstream analysis should be limited to one genome
assembly. Based on the finding that a greater percentage of reads mapped to the v2.0
transcriptome, the v2.0 assembly was chosen as the focus for this thesis. Therefore, for the overall,

large-scale scRNAseq dataset, the following schematic was applied to every sample (Fig. 3.11).

Samples should not undergo FACS Perform cell type annotation using a
treatment prior to chip loading » combination of canonical markers and
top expressed genes per cell cluster
Y .
Align sequenced reads for each
sample to v1.0.2 and v2.0 genome Embed cell annotations into the
assemblies metadata
Y Y
Integrate v1.0.2 and v2.0 alignments Use v2.0 filtered feature matrix with pre-
together per sample using the Seurat embedded cell identities for remaining
SCTIntegration pipeline scRNAseq analysis

Figure 3. 11: Schematic of the optimal AM scRNAseq analysis pipeline

3.2.2 scRNAseq of the AM response to cryoinjury

Following cell identity embedding within each scRNAseq sample using the above method,
Harmony was used to integrate all 12 samples together, creating a final, overall dataset of 85,516
cells (Fig. 3.12a, see Appendix 3.2 for integration optimisation). Overall dataset clusters were
annotated using a combination of cell-identity embedding, cluster markers and the expression of
canonical cell type-specific genes (Fig, 3.12b) to identify the range of expected cardiac cell types such
as myocardial, endocardial, epicardial cells, fibroblasts and blood circulating cells (see Appendix 3.3

for additional characterisation).
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Figure 3. 12: Overview of the scRNAseq A. mexicanus dataset
(A) UMAP of the integrated scRNAseq dataset, containing all SF and PF cells from each time point. (B)
DotPlot showing examples of the top marker genes used during cluster annotations of non-leukocyte

cells.

107



3.2.3 Characterisation of overall A. mexicanus leukocyte dynamics following injury

To specifically investigate the AM immune response, PF/SF leukocytes were identified in the
scRNAseq data using well-established pan-leukocyte markers such as ptprc®?, Icp1 and cxcr4b. 14
leukocyte clusters were found in the overall scRNAseq dataset (Fig 3.13a) and the proportion of
leukocytes that made up the PF and SF hearts at every time point was visualised (Fig.13.13b&c). To
identify whether the PF/SF immune responses showed significant differences in their leukocyte
proportions, differential proportion analysis (DPA)*2 was used to test for statistically significant
differences. Firstly, PF/SF leukocyte proportions were compared to their respective baseline levels
using DPA. This showed that PF leukocytes were significantly elevated immediately after injury at 1-
and 3dpci, but by 7- and 14dpci leukocyte proportions were no longer elevated (Fig. 3.13d, p<0.01).
In contrast, the SF showed significant elevation of leukocyte proportions following injury at all time
points (Fig. 3.13e, p<0.01), revealing that the PF and SF overall immune responses differed
significantly in their temporal kinetics. Leukocyte proportions were then compared at every time
point between PF and SF hearts to identify any differences in the PF/SF leukocyte responses. This
analysis found that PF and SF leukocyte proportions were significantly different at 7dpci, when the
PF immune response seemed to return to the uninjured state whereas SF leukocyte proportions
remained elevated (Fig. 3.13f, *p<0.01). At 14dpci, a similar pattern to 7dpci was observed, with the
SF showing elevated leukocyte proportions compared to the PF. However, this difference did not
reach the DPA significance threshold. Therefore, from the results of the DPA analysis it is possible to
conclude that the PF and SF immune responses to cardiac injury are significantly different, with the

SF immune response dominating at the later stages of cardiac healing.

To confirm that the immune response to necrotic cell death was greater than to sham
surgery, DPA was also used to compare injured immune cell proportions to the sham samples. This
found that for both SF and PF, sham surgery resulted in a significant increase of leukocyte
proportions compared to uninjured hearts (Fig. 3.13g & h). However, leukocyte proportions at 3dpci
in PF, and at 1- and 3dpci in SF, were significantly greater than the 3-day sham samples (Fig. 3.13g &
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h). Therefore, this analysis confirmed that necrotic cell death stimulates a substantial immune

response in both PF and SF that is greater than the immune response to sham surgery.
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Figure 3. 13: PF and SF show statistically different overall leukocyte dynamics following injury

(A) FeaturePlots of ptprc, Icp1 and cxcrd4b expression, identifying clusters 4, 6, 13, 15, 17, 21, 22, 27,
33, 35, 37, 40, 45 and 47 as leukocytes. (B) UMAP highlighting the number of leukocyte cells captured
at each time point from the PF and SF hearts. Cells in leukocyte clusters are highlighted in blue. (C)
Stacked histograms of major cardiac cell population proportions for PF and SF hearts at each time
point. (D) DPA analysis shows that PF leukocytes are significantly elevated compared to baseline
proportions at 1- and 3dpci. (E) DPA analysis shows that SF leukocyte proportions are significantly
elevated compared to uninjured levels at all time points following cryoinjury. (F) DPA analysis
comparing PF and SF leukocyte proportions at each time point shows that SF leukocytes are
significantly elevated at 7dpci. (G) DPA analysis comparing leukocyte proportions to sham shows that
sham leukocytes are significantly elevated compared to uninjured and 7dpci. However, PF leukocytes
recruited at 3dpci are significantly elevated compared to sham. (H) DPA analysis comparing SF
leukocyte proportions to sham shows that sham leukocytes are significantly elevated compared to
uninjured. However, SF leukocytes at 1dpci and 3dpci are significantly elevated compared to sham

(DPA *, p<0.01).

To confirm the observed leukocyte dynamics from the scRNAseq, cell counts were initially
performed using the L-plastin 1 (Lcp1) antibody to stain for all leukocytes in uninjured, 1- and 3dpci

hearts (Fig. 3.14a), and normalised to total ventricular area. Lcpl counts found that, at baseline and
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at 3dpci, PF and SF show no difference in the numbers of leukocytes (Fig. 3.14b), confirming the
scRNAseq data. However, at 1dpci, the PF showed a significantly greater influx of leukocytes than
the SF (Fig. 3.14b). Although this result was not observed in the scRNAseq data, as the scRNAseq
dataset represents n=1, this finding revealed the importance of cell count validations for all PF/SF

leukocyte dynamics.

As the number of leukocytes influxing into the heart is likely to depend on the size of injury,
with bigger injuries resulting in a greater influx of immune cells, counts of Lcpl+ cells present just in
the wound were also performed. Wound area is typically defined as lack of myocardial staining.
However, at 1dpci the MF20 signal (which stains myosin heavy chain in the myocardium) was not
detectably degraded and could not be used to define wound area. Therefore, DAPI staining was used
as a substitute to define wound area specifically at 1dpci as the blood clot which forms in response
to injury could be visualised using DAPI (in fish, blood clot-forming thrombocytes are nucleated).
Counts of Lcp1+ cells in the wound were normalised to fractional wound area (wound
area/ventricular area) to account for the larger size of the SF hearts and heart size variability within
PF/SF groups. Consistent with the previous total Lcpl counts, wound Lcp1 counts also showed that a
significantly greater number of leukocytes influx into PF wounds than into SF wounds at 1dpci (Fig.

3.14c).
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Figure 3. 14: The scarring PF have a greater influx of leukocytes into the wound immediately
following injury at 1dpci

(A) Leukocytes were visualised using Lcpl antibody at baseline, 1- and 3dpci in PF and SF. Sections
were counterstained with MF20 and DAPI. Scale bars represent 100uM. (B) Total Lcp1+ cells present
in the heart were counted and normalised to ventricular area, showing that PF leukocyte levels are
significantly higher than at SF at 1dpci (2-way ANOVA with Sidak’s multiple comparisons test,
*p<0.05, n=3). (C) Lcp1+ cells localised to the wound were counted and normalised to fractional
wound area (wound area/total ventricular area), showing that at 1dpci, PF leukocyte levels are
significantly elevated compared to SF (2-way ANOVA with Sidak’s multiple comparisons test,

*p<0.05, n=3).
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Unfortunately, antibodies that work well in fish are notoriously hard to find. Although Lcpl
has been used extensively in the zebrafish?222%, 3 large increase in the level of background staining
in the Lcpl channel was observed at 3dpci, making cell counts less reliable (Fig. 3.14a). Therefore, an
alternate methodology was sought to characterise AM leukocyte dynamics. RNAscope is a novel in
situ hybridisation technology that enables species-specific fluorescent mRNA probes to be designed
to target a gene of interest. To re-do overall leukocyte counts, PF and SF hearts were thus stained
with a RNAscope Icp1 probe (Fig. 3.15a) and the ventricular area positive for Icp1 staining was
measured. This showed that, at 1dpci, /cp1 staining significantly increased from baseline in the PF
whereas the SF showed no difference in Icp1 staining throughout the heart at any time point (Fig.
3.15b). When positive Icp1 staining was normalised to the wound area, the PF showed significantly
greater areas of Icp1 staining than SF at both 1- and 3dpci (Fig. 3.15c), suggesting that PF immune

response is much stronger than the SF immune response immediately after injury.
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Figure 3. 15: The scarring PF have a seemingly greater immune response at 1- and 3dpci than the
regenerative SF

(A) Leukocytes were visualised using Icp1 RNAscope probe and sections were counterstained with
MF20 and DAPI. Scale bars represent 100uM. (B) To assess Icp1 staining, images were thresholded
using ImagelJ and the area of the heart positive for Icp1 staining was measured and normalised to
ventricular size, showing that Icp1 staining increases in the PF at 1dpci from baseline levels (2-way
ANOVA with Sidak’s multiple comparisons test, *p<0.05, n=5-6). (C) Positive Icp1 staining in the
wound was measured and normalised to wound area, revealing that at both 1- and 3dpci, PF showed
a greater degree of Icp1 staining than SF (2-way ANOVA with Sidak’s multiple comparisons test,

**p<0.01, n=5-6).

Following the finding that PF/SF leukocytes showed significantly different temporal kinetics,
the spatial localisation of PF/SF leukocytes was next compared. At 1dpci, both PF and SF leukocytes
show strong localisation to the wound as leukocytes flood to the wound to surround the newly
formed blood clot (Fig. 3.16a). However, when the spatial distribution of PF/SF leukocytes within the
wound was explored further, a significantly different pattern in PF/SF leukocytes was observed: PF
leukocytes tightly surrounded the injured myocardium and were present on almost every surface of
damaged cardiac muscle whereas, in contrast, SF leukocytes spread diffusely throughout the wound
and did not show this tight coupling to damaged tissue (Fig. 3.16b). This disparity in wound
distribution was even more apparent at 3dpci when PF leukocytes were observed to completely
cover the wounded myocardium whereas SF leukocytes were restricted to the wound border (Fig.
3.16c). Interestingly, this striking difference in Icp1+ cell distribution at 3dpci coincided with a
significant difference in MF20 staining: at 3dpci the PF MF20 signal was almost absent within the
wound whereas, in SF, MF20 staining was still visible. This suggested that PF leukocytes could be
driving an accelerated rate of apoptosis and necrosis in injured PF cardiomyocytes whereas, as SF

leukocytes localised to the wound border, SF injured cardiomyocytes were spared from any
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damaging signals from their leukocytes. To test whether injured PF/SF myocardium showed
significantly different rates of cell death at 3dpci, the percentage of the wound area that was
positive for MF20 staining at 3dpci was quantified. This showed that SF wounds displayed a
significantly greater percentage area that was positive for MF20 staining in comparison to PF
wounds, suggesting that injured PF myocardium has a substantially accelerated rate of cell death at

3dpci (Fig. 3.16d).
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Figure 3. 16: PF and SF leukocytes show distinctly different spatial distribution throughout the
wounded ventricle at both 1- and 3dpci

Leukocytes were visualised using the Icp1 probe and sections were counterstained with MF20 and
DAPI at 1dpci (A), with itgam at 1dpci (B) and with MF20 and DAPI at 3dpci (C). Scale bars represent
100uM. Plot (D) shows quantification of the percentage of PF/SF wounds positive for MF20 staining.

(Student’s t-test, **p<0.001, n=3).

Despite RNAscope offering excellent signal-to-noise, Icp1 staining in 3dpci PF hearts no
longer resembled the circular leukocytes that had been observed at 1dpci and instead displayed an
almost homogenous area of positive /cp1 staining that overlapped with the dead/dying regions of
the PF myocardium (Fig. 3.16c). Due to the high density of Icp1 staining in the PF wound, it was
difficult to distinguish whether the dead/dying cardiomyocytes were upregulating Icp1 or whether
the Icp1+ signal was due to a high density of PF leukocytes covering the dying tissue. Therefore,
PF/SF hearts were stained at 3dpci with MF20 to mark the dead/dying myocardium and a RNAscope
probe for itgam to act as an alternative leukocyte marker, to distinguish more clearly whether
dead/dying PF cardiomyocytes were expressing Icp1. Remarkably, itgam showed the same pattern
of expression as Icp1 in 3dpci PF (Fig. 3.6a), whilst this staining pattern was absent in SF and in
sections stained with negative control probe mix, suggesting that the observed upregulation of
immune cell markers within wounded PF myocardium is not due to autofluorescence from
dead/dying cells (Fig. 3.17b). Sections were then co-stained with both the Icp1 probe and antibody
to further confirm this unique pattern, revealing almost identical co-staining that perfectly mapped
the dead/dying PF myocardium. This finding suggested that in fact injured PF myocardial cells do
upregulate Icp1 at both the mRNA and protein level at 3dpci (Fig. 3.17c). Furthermore, the scRNAseq
data revealed that PF dead/dying cardiomyocytes contain detectable levels of Icp1 transcripts at
3dpci which were completely absent in SF dead/dying cardiomyocytes (Fig. 3.17d). Although the

upregulation of immune cell markers in dying myocardium certainly warrants further investigation,
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as this was outside the scope of this thesis, it was not followed up further. Instead, it was concluded

that /cp1 was not a suitable marker for characterisation of the AM immune response to injury.
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Figure 3. 17: Dead/dying PF cardiomyocytes show expression of leukocyte markers at 3dpci
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(A) 3dpci hearts were stained with MF20, Icp1 and itgam, revealing that PF dead/dying myocardium
upregulates Icp1 and itgam. (B) RNAscope probe staining with negative control probe mix reveals no
positive staining in the dead/dying PF myocardium. (C) 3dpci hearts were co-stained with Icp1
RNAscope probe and Icp1 antibody, revealing that both Icp1 mRNA and protein are found
overlapping with dead/dying PF myocardium at 3dpci. Scale bars represent 100uM. (D) scRNAseq

data shows that some dead/dying PF cardiomyocytes express Icp1 at 3dpci, albeit at very low levels.

To conclusively characterise the AM leukocyte response, ptprc (also known as CD45) was
chosen as a new pan-leukocyte marker as it is not expressed in dead/dying PF myocardium
(Appendix 3.4). Injured hearts were stained using a RNAscope ptprc probe and immune cells present
in the wound were counted and normalised to fractional wound area (Fig. 3.18a). ptprc staining
showed that in the immediate and early stages after injury, PF leukocytes influx into the heart in
significantly greater numbers than in the SF at 3dpci (Fig. 3.18b). However, at the late stages of
wound healing, the regenerative SF immune response dominates and the SF showed significantly
elevated leukocyte levels compared to PF at 14dpci (Fig. 3.18b). These ptprc+ cell counts confirmed
the previous and independent Icp1 findings that the SF and PF immune responses show strikingly
different temporal dynamics and that, specifically, the initial PF immune response is stronger than

the SF.

Following the finding that the SF immune response is significantly elevated at 14dpci, the
next logical step was to extend the characterisation of AM leukocyte dynamics to 30dpci to
determine whether the SF leukocyte response remains dominant throughout the late stages of
wound healing (Fig. 3.18c). Unfortunately, | was unable to assess whether SF leukocyte levels remain
significantly elevated at 30dpci due to a low sample number (n=2). However, these preliminary
counts suggest that the SF immune response may be active throughout wound healing whereas, in

comparison, PF levels remain significantly decreased from 3dpci onwards (Fig. 3.18b).

122



Overall, leukocyte temporal dynamics using ptprc cell counts and scRNAseq DPA results
showed a high degree of similarity, especially for the PF. Both methodologies have independently
shown that the PF show a strong initial immune response immediately after injury, but that this
response subsides from 3dpci and returns towards baseline levels. In contrast, the SFimmune
response seems to be significantly elevated during the late stages of wound healing, especially at

14dpci (Fig. 3.18d).

From this data, it is therefore possible to conclude that the kinetics of leukocyte recruitment
significantly differ in the regenerative and scarring responses to cardiac cell death. However, as ptprc
is a pan-leukocyte marker, these results do not show whether the PF/SF also show differences in the
composition of recruited leukocytes. Thus, the next question was to determine which leukocyte
subpopulations are responsible for the initial PF immune response and the late-stage SF immune

response.
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Figure 3. 18: Ptprc counts show that the AM immune response significantly differs at 3dpci and
14dpci with the PF response dominating in the early-stages of wound healing, whilst the SF

response takes over at the late stages of wound-healing
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(A) Sections were stained with the ptprc RNAscope probe and counter-stained with MF20 and DAPI at
1-, 3-, 7-, 14- and (C) 30dpci. Scale bars represent 100uM. (B) ptprc+ cell counts were normalised to
fractional wound area (2-way ANOVAs with Sidak’s multiple comparisons tests were used to compare
PF and SF ptprc+ cells at each time point, and to compare all SF leukocyte levels and all PF leukocyte
levels to baseline, *p<0.05, **p<0.01, ***p<0,0001, n=3 for all time points except for 30dpci where
n=2). (D) Line graphs of leukocyte proportions in the scRNAseq data (left panel) and mean values of
ptprc+ cell counts (right panel) show that the results from the scRNAseq and cell counts are very

similar.

3.2.4 |dentification of the A. mexicanus leukocytes present in the heart at baseline and
following injury

To identify the leukocyte subpopulations that constituted the respective PF and SF immune
responses, leukocyte clusters were subset from the overall scRNAseq dataset and re-analysed (Fig.
3.19a). The ROC test was used to find cell-type specific markers for each cluster (see Appendix 3.5)
and, in combination with AM leukocyte markers previously identified®, the major leukocyte
subpopulations present in the heart were annotated (Fig. 3.19b, see Appendix 3.6 for remaining
leukocyte sub-cluster markers). Once all leukocyte subpopulations had been identified, AM immune

cells were then systematically compared to screen for differences in AM immune cells without bias.
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Figure 3. 19: Characterisation of A. mexicanus leukocyte subpopulations

126



(A) Labelled UMAP of leukocyte scRNAseq dataset showing that the AM immune response consists of
a range of leukocytes. (B) FeaturePlots of top cell markers for neutrophils, monocytes/macrophages,

B cells and T cells.

Firstly, the leukocyte scRNAseq data was split into PF and SF cells to assess whether there
were any PF/SF-specific leukocyte clusters. This showed that all identified leukocyte-subpopulations
were present in both morphotypes (Fig. 3.20a). Next, the scRNAseq data was split across time, to
assess whether any leukocyte clusters were present in the PF/SF at different timepoints after injury.
This revealed that vwa11+ thrombopoietic cells showed different dynamics between the SF and PF:
thrombopoietic cells were consistently present in the SF, both at baseline and following injury
whereas they only appeared in PF ventricles following injury (at 1-, 3- and 7dpci, Fig. 3.20b). From
this finding, the temporal dynamics of all PF/SF leukocyte populations were then explored to
determine whether any PF/SF leukocyte subpopulation showed significant differences in their

kinetics.

127



B) Pachoén Surface

b)
c
o)
= |
[&]
©
&,
. \ \ \ \ \
v ] v v < v
! sl R 4
Q : - « AT “he
8] H ot 1 ..G-w.'ﬁ'&.‘
(0] \ $igem . N A WS : \ f"‘y
£ i 3 W ow o %L"
al: b A ol Fon gk Fo.
: .‘l‘._‘ Il & % t‘ ; LEI i" : sy
Y 9 v
.'--“' ﬁ G 4 o é
“.’ -;ﬁ‘ ‘ .‘ % ¢ e
% ! g { ;hf %’k
Uninjured Sham 7dpci 14dpci

Figure 3. 20: An unbiased screening of the leukocyte scRNAseq data for PF/SF differences identified

different temporal dynamics for thrombopoietic cells

(A) Leukocyte scRNAseq data UMAP split into PF/SF cells shows that there are no population-specific
leukocyte populations. (B) Leukocyte scRNAseq data UMAP split across time and PF/SF population

shows that thrombopoietic cells display different dynamics in the PF/SF (cells highlighted by the red

arrows).
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DPA was used to assess PF/SF leukocytes for significantly different temporal dynamics
(Figure 3.21, see Appendix 3.6 for non-immune cell DPA analysis). The DPA results showed that,
despite the observation that thrombopoietic cells represent a SF-only leukocyte population at
baseline and at 14dpci, only neutrophils, B cells and monocytes/macrophages were significantly
different in their PF/SF proportions following cryoinjury. For neutrophils, it was observed that at
3dpci, PF had a significantly elevated neutrophil proportion, whereas SF neutrophils had returned
towards baseline proportions (p<0.01). For B cells, similar, low proportions were observed for both
PF and SF at all time points until 14dpci when, strikingly, SF B cell proportions showed a large
increase (up to almost 10% of the entire heart, p<0.001). Finally, PF and SF showed similar
monocyte/macrophage proportions at all time points but SF macrophage proportions were

consistently greater than the PF, with this difference reaching significance at 7dpci (p<0.01).

Therefore, the DPA identified that neutrophils, monocytes/macrophages and B cells show
significant differences in their temporal dynamics and should be the focus of further investigations in
the next chapter. It seems that neutrophils might be responsible for the dominant PF immune
response that occurs during the early phases of cardiac healing, whilst monocytes/macrophages and

B cells may be responsible for the dominant late-stage SF immune response.
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Figure 3. 21: DPA analysis of scRNAseq immune populations
DPA analysis shows that PF and SF have significantly different neutrophil, macrophage and B cell

responses to cryoinjury (* p<0.01; ** p<0.001).

3.3 Discussion

3.3.1 scRNAseq of the entire AM heart

Despite the prevalence of scRNAseq technologies, almost no comparative single cell studies
have been attempted between cardiac regenerative and non-regenerative models, whilst the only
study to take this approach completely fails to characterise the response of cardiomyocytes!*. This
study has generated a comprehensive transcriptomic database that characterises, for the first time,
the regenerative and scarring responses of the entire AM heart within the first 14 days after
cryoinjury-induced necrosis. Although not directly relevant to the aims of this thesis, the production

of the AM scRNAseq dataset generated findings that warrant discussion.

1) Teleost cardiomyocytes can be successfully captured within 10X GEMs

So far, the capture of cardiomyocytes within large-scale scRNAseq characterisation studies
has been limited as cardiomyocytes are too large for droplet-based scRNAseq approaches. Instead,
researchers wishing to study the cardiomyocyte transcriptome have had to opt for alternative
scRNAseq methodologies which are either: 1) limited in the number of cells that they can capture,

71226 or 2) limited in their ability to

such as SORT-seq which sorts cells via FACS into 384-well plates
capture cytoplasmic transcripts, such as single nucleus RNAseq (snRNAseq)?** which only captures
transcripts present in the nucleus (nuclear transcripts are representative of ~20-50% of a cell’s
transcriptome??’). Here, trials using 10X Chromium have shown that viable teleost cardiomyocytes
can be captured by GEMs, generating a scRNAseq dataset that captures the cytoplasmic

transcriptome of thousands of cardiomyocytes. Although zebrafish cardiomyocytes have recently

been captured in a 10X dataset deposited on biorxiv?%, the scRNAseq dataset presented here
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uniquely contains both proliferative and non-proliferative cardiomyocytes from the SF and PF.
Currently, no other scRNAseq datasets enable regenerative and non-regenerative cardiomyocytes to
be compared at the single cell level. Therefore, this dataset will enable, for the first time, the
complex intracellular signalling pathways that govern cardiomyocyte proliferation within the
regenerative and scarring setting to be explored. Furthermore, this AM scRNAseq dataset has
captured the range of AM cardiac cells, enabling cardiomyocyte-non-myocyte cell-cell interactions to
be explored which may be governing cardiomyocyte proliferative potential (eg cardiomyocytes-
epicardial cells). Therefore, this dataset will act as a useful tool for future studies aiming to unpick

the complex network of signals regulating cardiomyocyte proliferation.

2) A novel integration strategy can mitigate the problems posed by multiple, incomplete reference
genomes

As the AM is a novel non-model organism, its reference genome is far from complete and
new genome assemblies are being published every year with no consensus within the AM field as to
which genome assembly is best suited to sequencing experiments. To address this, | have explored
whether the v1.0.2 or the v2.0 assembly was better suited to scRNAseq analysis. Strikingly, this work
has found, for the first time, that different results can be produced from the same set of sequenced
reads depending on genome assembly alignment. Specifically, it was found that genome assembly
alignment can produce differences in cell and gene capture rates, gene expression patterns, cell
identities and functional pathway analysis. Although, well established model organisms like the
zebrafish and neonatal mouse are unlikely to face the problem of multiple, discordant genome
assemblies, the reference genome of alternative regenerative models like the axolot|?? is far from
complete whilst scRNAseq is being increasingly applied to non-model organisms, resulting in the
publication of scRNAseq datasets with no awareness of the impact that genome assembly alignment
can have on functional results and scRNAseq interpretation. Therefore, these findings are relevant
not only to the field of cardiac regeneration but to the wider scRNAseq community. Additionally, a
novel integration and 3’ UTR extension methodology was developed in this chapter that will be a
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useful tool for other non-model organism researchers faced with the vexing problem of multiple,
discordant genome assemblies. Indeed, this novel methodology has recently been published and will
enable researchers to maximise the transcriptomic information available in non-model organism
scRNAseq datasets whilst they await the publication of high-quality genome builds for their non-

model organism of choice!”*,

3) Limitations of the AM scRNAseq dataset

Although the AM scRNAseq dataset is the first of its kind, the necessary omission of FACS
has resulted in a final dataset with atypical capture rates of dead/dying cells, erythrocytes and
doublets (5,130 cells/85,516 cells, see Appendix 3.3). Dead/dying cells and erythrocytes are easy to
identify and thus present little challenge during scRNAseq analysis as, once identified, they can be
filtered out and removed from the final dataset. Doublets, on the other hand, present a specific
challenge as they have the potential to mask rare cells undergoing transdifferentiation that similarly
express gene expression profiles of two or more cells. Indeed, transdifferentiating cells have already
been shown to play key roles in cardiac regeneration as cells which undergo epithelial-to-
mesenchymal transition (EMT) contribute to revascularisation of the injured heart?*°. To avoid
overlooking potentially important cells, therefore the high levels of doublets cannot be removed
from the scRNAseq dataset and any transdifferentiating cells identified in this scRNAseq data must
be treated with caution. Additionally, the custom 3’ UTR extension methodology employed here may
have led to the inclusion of transcripts in the scRNAseq data that should have been removed,
potentially resulting in false positive results as genes may show incorrect expression levels and
patterns of expression in our scRNAseq dataset. To prevent the follow up of any potentially false
leads, the reads of all genes of interest highlighted in this thesis have therefore been checked for
custom extension in IGV. As none of the genes of interest in this thesis have been custom extended,
no validation experiments were pursued. However, future studies which focus on genes that have

been custom extended in the 3’ end, will require additional validation of gene expression by qPCR or
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in situ hybridisation. This will remain the case for all future studies using this AM scRNAseq dataset

until a complete and well annotated AM genome build is available.

3.3.2 The AM Immune Response

Using scRNAseq, in situ hybridisation and immunofluorescent staining, this chapter has
identified significant differences in both the extent and the spatiotemporal dynamics of PF/SF
leukocytes, revealing that the PF immune response dominates immediately after injury (1- and
3dpci), whereas the SF immune response takes over during the late stages of wound healing (7- and

14dpci).

1) The initial immune response to injury is significantly stronger in the scarring setting than in the
regenerative setting

PF leukocytes have been found to be significantly elevated at 1- and 3dpci in response to
cardiac necrotic cell death using Lcpl and ptprc+ cell count data. The finding that PF leukocytes are
significantly elevated above SF leukocytes suggests that the injured PF heart faces a burden of
excessive leukocyte accumulation. This accumulation of leukocytes immediately after injury could be
actively prohibiting successful regeneration in the PF. Indeed, excessive leukocyte accumulation has
already been shown to drive regenerative failure in the zebrafish following cardiac injury!®” whilst
increased leukocyte recruitment post-MI exacerbates ischaemia-reperfusion injury in the adult
mouse and leads to increased infarct sizes. Furthermore, the timing of elevated PF leukocyte levels
at 3dpci coincided with an accelerated rate of myocardial death in the PF, suggesting that the PF
immune response could be stimulating apoptosis and necrosis of surviving cardiac tissue. Leukocyte
levels have already been shown to positively correlate with infarct size in post-MI patients?31232
whilst evidence from the zebrafish has shown that increased leukocyte levels exert direct control on
apoptosis within wounded myocardium%’. Therefore, it seems likely that elevated leukocytes are

responsible for the observed accelerated rate of cell death in the PF heart. Although the leukocyte

subpopulations responsible for elevated PF leukocytes at 3dpci have not been confirmed in this
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chapter, the scRNAseq data suggests that PF neutrophils are elevated at 3dpci. Elevated neutrophils
could result in an increased secretion of ROS, inflammatory cytokines and proteases which are all
damaging to cardiomyocytes and induce myocardial apoptosis. Therefore, future characterisation
and proteomic studies should determine whether PF wounds show elevated levels of pro-apoptotic

factors which could be driving myocardial death.

2) PF and SF leukocyte dynamics significantly diverge at the late stages of cardiac healing

In contrast to the early immune response, which was dominated by the PF, the late-stages of
leukocyte recruitment were dominated by the SF response, with SF ptprc+ cells reaching significant
levels of elevation at 14dpci. This finding was particularly unexpected as previous characterisations
of the immune response in the regenerative zebrafish and neonatal mouse have reported that by
14dpci, the immune response is resolved!®*144233 Fyrthermore, continual leukocyte recruitment
during the late stages of cardiac healing is typically associated with regenerative failure (i.e. the adult
mouse)?** whilst, clinically, elevated leukocyte levels post-MI are associated with increased fibrosis,
adverse ventricular remodelling, and pathological HF development®>-238, Therefore, evidence from
the literature suggests that a prolonged immune response after injury in the SF would be
detrimental to cardiac healing and would prevent regeneration. Thus, the data presented here is the
first evidence to suggest that a late-stage immune response is not necessarily damaging to the heart.
In future studies, it will be essential to confirm that the SF immune response dominates during the
late stages of cardiac healing and further explore whether SF leukocytes remain elevated at 30dpci

in comparison to the PF (as suggested by the preliminary ptprc counts reported here).

3) The PF immune response is resolved by 7dpci

In contrast to the SF, both the single cell and the ptprc data show that at 7- and 14dpci, PF
leukocyte recruitment significantly decreases. This finding is remarkable because, as discussed,
fibrosis and scarring are typically associated with chronic inflammation and the continual

recruitment of leukocytes which are seemingly absent in the PF. However, an absence of leukocytes
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in the PF during the late stages of cardiac healing could, in fact, be contributing to the regenerative
failure of the PF. Specifically, the lack of leukocyte recruitment at 7dpci could mean that the PF
ventricle is deficient in key pro-regenerative and anti-inflammatory leukocytes that are mainly
recruited in the late stages of cardiac repair. Anti-inflammatory macrophages and Tregs are both
essential to regeneration and their absence causes regeneration to fail in the zebrafish and the
neonatal mouse. However, these cells do not reach peak levels of recruitment to the injured heart
until 7dpi. Furthermore, macrophages and Tregs have both been shown to stimulate cardiomyocytes
proliferation by secreting cardiac mitogens'3*143, As the absence of PF leukocytes at 7- and 14dpci
critically coincides with when PF cardiomyocytes fail to divide?®, this raises the tantalising possibility
that lack of PF leukocyte recruitment could directly result in impaired PF cardiomyocyte proliferation
due to the absence of key paracrine mitogenic signals released from anti-inflammatory macrophages
and Tregs. Therefore, it will be imperative to test in the following chapters what leukocytes are
present in the PF and SF at the late stages of wound healing and thus determine whether PF show a

dampened recruitment of anti-inflammatory leukocytes at 7- and 14dpci.

4) Baseline AM leukocytes are very similar

Finally, from the scRNAseq data and Lcp1 antibody counts, it is possible to conclude that the
PF and SF have very similar tissue-resident leukocytes prior to injury, both in terms of their leukocyte
composition and in the number of cells present. This finding is contrary to the significant differences
that have been observed in other regenerative and scarring models: the uninjured neonatal mouse
heart is mainly populated by tissue-resident CCR2+ macrophages that are critical for regenerative
success whilst these cells are absent from the uninjured adult mouse heart®. Although it is currently
unknown whether the zebrafish and medaka show significant differences in their baseline
leukocytes, tissue-resident macrophages have also been identified as essential for regenerative
success in the zebrafish'%®, Therefore, this finding from the AM challenges the view that regenerative
success relies on unique and pro-regenerative tissue-resident leukocytes. Indeed, the finding that
there were almost no differences in uninjured AM leukocytes suggests that any significant
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differences in the AM immune system driving PF/SF differential regenerative capacity occur solely
within injury-responsive and recruited leukocytes. Therefore, future studies should focus on the
early PF immune response and the late-stage SF immune response rather than analysing differences

in PF/SF leukocytes at baseline.

5) Future Work

So far, only the spatiotemporal dynamics of all PF/SF leukocytes have been investigated.
However, to truly characterise the PF/SF immune responses to cardiac damage, it is imperative that
the dynamics of different leukocyte subpopulations are explored. Critically, the results of the DPA
have highlighted significant differences in the proportions of neutrophils, monocytes/macrophages
and B cells, suggesting that these cell types represent the most likely targets to be driving significant
differences in the AM immune response. Therefore, these three cell types will be the focus of the

next chapter.
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Chapter IV

Pachon and Surface fish show significant spatiotemporal differences
in their neutrophil and B cell dynamics

4.1 Background

4.1.1 The neutrophil response to Ml

Neutrophils are the first line-responders of the innate immune system and are rapidly
recruited to the heart after Ml (within minutes to hours). Upon arrival in the infarcted heart,
neutrophils act to clear the wound of tissue debris: they release the contents of their proteolytic
granules, secrete ROS and inflammatory cytokines, and phagocytose dead/dying cells. Once the
wound has been cleared of DAMPs and tissue debris, neutrophils are no longer recruited to the

injured heart and neutrophil levels return to baseline by 7dpi.

4.1.2 Neutrophils are both detrimental and beneficial to mammalian cardiac repair

Neutrophils are highly inflammatory cells and, clinically, high levels of neutrophils are
associated with increased infarct sizes, HF development and death in post-MI patients?3%-241,
Neutrophils release ROS, degradative enzymes and inflammatory cytokines that can exacerbate
myocardial injury post-MI?*2, Indeed, ROS directly induce cell death in surrounding

cardiomyocytes?®, leading to increased infarct sizes, whilst secreted enzymes like myeloperoxidases

increase acute inflammation and enhance local vascular and tissue injury!%,

However, neutrophil depletion in animal models has led to conflicting results and, clinically,
neutrophil depletion has not resulted in therapeutic benefit?**2%¢ In the past decade, it has been
discovered that neutrophils are not exclusively detrimental to cardiac repair and can also play
beneficial, anti-inflammatory roles. During the phagocytosis of tissue debris, neutrophils attenuate

inflammation by scavenging inflammatory cytokines, chemokines and DAMPs. Additionally,
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neutrophils can secrete pro-resolving factors such as neutrophil gelatinase-associated lipocalin
(NGAL), which result in the increased expression of anti-inflammatory cytokines in recruited
macrophages?*®. Furthermore, neutrophils polarise macrophages towards an anti-inflammatory
phenotype by forming apoptotic bodies and stimulating their own engulfment in efferocytosis?*’,

resulting in the increased secretion of anti-inflammatory cytokines from macrophages such as

VEGF*®, TGFB1%* and IL-10%>.

The pro- and anti-inflammatory roles of neutrophils post-MI have so far been attributed to
neutrophil heterogeneity, with distinct neutrophil subsets performing distinct roles post-Ml.

Although, the study of neutrophil heterogeneity post-Ml is still in its infancy, so far neutrophils have

246 249

been shown to display distinct inflammatory?*®, proteomic?* and transcriptomic®*%2>! profiles that
change over the course of cardiac repair. Immediately after injury (1-3dpi), neutrophils are
inflammatory as they clear the wound of tissue debris, and they break down the ECM. However,
during the later stages after injury, (3-7dpi), anti-inflammatory neutrophils begin to emerge which

facilitate scar formation, ECM remodelling and the resolution of inflammation.

4.1.3 The role of neutrophils in cardiac regeneration

Currently, it is unclear whether a neutrophil response is essential to successful regeneration
as the zebrafish and neonatal mouse show very different neutrophil dynamics (Fig. 4.1). In the
zebrafish, neutrophils are briefly recruited to the injured heart during the first 48 hours after injury,
before the neutrophil response is resolved. In the neonatal mouse, on the other hand, neutrophils

do not seem to be recruited in substantial numbers following LAD ligation3”/1%3

, suggesting that
neutrophils are not required for successful mammalian heart regeneration. However, as the

neutrophil response has not yet been comprehensively characterised in the neonatal mouse, | shall

instead focus on what has been learnt from the zebrafish neutrophil response.
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Days post injury

Figure 4. 1: Schematic of temporal neutrophil dynamics in the regenerating zebrafish and neonatal
mouse heart post-injury
Zebrafish dynamics based on data from Lai et al (2017) and Bevan et al (2020). P1 data based on

Lavine et al (2014) and Aurora et al (2014).

Zebrafish neutrophil dynamics suggest that the timely resolution of the neutrophil response
is essential to regenerative success. Indeed, in comparison to the zebrafish, the scarring medaka
show a neutrophil response that is slow to resolve whilst accelerating the resolution of the medaka
neutrophil response significantly improves their cardiac regenerative capacity'®. On the other hand,
pharmacologically prolonging neutrophil retention in the zebrafish heart results in regenerative
failure, regardless of the mechanism used!®2°2, Therefore, it seems that a prolonged neutrophil
response is prohibitive to regeneration whilst successful regeneration requires the quick resolution

of neutrophils.

4.1.4 The monocyte/macrophage response to Ml

Similarly to neutrophils, monocytes/macrophages can be both beneficial and detrimental to
cardiac repair due to the presence of distinct pro- and anti-inflammatory monocyte/macrophage
subsets which populate the heart at different time points after injury. Immediately after injury, pro-

inflammatory monocytes are recruited to the wound where, upon tissue extravasation, they
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differentiate into pro-inflammatory macrophages, reaching peak levels at 3dpi. These cells are then
followed by a wave of anti-inflammatory monocytes/macrophages from 5dpi that reach peak levels
at 7dpi (Fig. 4.2). Anti-inflammatory macrophages arise via two mechanisms: from the recruitment
and differentiation of anti-inflammatory monocytes; and from the repolarisation of pro-
inflammatory macrophages into an anti-inflammatory phenotype!. Crucially, these two distinct

phases of the monocyte/macrophage response coordinate different aspects of cardiac repair.

A

Pro-Inflammatory ¢
Anti-inflammatory ¢

x

=

=
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, : ; ; >
1dpi 3dpi 5dpi  7dpi 14dpi

Days post injury

Figure 4. 2: Schematic of the temporal dynamics of the monocyte/macrophage response to cardiac
injury

Although this diagram is useful to talk about the distinct pro-inflammatory and anti-inflammatory
phases of the monocyte/macrophage response, it is also important to note that is a very simplistic

overview and monocyte/macrophage dynamics following cardiac injury are likely much more

complex.

Pro-inflammatory macrophages

Pro-inflammatory macrophages (or “M1”) are professional phagocytes that coordinate
clearance of the wounded tissue. They secrete proteolytic enzymes to degrade the ECM,

inflammatory cytokines to recruit additional leukocytes, and phagocytose tissue debris and
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dead/dying cells. Due to their inflammatory nature, pro-inflammatory macrophages can be
detrimental to cardiac repair and excessive levels of inflammatory monocytes lead to adverse
ventricular remodelling?>3. However, when pro-inflammatory macrophages are ablated, cardiac

repair is impaired due to the incomplete clearance of necrotic cells and tissue debris?>.

Anti-inflammatory macrophages

Anti-inflammatory macrophages (or “M2”) are pro-reparative and are responsible for
repopulating the wounded tissue after injury. They secrete a variety of anti-inflammatory cytokines
and growth factors that stimulate endothelial cells, smooth muscle cells and fibroblasts to
proliferate and form new blood vessels and deposit collagen. Recently, it has been shown that 7dpi

macrophages can also directly contribute to scar formation by secreting collagen proteins®3®,

Historically, it was thought that two distinct waves of pro-inflammatory and anti-
inflammatory macrophages arose due to the serial recruitment of two distinct monocyte subsets
(Ly6CMeMand Ly6C°" monocytes)?>*. However, in recent years it has become apparent that following
injury, the heart is populated by a diverse range of macrophage populations that differ in their
inflammatory state and transcriptional profile®>. As these divergent macrophage subsets continue
to be discovered, it is now clear that the pro-inflammatory and anti-inflammatory phases of the
macrophage response are in fact made up of a range of heterogeneous macrophages which are

responsible for distinct aspects of cardiac repair.

4.1.5 Monocytes/macrophages in cardiac regeneration

103 3nd axolotl*®* have well-

Macrophage ablation studies in the zebrafish!®®, neonatal mouse
established that macrophages are essential for successful regeneration. Indeed, the importance of
macrophages for regenerative success can also been seen in other regenerative organs like the

limb®® and caudal fin?>®

which fail to regenerate in the absence of macrophages. The loss of
macrophages from the regenerating heart results in regenerative failure due to the disruption of

many key regenerative processes. Indeed, macrophage ablation has been reported to lead to:
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impaired angiogenesis, decreased cardiomyocyte proliferation, impaired scar resolution, incomplete

debris removal, adverse ECM remodelling, and delayed neutrophil clearance0%104109,

Although the divergent macrophage populations which might mediate these different
aspects of cardiac regeneration are only beginning to emerge, studies in the zebrafish and neonatal
mouse have so far identified that a population of tissue-resident macrophages are essential for
regenerative success. In the neonatal mouse, tissue resident macrophages selectively expand
following LAD ligation and drive regeneration by stimulating cardiomyocyte proliferation and
angiogenesis®. Similarly, depletion of macrophages from the zebrafish heart prior to injury results in

impaired cardiomyocyte proliferation, scar resolution and angiogenesis'®,

Furthermore, successful regeneration is also associated with significantly elevated levels of
macrophages in the heart after injury. Both the zebrafish and the P1 mouse show greater
macrophage levels at 7dpi in comparison to the medaka and the adult mouse respectively%31%

suggesting that successful regeneration requires a substantial macrophage response during the late

stages of cardiac healing.

4.1.6 The role of B cells in cardiac regeneration

To date, the role of B cells in regulating successful regeneration vs fibrotic scarring has been
largely unexplored. B cells are an important part of the adaptive immune response and are
responsible for humoral immunity; they act to produce antibodies, present antigens and secrete
regulatory cytokines. Traditionally, humoral immunity has been associated with cardiac fibrosis as B

27 and heart failure?® by producing

cells have been shown to drive the progression of atherosclerosis
autoreactive cardiac antibodies that promote hypertrophy, chronic inflammation and maladaptive

tissue remodelling.

However, recent research has reported conflicting results following M| which suggest that B
cells can both ameliorate and exacerbate myocardial injury. Depletion studies have shown that, in

the absence of B cells, cardiac function improves post-MI with decreased fibrosis, collagen content
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and impaired monocyte mobilisation to the heart, accelerating inflammation resolution?>%2¢, |n
contrast, B cell injection studies have reported that B cells improve cardiac function post-Ml and

261,262

decrease scar size and fibrosis whilst B cell-specific IL-10 knock-out exacerbates myocardial

injury?3,

Thus, it is unclear as to what role B cells might play in cardiac regeneration. B cells have not
yet been reported to play a role in successful regeneration in either the zebrafish or the neonatal
mouse. Indeed, the presence of B cells within the P1 regenerating heart has been completely
unreported whilst the zebrafish immune response to injury does contain a B cell-like population?*

which reaches peak levels at 7dpi®*.

4.1.7 Neutrophils, Monocytes/Macrophages and B cells in the AM

To date, the only available knowledge about AM leukocytes comes from one study which
characterised the AM head kidney (the main organ of the immune system in teleosts)*®. Using flow
cytometry, Peul et al determined the numbers of leukocyte populations present in the SF/PF head
kidney at baseline. They reported that the SF contained significantly higher numbers of neutrophils
and monocytes at baseline than the PF, whilst the PF had significantly elevated numbers of
lymphoid/progenitor cells. Additionally, the authors found that PF/SF leukocytes showed significant
functional differences: PF leukocytes were more sensitive to LPS stimulation and produced
significantly greater amounts of inflammatory cytokines than SF leukocytes. Furthermore, PF
leukocytes isolated from the head kidney showed a substantially decreased ability to phagocytose

bacteria than their SF counterparts.

However, apart from this study, very little is known about PF/SF leukocytes. There is no data
exploring leukocyte recruitment from the head kidney or investigating whether leukocyte

transcriptional profiles might change during the different temporal phases of wound healing.
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4.1.8 Aims

In the previous chapter, DPA identified significant differences in the kinetics of PF/SF
neutrophils, macrophages and B cells. However, due to the stochastic nature of scRNAseq cell
capture, the identified differences in PF/SF leukocyte populations could be the result of random
chance. Furthermore, although each scRNAseq sample was derived from 3 pooled hearts, the
scRNAseq dataset only represents n=1. Therefore, the results of the DPA require validation with
additional cell counts before it can be concluded whether the PF/SF show any significant differences

in their neutrophil, B cell and monocyte/macrophage responses to cardiac injury.

From the DPA results, | hypothesised that:

1) PF neutrophils will be significantly elevated at 3dpci
2) SF macrophage levels will be significantly elevated at 7dpci

3) SF B cells will significantly influx into the heart at 14dpci

Additionally, following the work of PeuRB et al that found that PF/SF leukocytes show significantly
different rates of phagocytosis!®®, | hypothesised that PF/SF leukocytes will also show key functional

differences post-MI that drive their differential regenerative capacity.

Therefore, this chapter had two major aims:

1) Characterise the number and spatiotemporal dynamics of neutrophils, macrophages and B
cells to determine the strength and length of each respective leukocyte response

2) Characterise the transcriptional profile of PF/SF neutrophils, macrophages and B cells at
each time point following injury to determine whether the cells present at each time point

are playing functional roles in regeneration and/or fibrotic scarring
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4.2 Results

4.2.1 The PF and SF show major differences in their neutrophil responses

Uninjured PF and SF neutrophils show no differences

To explore whether PF/SF hearts show any differences in their numbers of inflammatory
cells prior to injury, the number of neutrophils present in the PF/SF hearts at baseline was first
characterised. From the scRNAseq data, mmp9 was identified as a neutrophil-specific marker (Fig.
4.3a) and RNAscope was performed to visualise and count uninjured mmp9+ cells (Fig. 4.3b). mmp9+
cell counts showed no difference in neutrophil numbers at baseline (Fig. 4.3c) nor spatial location as

neutrophils were found throughout the heart in both PF and SF.

The transcriptional profile of uninjured PF/SF neutrophils was next compared to determine
whether PF/SF neutrophils showed any differences in their inflammatory status at baseline. The ROC
test was used to identify cell-specific markers for PF and SF neutrophils and the number of marker
genes shared in both populations was calculated. This found that uninjured PF/SF neutrophils shared
762 marker genes but that both morphotypes also expressed many population-specific marker
genes (Fig. 4.3d). However, when PF and SF uninjured neutrophils were tested for differential gene
expression, only 5 genes reached the cut-off for significance (Fig. 4.3e), suggesting that PF/SF
neutrophils show no meaningful differences in their neutrophil transcriptional profiles prior to
injury. From these results, | concluded that, prior to injury, PF/SF neutrophils present in the heart are

very similar both in number and transcriptionally.
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Figure 4. 3: Uninjured PF and SF neutrophils show no differences in their number, spatial location
or transcriptional profile

(A) FeaturePlot of mmp9 expression in overall scRNAseq dataset confirms that mmp9 is a specific,
pan-neutrophil marker. (B) Representative mmp9 RNAscope staining of PF and SF uninjured hearts.
Sections were counterstained with MF20 and DAPI. (C) Normalised mmp9+ cell counts show that PF
and SF neutrophil levels are the same prior to injury (Student’s t test, p=0.44, n=6). (D) Euler Plot

showing the overlap of shared cell-specific markers for uninjured PF and SF neutrophils. (E) Volcano
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plot of DGE results. Only 5 genes were differentially expressed between PF and SF uninjured

neutrophils.

The PF neutrophil response is stronger and takes longer to resolve than the SF neutrophil response

Next, to confirm the previous DPA results, the temporal dynamics of PF/SF neutrophils were
characterised in response to injury. Using the mmp9 RNAscope probe, cell counts were performed at
1-, 3-, 7-, 14- and 30dpci (Fig. 4.4a) and neutrophil numbers present in the entire ventricle were

normalised to the total ventricle area.

Firstly, PF/SF neutrophil counts were compared to uninjured levels. This revealed that SF
neutrophil levels were only elevated at 1dpci whereas PF neutrophils were significantly elevated at

both 1- and 3dpci (Fig. 4.4b), showing that the PF neutrophil is prolonged in comparison to the SF.

Secondly, neutrophil levels were compared between the SF and PF at each time point. This
found that PF neutrophil levels were significantly elevated at both 1- and 3dpci in comparison to the
SF (Fig. 4.3b), showing that the PF neutrophil response is much stronger than the SF as a greater
number of neutrophils influx into the PF heart immediately after injury. When mmp9+ cells present
in the wound were normalised to the fractional wound area, a similar trend was observed as PF

neutrophil levels were increased in comparison to the SF (Fig. 4.4c).

Therefore, it is possible to conclude from this data that the temporal dynamics of the PF and
SF neutrophil response are very different; the SF neutrophil response is very short and lasts between
24-48 hours before resolution by 3dpci whereas the PF show a prolonged neutrophil response that is

still active at 3dpci and is characterised by an excessive influx of neutrophils.
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Figure 4. 4: The PF and SF neutrophil response to injury is significantly different with the PF
showing a stronger initial neutrophil response that is prolonged and does not resolve rapidly

(A) RNAscope staining for mmp9 was used to count neutrophil numbers in uninjured, 1-, 3-, 7- and
14dpci hearts. (B) Total mmp9+ cell counts were normalised to total ventricular area. At 1- and 3dpci,
PF neutrophils are significantly elevated from uninjured levels whereas SF neutrophils are only
significantly elevated at 1dpci (2-way ANOVA with Sidak’s multiple comparisons test, **** p<0.0001,
** p<0.01, n=3-5). Compared to each other, a significantly greater number of PF neutrophils influx
into the heart at 1- and 3dpci than in SF (2- way ANOVA with Sidak’s multiple comparisons test, *
p<0.05, n=3-5). (C) Total mmp9+ cells present in the wound were normalised to fractional wound

area (2-way ANOVA with Sidak’s multiple comparisons test, n=3-5).

The PF/SF neutrophil responses show significant differences in their localisation following injury

Differences in the spatial localisation of PF/SF neutrophils in response to injury were next
explored as | hypothesised that SF/PF neutrophils could be mediating different effects during cardiac
repair if they localised differentially to the wound vs remote wound regions. Using the mmp9* cell
count data, the percentages of neutrophils that localised to the wound (Fig. 4.5a) and to remote
wound regions (Fig. 4.5b) were calculated. Comparison of wound localisation percentages found
that, during the active phase of the PF/SF respective neutrophil responses, similar proportions of
both PF and SF neutrophils localise to the wound (>80% of PF neutrophils at 1- and 3dpci; <70% for
1dpci SF neutrophils). However, at 3dpci (i.e. when the PF neutrophil response is still active but the
SF neutrophil response has been resolved), the PF showed a significantly greater proportion of

neutrophils localising the wound than the SF (Fig. 4.5a).

Therefore, from this data it is possible to conclude that when the neutrophil response is
active, both PF/SF neutrophils show a strong wound localisation response, with the majority of
active neutrophils localising to the site of injury. This conclusion is further supported by the finding

that at 7dpci, PF neutrophils displayed a significant increase in the proportion of neutrophils found
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remote from the wound (Fig. 4.5b), indicating that the PF neutrophil response resolves between 3-
and 7dpci. These significant differences in neutrophil wound localisation additionally support the

finding that the PF neutrophil response is prolonged and is slow to resolve in comparison to the SF.
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Figure 4. 5: PF and SF neutrophil responses are characterised by strong localisation to the wound
(A) The percentage of mmp9+ cells present in the wound was calculated from the number of total
mmp9+ cells present in the ventricle. Comparison of PF/SF wound localisation revealed that a
significantly greater proportion of PF neutrophils localise to the wound at 3dpci than SF neutrophils
at 3dpci and PF neutrophils at 7dpci. (2-way ANOVA with Sidak’s multiple comparisons test, *p<0.05,
**p<0.01, n=3-5). (B) Neutrophils remote from the wound were classified as all neutrophils present in
the ventricle that did not localise to the wound. Comparison of PF/SF remote neutrophils revealed
that at 7dpci, PF neutrophils show a significant increase in localisation to remote regions of the
ventricle from 1dpci and 3dpci whilst SF neutrophils show a similar trend with SF neutrophils showing
increased localisation to remote regions of the ventricle at 3dpci (2-way ANOVA with Sidak’s multiple

comparisons test, *p<0.05, **P<0.01, n=3-5).

PF wounds show a greater density of neutrophils than SF
Following the finding that a significantly greater number of neutrophils influx into PF hearts

at 1- and 3dpci, and that most of these neutrophils localise to the wound, | postulated that PF
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neutrophils may populate the wound at a significantly higher density than in SF. To explore PF/SF
neutrophil density in the wound, the pattern of PF/SF neutrophils at 1- and 3dpci was visualised. At
1dpci, PF neutrophils were observed on almost all surfaces of the injured PF myocardium, suggesting
a high density of neutrophils (Fig. 4.6a). In contrast, SF neutrophils were spread diffusely throughout
the wound, suggesting that the density of SF neutrophils in the wound was much less than the PF.
Similarly, at 3dpci, PF neutrophils were once again observed at high densities within the wound
whereas, in the SF, many neutrophils had been cleared from the wound and the remaining
neutrophils were present at low densities (Fig. 4.6b). To confirm these observations, neutrophil
density within PF/SF wounds was quantified by calculating the number of mmp9+ cells
present/wound area. This found that PF wounds showed significantly greater densities of

neutrophils than SF at both 1- and 3dpci (Fig. 4.6c).

From the mmp9 cell count data, it can be concluded that, in comparison to SF, the PF face a
significantly greater neutrophil burden at 1- and 3dpci in terms of the number of neutrophils that
influx the heart, the duration of neutrophil recruitment and the density at which neutrophils enter
the injury site. These differences suggest that the PF neutrophil response could be exacerbating
myocardial damage and driving regenerative failure if PF neutrophils show a pro-inflammatory
transcriptional profile and secrete damaging levels of ROS, inflammatory cytokines and proteolytic
enzymes. Therefore, the transcriptional profile of PF/SF neutrophils at each time point after injury
was next explored to determine whether PF/SF neutrophils show any key differences in neutrophil

cellular behaviour.

152



a) mmp9 MF20

pm)

mmp9*cells/Wound Area (

Neutrophil Density

0.004 * *
[ | | =3 Pachoén

0.0034 =3 Surface
0.0024

°

—o—

[5]

0.0014
: i
0.000 T T
1dpci 3dpci

Days post-cryoinjury

153



Figure 4. 6: PF wounds have a greater density of neutrophils than SF wounds at 1dpci and 3dpci
Representative images of PF/SF mmp9+ cells at (A) 1dpci and (B) 3dpci, showing that PF neutrophils
tightly surround the injured myocardium. Wounds demarcated by grey dashed line and scale bars
represent 100um. (C) mmp9+ cells present in the wound were normalised to wound area to measure
neutrophil density, revealing that PF wounds show a significantly greater density of neutrophils at 1-

and 3dpci than SF (2-way ANOVA with Sidak’s multiple comparisons test, * 0<0.05, n=5-6).

PF and SF neutrophils are functionally different at each time point after cardiac injury

To investigate the transcriptional profile of PF/SF neutrophils at each time point after injury,
neutrophil clusters were subset from the overall scRNAseq dataset and re-analysed. Based on the
expression of canonical neutrophil markers (mmp9, cebpl, mmp13a, lect2, see Appendix 4.1), two
neutrophil clusters were identified in the overall scRNAseq dataset and subset for re-analysis.
Clustering analysis of the neutrophil scRNAseq subset data identified 4 doublet clusters, which were
excluded from the downstream analysis, and 9 unique neutrophil clusters (Fig. 4.7a, see Appendix

4.2 for neutrophil cluster markers).

To systematically compare PF/SF neutrophil transcriptional profiles without bias, the
neutrophil scRNAseq data was first screened for any unique PF/SF neutrophil clusters that could be
specifically promoting scarring/regeneration. However, there were no unique PF/SF neutrophil

subclusters overall (Fig. 4.7b) or at any time point after injury (Fig. 4.7c).

Therefore, the transcriptional profile of PF/SF neutrophils at each time point after injury was
next characterised to determine whether PF/SF neutrophils showed distinct functional behaviours

over the time course of cardiac scarring/regeneration.
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Figure 4. 7: Overview of the PF and SF neutrophil scRNAseq dataset
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(A) UMAP displaying the neutrophil sub-clusters identified. 9 unique neutrophil clusters and 4 doublet
clusters were identified. (B) UMAP, splitting by PF/SF-origin, shows that there are no PF/SF-specific
neutrophil subclusters. (C) UMAP, splitting by time and PF/SF-origin shows that there are no

population-specific neutrophil sub-clusters at any time-point.

To compare PF/SF neutrophil transcriptional profiles at each time point and identify any
significant differences in gene expression, DGE analysis was performed using ROC and MAST testing.
Firstly, the top cell-markers of PF/SF neutrophils were identified at each time point and the number
of marker genes shared between PF and SF neutrophils was compared (Fig. 4.8a). This revealed that,
at each time point, many genes were shared, whilst 3dpci neutrophils showed the greatest similarity
between PF and SF (60.1% shared genes) and 14dpci neutrophils showed the least similarity (47.3%
shared genes). To further probe PF/SF functional differences, MAST testing was used to compare
neutrophil gene expression between PF/SF cells at each time point to ascertain if there were any
meaningful transcriptional differences. Unlike uninjured PF/SF neutrophils, many genes were found
to be differentially expressed at 1-, 3-, 7- and 14dpci, with 1dpci showing the highest number of

differentially expressed genes (Fig. 4.8b).

To explore whether differential gene expression between PF/SF neutrophils resulted in
functional neutrophil differences that could be driving regeneration or scarring, DGE lists were
analysed for enrichment in Hallmark pathways using Gene Set Enrichment Analysis (GSEA). The
threshold for significant enrichment (false discovery rate<0.25) was only met at 14dpci for PF/SF
neutrophils (see Appendix 4.3 for results from 1-, 3-, and 7dpci). At 14dpci, PF and SF neutrophils
showed opposing enrichment for KRAS signalling, with SF showing enrichment for genes involved in
upregulation of KRAS signalling whilst PF showed enrichment for genes involved in downregulation
(Fig. 4.8c). KRAS is a GTPase that, when activated, typically stimulates cell growth, differentiation

and survival, suggesting that 14dpci PF/SF neutrophils could show differences in their differentiated
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or anti-apoptotic state. Furthermore, PF 14dpci neutrophils showed enrichment for genes down-
regulated in response to UV radiation, and for genes involved in myogenesis whilst SF showed
enrichment for genes involved in allograft rejection, and TNFa/NFkB signalling, a transcription factor

pathway typically associated with the early stages of wound healing and the inflammatory response.

157



b)

1dpci

3dpci

304 572 123

O PF-specific markers SF-specific markers O

649 302

128

O PF-specific markers SF-specific markers O

| 7dpci

| 14dpci |

313 858

343

(© PF-specific markers SF-specific markers ()

296 707 493

(O PF-specific markers SF-specific markers ()

| 1dpci DGE: 117 genes‘ ‘ 3dpci DGE: 108 genes|
. i i . | I
00{CLECOA  prax5 . | | TXN.1 Sl ' ' b
P i ENSAMXG00000036506 |  |°°} I l em
| I
i ‘ | |
I |
200 i i 1507 | :
| | I I
I I I I
! ! 1001 PTPRC | | sich211-215k154.3
o0 el [ ENSAMXG00000038902 | itgb3a
- A% ier | i
ed #_ 50 ] |
Yo ootk |
18 | Gt e
] i Y A e
=50 -25 070 25 50 25 0.0 25 5.0
| 7dpci DGE: 62 genes| |14deI DGE: 25 genes
I I
i i 0 I |
50 ! | | |
: : emb : :
: : 15 : : emb
bo i [ENSAMXG00000036506 } !
I | .
iMb.1 l I vsir ho i EENSAMXGOOOOOO36506
ptgs2a PTPRC: : 1 | itgb3a
| | | |
s : : 5 hspada : :
| |
| | Joe Plgs?a - prppe i
---------- i —— e S AL U T
0 o =z i 0 R ST o
50 2.5 0.0 25 50 |50 25 00 25 50
o Upregulated in PF cells
o
é‘ Upregulated in SF cells

Log, Fold Change



c) 14dpci

HALLMARK_MYOGENESIS I
HALLMARK_KRAS_SIGNALING_DOWN ] . PF
HALLMARK_UV_RESPONSE_DOWN |
HALLMARK_TNFA_SIGNALING_VIA_NFKB ] . SF
HALLMARK_ALLOGRAFT_REJECTION ]
HALLMARK_KRAS SIGNALING UP-{ I
-2 -1 0 1

Normalized Enrichment Score

Figure 4. 8: PF and SF neutrophils are transcriptionally diverse following cryoinjury

(A) Euler plots comparing the proportion of shared PF- and SF- top cell marker genes. At 1dpci, 57.2%
of genes are shared; at 3dpci 60.1% of genes are shared; at 7dpci 56.6% of genes are shared; at
14dpci, 47.3% of genes are shared. (B) Volcano plots showing the results of DGE analysis between PF

and SF at each time point. (C) Plot showing the top GSEA results for 14dpci.

As the Hallmark pathways are very broad, it was possible that some functional differences
between PF and SF neutrophils may not have been captured by GSEA. Therefore, the DGE lists were
also tested for the top-associated GO terms at each time point. At every time point, the top
associated GO terms for PF and SF neutrophils were very different and few GO terms were shared
between PF and SF neutrophils (Fig. 4.9). At 1dpci, GO term analysis suggested that PF neutrophils
were actively producing proteins and upregulating glycolysis; whereas SF neutrophils seemed to be
taking up extracellular debris by phagocytosis and trafficking proteins to the ER (Fig. 4.9a). At 3dpci,
PF neutrophils seemed to be dying by apoptosis and releasing detrimental superoxide anions. In
contrast, SF neutrophils were responding to external signals such as IL-7, hypoxia and insulin (Fig.

4.9b).

During the later stages after cardiac injury (7- and 14dpci), when both the PF and SF
neutrophil responses have been seemingly resolved, an interesting divergence in the GO term
results was observed. As expected, at 7dpci, the few remaining PF neutrophils were transcriptionally

inactive and dying by apoptosis (Fig. 4.9c) whilst at 14dpci, PF neutrophils were no longer actively
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transcribing sufficient genes for meaningful GO term analysis (Fig. 4.9d). In contrast, however, cell
differentiation was one of the top GO terms for 7- and 14dpci SF neutrophils (Fig. 4.9c & 4.9d),
suggesting that these cells were still transcriptionally active and potentially entering a new
differentiated state. Indeed, at 7dpci, GO term analysis suggested that SF neutrophils were
responding to cytokines whilst at 14dpci, SF neutrophils were seemingly responding to

inflammation.

The results of the GO term analysis suggested that late-stage SF neutrophils were
transcriptionally active and might be differentiating, suggesting that the SF neutrophil response had
not been resolved. Therefore, to confirm whether late-stage PF/SF neutrophils were still
transcriptionally active, the next logical step was to compare late-stage PF/SF neutrophils to

uninjured neutrophils.
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Figure 4. 9: Functional pathway analysis revealed late-stage SF neutrophils are undergoing cellular
differentiation
GO term analysis for top cell markers of PF and SF neutrophils at (A) 1dpci, (B) 3dpci, (C) 7dpci and

(D) 14dpci.
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SF neutrophils are still active at 7- and 14dpci

To probe whether the late-stage SF neutrophil response was still ‘on’, DGE analysis was
performed between uninjured and 7/14dpci neutrophils. If the neutrophil response had been
resolved by 7dpci, we would expect any remaining neutrophils in the heart to be transcriptionally
indistinct from uninjured neutrophils. Surprisingly, many genes were upregulated in 7- and 14dpci SF
neutrophils in comparison to uninjured neutrophils, confirming that late-stage SF neutrophils are still
responding to injury. In contrast, only 1 gene reached the cut-offs for differential expression in 7dpci
PF neutrophils, whilst no genes were differentially expressed at 14dpci (Fig. 4.10a, see Appendix 4.4
for uninjured vs 1dpci and uninjured vs 3dpci), suggesting that the neutrophils present in late-stage
PF hearts are very similar to uninjured PF neutrophils. Therefore, DGE analysis suggested that late-
stage SF neutrophils are actively responding to cardiac injury and may be performing distinct
neutrophil behaviours that promote regeneration. As it was possible that the substantial influx of
neutrophils immediately after injury may have masked any subtle differences in neutrophil numbers
that occur in the late stages of cardiac healing, the mmp9+ cell count data was re-examined to
specifically compare 7/14dpci neutrophils to uninjured levels. This revealed that SF neutrophil levels
were significantly elevated at 7- and 14dpci in comparison to uninjured hearts whilst PF neutrophil

levels were not significantly different from baseline levels (Fig. 4.10b).

Therefore, this data confirms that the SF neutrophil response is still ‘on” at 7- and 14dpci as
late-stage SF neutrophils were both elevated above baseline levels and were still actively

transcribing genes in response to injury.
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Figure 4. 10: The SF neutrophil response is still active at 7 and 14dpci whereas the PF neutrophil
response has been ‘turned off’ and has returned to the uninjured state

(A) Volcano plots of DGE results, comparing uninjured PF and SF neutrophils to 7- and 14dpci. (B)
mmp9+ cells were counted and normalised to total ventricular area for uninjured, 7- and 14dpci
neutrophils. SF neutrophils were significantly elevated at 7- and 14dpci compared to uninjured levels

whilst late-stage PF neutrophils levels were not significantly elevated from baseline levels (2-way
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ANOVA with Sidak’s multiple comparisons test, **, p<0.01, 2-way ANOVA with Sidak’s multiple

comparisons test, n=3-6).

Late-stage SF neutrophils represent a transcriptionally unique neutrophil population that is absent

from the PF response

Pro-reparative and anti-inflammatory neutrophils have previously been characterised in the
heart that show distinct transcriptional and proteomic profiles which only emerge in the later stages
of cardiac repair (5-7dpi). Therefore, the transcriptional profile of PF/SF neutrophils was
characterised across time to determine whether late-stage SF neutrophils were transcriptionally
unique. MAST testing was used to identify the top SF and PF neutrophil markers at each time point
(Fig. 4.11a). This showed that SF neutrophils present at 7- and 14dpci have a distinct transcriptional
profile that is shared at both late stages of the injury response but is completely absent from the PF
and during the early stages of the SF neutrophil response (Fig. 4.11a, Fig. 4.11b shows a simplified

version of 4.11a).

To confirm whether the distinct transcriptional profile of late-stage SF neutrophils was
driven by the expression of injury-responsive genes, DGE analysis was performed between uninjured
and 1-, 3-, 7- and 14dpci neutrophils. Genes that were specifically upregulated in 1-, 3-, 7- and
14dpci neutrophils were then selected and the expression of these genes in PF/SF neutrophils was
compared to determine if there was any overlap. Remarkably, although there was a large degree of
overlap in injury-responsive genes at 1- and 3dpci, there were no shared genes at 7- and 14dpci (Fig.
4.11c). Furthermore, a comparison of the top neutrophil markers in PF/SF neutrophils at all time
points revealed that there were very few overlapping genes between PF/SF neutrophils at 7- and
14dpci (Fig. 4.11d), further supporting the finding that late-stage SF neutrophils are transcriptionally

unique.
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Finally, as 7/14dpci SF neutrophils shared a unique transcriptional profile, | postulated that
late-stage SF neutrophils must be functionally similar. A re-examination of the results of the
neutrophil GO term analysis showed that SF 7/14dpci neutrophils share many top GO terms, adding
additional support to the finding that late-stage SF neutrophils share a unique transcriptional profile

(Fig. 4.11e).
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Figure 4. 11: Late-stage SF neutrophils have a unique transcriptional profile that is absent from the
PF

(A) Heatmap of the top 5 cell markers of PF and SF neutrophils at each time point. (B) Same heatmap
as in (A) but only uninjured, 7- and 14dpci cells have been plotted to allow increased visualisation. (C)

Euler plots comparing PF/SF injury response genes at 1-, 3-, 7- and 14dpci. (E) Top GO terms
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represented in SF 7- and 14dpci neutrophil markers. Terms in red indicate GO terms shared between

late-stage SF neutrophils.

To conclude, data from scRNAseq and cell counts has shown that the PF/SF neutrophil responses are

significantly different (Fig. 4.12):

e |Immediately after injury, the PF neutrophil response is significantly stronger and is

prolonged in comparison to the SF response

e Asignificantly greater number of neutrophils influx into PF wounds at both 1- and 3dpci,

resulting in PF wounds with higher densities of neutrophils than the SF

e The initial SF neutrophil response is brief and is quickly resolved by 3dpci

e The SF neutrophil response significantly diverges from the PF response during the late stages

of cardiac healing. SF neutrophil levels remain elevated at 7- and 14dpci in comparison to

baseline levels whereas PF neutrophils do not

o The late-stage SF neutrophil response is characterised by a transcriptionally distinct

population
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Figure 4. 12: PF/SF neutrophil dynamics post-Ml in the scRNAseq and cell count data both

independently confirm that PF neutrophils are significantly elevated in comparison to the SF at

3dpci.
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4.2.2 PF and SF macrophages show many functional differences

PF and SF show no difference in the number of mpegl® macrophages at 7dpci

Next, | focused on the macrophages. To characterise the macrophage response to cryoinjury
and perform cell counts, mpeg1 was used as a specific and pan-macrophage marker. mpeg1 is a

well-established macrophage marker in teleosts?*>~%"3

and, during lockdown when the scRNAseq
data available was only partially sequenced, mpegl seemed to be a specific and pan-macrophage
marker in the AM (Appendix 4.5). Therefore, AM hearts were initially stained with a RNAscope probe
for mpeg1 at 7dpci (Fig. 4.13a) to confirm the previous DPA result that SF macrophage levels are

significantly elevated in comparison to the PF at 7dpci. However, mpegl+ cell counts showed no

difference in the number of mpeg1 cells present in PF/SF wounds at 7dpci (Fig. 4.13b).

174



a) 7dpci mpeg1 MF20

b)
2000+
®
o
~ <€ 1500+
25
+‘_ ; 10001 P ) o—r
o) —
O ©
Q. c
=£ 500 —_p__L
©
L
0

Pachon Surface

Figure 4. 13: PF/SF show no differences in the number of mpeg1+ cells present in the wound after
injury

(A) PF and SF hearts were stained at 7dpci with mpeg1 to label macrophages. Sections were
counterstained with MF20 and DAPI. (B) mpeg1+ cells present in the wound were counted and
normalised to fractional wound area, showing no difference in the number of PF/SF macrophages

(Student’s t-test, n=3).
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As the mpeg1 cell count data conflicted with the scRNAseq data, | investigated why SF
macrophage numbers were not elevated in SF hearts at 7dpci. One possible explanation was that
mpegl was not a suitable pan-macrophage marker in the AM. To confirm that mpeg1 was a specific
and pan-macrophage AM marker, the expression levels of mpeg1 were re-assessed using the overall
scRNAseq dataset that had been sequenced to full depth. Unfortunately, it was apparent that,
although mpeg1 is a specific macrophage marker, it is not expressed in all AM macrophages.
Therefore, mpeg1 cell counts do not represent overall macrophage numbers (Fig. 4.14a) and mpeg1
staining was not pursued any further to characterise the temporal dynamics of macrophages in
response to injury or at baseline. Instead, DGE analysis was used to identify c1ga, a member of the
complement system, as an accurate pan-macrophage marker for AM that can be used in future

studies to characterise the PF and SF macrophage response (Fig. 4.14b).

Therefore, the spatiotemporal dynamics of PF/SF macrophages in response to cardiac tissue
damage have not been characterised in this study. However, as macrophages are highly
heterogeneous cells with distinct transcriptional profiles regulating different aspects of cardiac
repair, the transcriptional profile of PF/SF macrophages was next explored to determine if any pro-

scarring and pro-regenerative functional differences could be identified in the scRNAseq dataset.

a) mpeg1 b) c1qa
3.5 3.5
¥ r ,t‘ ;
al . <
0 0

Figure 4. 14: mpeg1 is not a pan-macrophage marker in A. mexicanus
(A) FeaturePlot of mpeg1 expression in overall scRNAseq dataset. mpeg1 is not expressed in all

macrophage cells. (B) FeaturePlot of c1qa expression in overall scRNAseq dataset. clqa is expressed
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in all AM macrophage cells and is a better pan-macrophage marker than mpeg1 for future

macrophage characterisation studies.

There are no unique PF/SF monocyte/macrophagqe clusters in the scRNAseq data

To identify transcriptional and functional differences in PF/SF macrophages,
monocyte/macrophage clusters were identified from the overall dataset using a combination of
mpegl, clqga, c1gb and clgc expression and subset for re-analysis and clustering. 7
monocyte/macrophage sub clusters were identified as well as 3 doublet clusters which were
excluded from downstream analysis (Fig. 4.15a, see Appendix 4.6 for cluster markers). Further
classification of these 7 monocyte/macrophage sub clusters into distinct pro-inflammatory ¢, anti-
inflammatory ¢ and monocyte subsets was not possible as many of the canonical markers typically
used like CD14, CD16, CD206 and CCL5, are not annotated in the AM genome. Therefore, all 7
monocyte/macrophage subclusters were instead compared between PF/SF to identify whether
there were any PF/SF-specific macrophage clusters that could be uniquely regulating regeneration or
scarring. However, all macrophage clusters were present in both PF and SF (Fig. 4.15b) and at all
time points (Fig. 4.15c). A general trend was observed that SF macrophages seem to persist at 7- and

14dpci whereas PF levels start to decrease towards baseline, similar to the neutrophil results.

As no significant differences in PF/SF monocyte/macrophages were initially identified, the
next step to identify significant differences in the PF/SF monocyte/macrophage response to injury
was to methodically compare the transcriptional profile and functionality of PF/SF

monocytes/macrophages at each time point.
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Figure 4. 15: Overview of the macrophage scRNAseq dataset
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(A) UMAP of the macrophage scRNAseq data. (B) UMAP displaying macrophage scRNAseq data split
into PF and SF cells. (C) UMAP displaying macrophage scRNAseq data split into PF/SF cells and split

across time.

Uninjured SF and PF macrophages may differ in their ability to present antigens

Uninjured monocytes/macrophages were first compared as tissue-resident macrophages
have been shown to be essential for regeneration in both the zebrafish and the neonatal mouse.
MAST testing was used to perform DGE analysis, revealing that 13 genes were differentially
expressed between uninjured PF/SF macrophages. Visualisation of the DGE results showed that 2
genes were significantly upregulated in SF macrophages: ENSAMXG00000037572 and
ENSAMXG00000036068 (Fig. 4.16a). In Ensembl, these genes are annotated as major
histocompatibility complex I (MHC Il) genes. Strikingly, a comparison of the expression of these two
MHC Il genes in all PF/SF macrophages shows that the expression of MHC Il in PF macrophages is
drastically decreased in comparison to SF (Fig. 4.16b). In comparison, the top 2 differentially
expressed genes in PF are snora73.2 (a small nucleolar RNA) and nme2b.1 (nucleoside diphosphate

kinase) which play no role in antigen presentation.

The DGE results were then analysed for GO term enrichment to explore the possible
functional roles of PF/SF tissue-resident macrophages. This functional analysis showed that only SF
macrophage markers were found to be significantly enriched for antigen processing and
presentation (Fig. 4.16c¢), suggesting that tissue-resident PF and SF macrophages display different

capacities for antigen presentation.
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(A) Volcano plot of the results of DGE analysis between uninjured PF and SF macrophages. (B) Violin
plots of MHC Il gene expression in all PF and SF macrophages. MHC Il expression is severely
diminished in all PF macrophages in comparison to SF. (C) GO term analysis of the top PF/SF

uninjured markers.

SF/PF macrophages are transcriptionally divergent at all time-points after injury

Functional differences in PF/SF injury-responsive macrophages were the next focus. To
compare how similar injury-responsive PF/SF macrophages were, DGE analysis was performed
between PF and SF macrophages at each time point after injury. The DGE analysis results showed
that many genes were differentially expressed at all time points after injury with 3dpci macrophages
showing the greatest number of differentially expressed genes. Additionally, 14dpci SF macrophages

were observed to specifically upregulate the two previously identified MHC Il genes (Fig. 4.17).
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Figure 4. 17: PF/SF macrophages show the greatest transcriptional differenace at 3dpci.

Volcano plots of the DGE analysis at each time point with the number of genes that reached DGE

significance threshold annotated

To explore whether the transcriptional differences between PF/SF macrophages resulted in
significant functional differences, the results of the DGE analysis were tested for significant
enrichment of the Hallmark pathways using GSEA, as had been done for the neutrophils. The GSEA
results showed that PF macrophages expressed genes enriched for E2F targets and DNA repair (Fig.

4.18, also see Appendix 4.7). E2F proteins are a family of transcription factors that regulate the
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expression of genes involved in DNA replication, the cell cycle and DNA repair, suggesting that PF

macrophages may be regulating proliferation and DNA repair via an E2F-mechainsm.

At 7dpci, 9 different Hallmark pathways were enriched in SF macrophages that were not

enriched at any other time point, or in the PF (Fig. 4.18). Remarkably these pathways were linked to

both the inflammatory (inflammatory response, TNFa/NFkB signalling) and the anti-inflammatory

stages of wound healing (oxidative phosphorylation, EMT). This suggests that the 7dpci SF

macrophage response may consist of a diverse range of macrophage phenotypes that span the

spectrum of inflammation and could be mediating distinct aspects of regeneration.

The results of the DGE analysis and GSEA suggest that PF and SF macrophages show the

greatest transcriptional differences at 3dpci and the greatest functional differences at 7dpci.
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Figure 4. 18: PF and SF macrophages show the greatest functional differences at 7dpci
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GSEA results that reached the FDR significance threshold are shown (FDR<0.25).

To further explore the functional roles of PF/SF macrophages at each time point, the top
markers of PF/SF macrophages were tested for significant over-representation of GO terms. This
showed that at 1dpci, many top GO terms were shared between PF/SF. These shared GO terms were
involved in degradation and catabolism, suggesting that at 1dpci, both PF and SF macrophages were
acting to clear away dead/dying cells and cellular debris (Fig. 4.19a). In contrast, at 3dpci, fewer GO
terms were shared between PF and SF macrophages, although many top GO terms were still
involved in catabolism and degradation of proteins. At 3dpci, SF macrophages had many GO terms
involved in regulating the actin cytoskeleton, suggesting that 3dpci SF macrophages could be very
motile cells (Fig. 4.19b) whereas PF macrophages showed expression of integrin signalling and cell
adhesion, suggesting that PF macrophages were less motile and bound strongly to nearby cells. At
7dpci, both PF and SF macrophages shared GO terms involved in the formation of new proteins and
blood vessels (Fig. 4.19c), suggesting that PF/SF macrophages were both stimulating angiogenesis
and revascularisation of the wounded tissue. At 14dpci, PF/SF macrophages shared many GO terms
involved in translation and protein folding (Fig. 4.19d), suggesting that at the late stages of wound
healing, both PF and SF macrophages remained transcriptionally and translationally active.
Interestingly, at 14dpci, PF and SF macrophages were linked to GO terms that suggest opposing
stimulation of T cells with PF macrophages being linked to the negative regulation of T cell
differentiation, whereas SF macrophages were linked to the positive regulation of activated T cell
proliferation (Fig. 4.19d). This intriguing result suggests that functional differences in PF/SF
macrophages could result in different activation of adaptive immune cells as macrophages play a
key role in activating T cells via antigen presentation. However, although this warrants further
investigation, macrophage/T cell interactions were not pursued further as the scRNAseq data did not

identify any differences in PF/SF T cell dynamics after injury.
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Figure 4. 19: Functional pathway analysis reveals PF/SF macrophages show many functional

differences

GO term analysis for top cell markers of PF and SF macrophages at (A) 1dpci, (B) 3dpci, (C) 7dpci and
(D) 14dpci. GO terms shared between PF and SF at each time point are highlighted in red. Black
arrows highlight the terms specifically referred to in the text. GO terms related to catabolism

highlighted in purple in (B).
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SF macrophages at 7- and 14dpci share a unique transcriptional profile

During the comparison of top GO terms associated with 7dpci and 14dpci macrophages,
late-stage SF macrophages were found to share many GO terms that were absent from PF
macrophages (Fig. 4.20a). These GO terms were: response to TNF; positive regulation of fibroblast
proliferation; IL-12 production; protein refolding; negative regulation of phosphatidylinositol
biosynthesis; and regulation cyclin-dependent serine/threonine kinase. This suggested that late-
stage SF macrophages could also share a transcriptional profile similarly to the SF neutrophils. To
test this emerging hypothesis, PF/SF macrophage transcriptional signatures were compared at each
time point using DGE analysis to identify the top PF and SF macrophage markers and the results
were visualised in a heatmap. Strikingly, late-stage SF macrophages were found to display a unique
transcriptional profile that was completely absent from PF macrophages and was not found at any
other time point within the SF, just as had been observed in the neutrophils (Fig. 4.20b).
Additionally, the transcriptional profiles of SF macrophages at 1- and 3dpci were also unique,
suggesting that SF macrophages show dynamic gene regulation and are very divergent

transcriptionally from PF macrophages.

Finally, to confirm whether 7/14dpci SF macrophages share a unique transcriptional profile,
injury-responsive genes were identified and the number of genes shared between PF and SF
macrophages was calculated at 7- and 14dpci. This analysis found that a greater proportion of injury-
responsive genes were shared between late-stage SF macrophages than late-stage PF macrophages
(Fig. 4.20c), further supporting the notion that the transcriptional profile of SF macrophages is

shared amongst cells at 7- and 14dpci.
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Figure 4. 20: Late-stage SF macrophages share a unique transcriptional response

(A) Comparison of 7- and 14dpci top GO terms reveals that many terms are shared between SF

macrophages as highlighted in red. (B) Heatmap of the top markers for PF and SF macrophages at

each time point. (C) Euler plots comparing injury responsive genes between 7dpci and 14dpci

macrophages for SF and PF.

From the macrophage scRNAseq data it is possible to conclude that SF and PF macrophages are

transcriptionally diverse:

e Uninjured PF/SF macrophages may show differences in antigen presentation

e PF/SF macrophages display the most functional differences at 7dpci

e late-stage SF macrophages display a unique transcriptional profile, similarly to the

neutrophils.

5.2.3 The regenerative SF have a unique B cell response to cryoinjury that is almost absent

in the scarring PF

B cells significantly influx into the SF heart at 30dpci
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Figure 4. 21: B cells significantly influx into the SF heart at 30dpci whilst their levels remain low in

PF

(A) FeaturePlot of cd37 expression in the overall scRNAseq dataset shows that cd37 is a B cell-specific

marker. (B) RNAscope staining was used to perform B cell counts. B cells were visualised using a

RNAscope probe for cd37 and cells that overlaid with DAPI were counted. (C) cd37+ cells present in

the wound were normalised to fractional wound area, revealing that at 30dpci, SF B cell levels are
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significantly elevated (2-way ANOVA with Sidak’s multiple comparisons test, *** p<0.001, n=3 at

each time point).

Finally, | focused on the B cells. To characterise the B cell response in PF and SF, the
scRNAseq data was first used to identify cd37 as a B cell-specific marker (Fig. 4.21a). Using a cd37
RNAscope probe, PF/SF hearts were stained at 7-, 14- and 30dpci (Fig. 4.21b) and the number of B
cells present in the wound was counted, normalising to fractional wound area. At 30dpci, SF B cell
levels were significantly elevated compared to PF (p<0.001) and had increased from B cell levels
present at 7- and 14dpci. Therefore, these B cell counts confirmed the previous DPA results and
showed that B cells do influx into the SF heart in substantial numbers during the late stages of

wound healing (Fig. 4.21c).
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Figure 4. 22: Overview of the B cell scRNAseq dataset

(A) UMAP of all B cells reveals 11 unique B cell sub-clusters. (B) Comparison of the SF and PF B cell
UMAPS reveals that the PF B cell population is dominated by cluster 1 whereas SF has an even
distribution of cells throughout all 11 clusters. (C) UMAP of B cell scRNAseq data, split across time
and morphotype, shows that the PF and SF B cell responses differ in the temporal dynamics of their

sub-clusters.

The significant influx of B cells into the SF heart during the late stages of cardiac healing
suggested that B cells may be playing a key role in mediating regeneration in the SF. Therefore, the
functionality of PF/SF B cells was next investigated to determine whether PF/SF B cells displayed any
significant differences. B cell clusters were identified from the overall scRNAseq dataset based on
cd37 expression and then subset for re-analysis, resulting in the identification of 10 B cell sub-
clusters (Fig. 4.22a). To identify differences in PF and SF B cells, the B cell scRNAseq data was first
split into PF/SF cells to screen for any unique B cell clusters. Although no unique PF/SF B cell clusters
were found, the distribution of PF/SF cells across B cell subclusters was vastly different: most PF B
cells were found in cluster 1 whilst SF cells showed an even distribution across all clusters. This
finding indicates that SF B cells are more heterogeneous than their PF counterparts (Fig. 4.22b).
Next, the B cell scRNAseq data was split across time, showing that most B cell subclusters displayed
differential temporal dynamics between the PF and SF (Fig. 4.22c). The SF showed an immediate
influx of clusters 0 and 2-9 after injury whereas PF B cell levels were minimal until 7dpci when many

B cells from cluster 1 entered the heart.

These significant differences in B cell clusters present in PF/SF hearts after injury suggest
that not only do PF/SF B cells show significantly different temporal kinetics, they also show key

differences in their cellular behaviours.
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Figure 4. 23: Heatmap of the top markers for each B cell sub-cluster identified using the ROC test

To explore the cellular behaviours of each B cell subcluster, DGE analysis was performed
using the ROC test to identify the top markers for each B cell subcluster (Fig. 4.23). However, due to
poor annotation of the AM genome, many of the DGE results were ‘novel genes’ that were only
annotated with an Ensembl ID and no associated protein information, preventing further
investigation into the different B cell subclusters. Therefore, differences between all PF and SF B cells
were instead focused on, regardless of subcluster identity. The time point after injury was also
disregarded in further downstream analysis as the number of cells present at 1-, 3- and 7dpci was

insufficient for meaningful DGE analysis at each time point.

Therefore, to compare all PF/SF B cells, the ROC test was used to test differentially
expressed genes between the PF and SF. Surprisingly, many of the top PF/SF B cell genes showed
completely opposing expression patterns that were population-specific (Fig. 4.24a). This dichotomy
of gene expression between PF and SF B cells revealed that PF/SF B cells are very transcriptionally

different.

To visualise DGE between PF/SF B cells, the DGE results were plotted using a volcano plot.
This showed that 2 genes were significantly upregulated in SF B cells which, remarkably, were the
two MHC Il genes previously identified in SF macrophages (Fig. 4.24b). Even more remarkably, when
MHC Il expression was compared in SF and PF B cells, it was found that PF MHC Il expression is
severely diminished and is almost absent (Fig. 4.24c). This is particularly striking and unexpected as B
cells are the classical antigen-presenting cells of the immune system and are the major expressors of

MHCIL.

As MHC Il expression has been consistently observed in the scRNAseq data to be significantly
upregulated in SF, MHC Il expression was compared at all time points to determine whether MHC Il
expression was upregulated following injury. Remarkably, this showed that the PF express very low

levels of MHC Il throughout the response to injury in neutrophils, macrophages and B cells whereas
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MHC Il is highly expressed in all SF B cells and, particularly, in late-stage SF neutrophils and
macrophages (Fig. 4.24d). This suggests that antigen presentation via the MHC Il is severely lacking

in the PF, resulting in PF B cells which are significantly different from their SF counterparts.
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Figure 4. 24: PF and SF B cells are transcriptionally very distinct and show significant differences in

their expression of MHC Il
(A) Heatmap showing the top PF/SF B cell marker genes are population-specific and all top SF

markers are almost absent in the PF. (B) Volcano plot of DGE analysis between PF/SF B cells reveals
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that MIHC Il genes are the most differentially expressed genes (upregulated in SF). (C) Violin plot of
MHC Il expression in all SF and PF B cells shows that MHC Il expression is almost absent in PF. (D)
Violin plot of MHC Il expression in neutrophils, macrophages and B cells across time shows that PF

have severely diminished MHC Il expression in all 3 cell types.

To investigate how these striking differences in gene expression may be impacting PF and SF
functionality, the DGE results were analysed using GSEA and GO term enrichment. The GSEA results
showed that no Hallmark pathways reached the FDR threshold for either PF or SF B cells (see
Appendix 4.8). The GO term analysis found that PF B cells seem to be mainly undergoing apoptosis
(Fig. 4.25a), suggesting they are not functionally active in the scarring heart. In contrast, many of the
top GO terms in SF B cells were found to be involved in protein production and folding (Fig. 4.25b),
suggesting that SF B cells are translationally very active. Interestingly, despite the considerable lack
of MHC Il expression in PF B cells, the GO term ‘antigen processing and presentation via MHC II’ was
specifically enriched in PF B cells, suggesting that PF B cells may be mediating antigen presentation

through currently unknown MHC Il genes.
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Figure 4. 25: Functional analysis of PF/SF B cells suggests that PF B cells are undergoing apoptosis

whereas SF B cells are translationally active

Bar plots of the top GO terms associated with (A) PF and (B) SF B cells. PF B cells are strongly

associated with GO terms linked to apoptosis whereas many of the top SF GO terms are linked to the

production, localisation and folding of proteins (highlighted by the black arrows).
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14dpci SF B cells represent a transcriptionally unique B cell population

As unique transcriptional profiles had been observed in both late-stage SF neutrophils and
macrophages, B cells were also investigated to determine whether late-stage SF B cells displayed a
similar phenotype. The ROC test was used to identify the top PF/SF B cell markers at each time point
and the results were visualised in a heatmap. Once again, the top markers of 14dpci SF B cells were
not found in PF and or at any other time point in SF, suggesting that 14dpci SF B cells also display a

unique transcriptional signature (Fig. 4.26).
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e B cells significantly influx into the SF heart during the late stages of cardiac healing,
especially at 30dpci
e PF B cells show significantly decreased levels of MHC Il expression

e Late-stage SF B cells show a unique transcriptional profile

4.3 Discussion

Since the immune response was first established as a key regulator of regenerative success,
numerous heteogenous leukocyte populations have been identified as essential to regeneration,
with many research efforts focused on which aspects of regeneration are mediated by each distinct
leukocyte population. However, it is only in recent years that we have begun to understand the
importance of leukocyte dynamics in the regulation of regeneration. So far, succesful regeneration
has been shown to be critically reliant on timely neutrophil resolution and timely macrophage influx.
In contrast, the role of B cells in regulating regeneration and scarring has been almost completely
overlooked, despite their presence in both the regenerating zebafish and the scarring adult mouse.
In this chapter, scRNAseq data and in situ hybridisation have shown, for the first time, that the PF/SF
neutrophil and B cell responses are significantly different during the first 30 days following
myocardial death. The PF display a significantly stronger initial neutrophil response that could be
driving regenerative failure and the formation of a permanent scar. In contrast, the late stages of the
SF immune response are characterised by unique neutrophil and B cell responses and

transcriptionally distinct leukocytes that could be facilitating regnerative success.

4.3.1 The initial PF neutrophil response could be prohibitive to cardiac regeneration.

The data presented here characteries PF/SF neutrophil dynamics during the first 30 days
after cardiac injury. This work has revealed that the PF neutrophil response is prolonged in
comparison to the SF. Specifically at 3dpci, PF neutrophils were found to remain elevated whereas
SF neutrophils returned to baseline. Neutrophil persistence during wound healing is universally

detrimental across the animal kingdom and in a variety of different tissues?’*. Indeed, the prolonged
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presence of neutrophils in skin lesions can lead to the complete failure of wound healing and the

formation of chronic wounds?”®

, suggesting that a long neutrophil response will prevent
regeneration in the PF. Within the context of the injured heart, the scarring medaka also show a
prolonged neutrophil response in comparison to the zebrafish'®. Manipulations of the neutrophil
response in the medaka and zebrafish suggest that neutrophil dynamics can directly regulate
regenerative capacity. Accelerating neutrophil clearance in the medaka with poly I:C injections leads
to improved regeneration whilst prolonging neutrophil retention in the zebrafish causes
regeneration to fail'®2>2, Therefore, the prolonged PF neutrophil response may be inducing

regenerative failure and the significant differences in PF/SF neutrophil kinetics catalogued here may

be, at least partly, responsible for the differential regenerative capacity of the PF/SF.

The PF neutrophil response was also found to be characterised by the influx of a significantly
greater number of neutrophils post-MI than the SF. Excessive neutrophil recruitment is well-
established to be detrimental to cardiac repair; clinically, high levels of neutrophils post-MI positively
correlate with increased infarct sizes, fibrosis, and HF development%-2*1, Furthermore, excessive
neutrophil recruitment is observed in the zebrafish during numerous cases of regenerative
failurel®”2’¢, The damaging effects of neutrophils are attributed to their secretion of ROS and
degradative enzymes which cause surrounding cells to die by apoptosis. Findings from GO term
analysis indicate that PF neutrophils are actively damaging as they are enriched for superoxide
generation at 3dpci. In contrast, at 3dpci SF neutrophil levels have returned to baseline, suggesting
that the SF heart is spared any potentially damaging effects of neutrophils by both limiting the
extent and duration of neutrophil recruitment. Therefore, although these findings indicate that
significant differences in the SF/PF neutrophil responses are regulating AM regenerative capacity,
future studies should aim to either restrict the influx of PF neutrophils or accelerate neutrophil
clearance in the PF to confirm that the PF neutrophil response is directly leading to permanent

scarring.
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4.3.2 Regeneration and scarring show a divergent late-stage immune response in the AM

In the adult teleost and mammalian heart, post-MI neutrophil levels return to baseline by
7dpcit*. In this chapter, however, | present the completely novel finding that neutrophils remain
significantly elevated at both 7- and 14dpci in the SF. This data suggests, for the first time, that a
prolonged presence of neutrophils is not necessarily prohibitive of regeneration, contradicting the
wealth of data that shows that a neutrophil response which fails to resolve quickly is detrimental to
wound healing (see above). In contrast to the SF, the scarring PF neutrophil response was
transcriptionally inactive by 7dpci and returned to baseline levels, revealing that a late-stage
neutrophil response is unique to the regenerative setting. This suggests that late-stage neutrophils
may play a pro-regenerative role that is absent from the PF. In recent years, the beneficial roles of
neutrophils in wound healing have started to emerge. Indeed, neutrophils have been shown to
promote myocardial healiing from 5 days post-MI by resolving inflammation®*%’” and by
contributing to the organisation and remodelling of the scar?*. Therefore, future studies should aim
to characterise the functional and transciptional profile of late-stage SF neutrophils to determine
whether these cells represent a pro-regenerative population that uniquely drives successful

regeneration in the SF.

In addition to identifying novel neutrophil dynamics in the SF, in this chapter | have found
that late-stage SF leukocytes display distinct transcriptional profiles that emerge specifically during
the late stages of cardiac healing. Strikingly, the distinct transcriptional profiles identified in late-
stage SF leukocytes are absent at any other time point after injury and completely from the PF,
suggesting that SF leukocytes uniquely launch a transcriptional response to injury that is specific to
the late stages of cardiac healing. Furthermore, late-stage SF neutrophils and macrophages were
found to display very similar enriched GO terms at 7- and 14dpci, suggesting that the observed
transcriptional profiles of late-stage SF leukocytes are responsible for promoting a specific functional
response that occurs at both 7- and 14dpci. However, from the analysis presented here, it is not

clear as to what functional role late-stage SF neutrophils, macrophages and B cells could be playing.
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Therefore, future work should aim to specificlly explore these late-stage immune cells to determine

whether they are playing key roles in promoting successful regeneration.

4.3.3 Are B cells essential for regeneration?

In this chapter, | have found that the late-stage AM immune response further diverges
significantly due to the substantial SF B cell response which is almost absent in the PF. cd37+ cell
counts and scRNAseq data have shown that B cells significantly influx into the regenerating heart at
14- and 30dpci whereas PF B cell levels remain minimal during the late stages of cardiac repair. This
is an extremely novel finding as it is the first time that B cells have been associated with successful
cardiac regeneration. Indeed, so far no reports have investigated the role of B cells in either the
zebrafish or the neonatal mouse and, typically, B cells are thought to be detrimental to the injured
heart as they have been associated with HF development, increased fibrosis and cell death via the
production of auto-reactive antibodies?**?%°, However, recent studies are starting to shed light on
the healing properties of B cells. Post-MlI, injection of mature B cells can improve cardiac function in
the adult mouse by decreasing scar sizes, attenuating fibrosis and decreasing the infiltration of pro-
inflammatory monocytes?®?, suggesting that late-stage SF B cells could be pro-reparative.
Furthermore, evidence from other tissues has revealed that mature B cells are beneficial to wound

healing: they accelerate wound healing in the diabetic mouse by stimulating angiogenesis and

278 279,280

innervation’® whilst they can limit ischemic infarct sizes and inflammation after a stroke or
after mechanical CNS damage??. Thus, it is tantilising to hypothesise that high levels of B cells in the
regenerating SF heart might be promoting cardiac regeneration during the late stages of wound
healing by stimulating blood vessel formation, nerve growth and limiting cardiac tissue damage.
Additionally, B cells have also been shown to have immunomodulatory properties and can directly
control the leukocyte composition of the heart at baseline by controlling the levels of neutrophils
and CD4* and CD8* T cells®2. This further suggests that B cells in the SF might be mediating

regenerative success by ensuring that the leukocyte pool in the SF heart is pro-regenerative.

Therefore, future studies should aim to explore whether B cells are regulating AM regenerative
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capacity, either by selectively depleting B cells in the SF heart or by injecting B cells from the SF into

the PF to determne whether regeneration is altered.

The B cell data presented in the chapter is not only novel, but it is also strikingly different
from previous bulk RNAseq data from the Mommersteeg lab which suggested that the PF adaptive
immune response was significantly upregulated, especially at 7- and 14dpi. However, | have found
that the SF adaptive immune response is significantly upregulated at 7- and 14dpci during B cell
counts. Although the T cell response to cryoinjury has not yet been validated in the AM, the results
of the DPA show T cell levels to be very similar between the PF and SF, suggesting that the adaptive
immune response is stronger in the SF after cryoinjury than the PF due to the substantial influx of B
cells. Therefore, the results of this chapter not only confirm my initial hypothesis that the AM
immune response to necrotic cell death would be substantially different than to resection, but they
also suggest that findings from the resection injury model are not necessarily transferable to the
cryoinjury model. This is significant and something for cardiac regeneration researchers to be aware
of as both cryoinjury and resection are still used extensively throughout the field?®*?4, Furthermore,
as the adaptive immune response is differentially upregulated in the AM following resection vs
following cryoinjury, this has implications for the other previous bulk RNAseq findings (i.e. that
metabolism and scarring are major differences between succesful regeneration vs fibrotic scarring).
Therefore, future work should aim to repeat the previous bulk RNAseq experiment using cryoinjury
as the cardiac injury model to confirm whether metabolism and scarring remain significantly

different in the regenerative and scarring hearts in response to necrotic cell death.

4.3.4 MHC Il deficiency in PF

Antigen presentation via MHC Il complexes is essential for T cell activation. B cells and
macrophages are major antigen-presenting cells (APCs) of the immune system, whilst antigen
presentation has also been reported in neutrophils. However, the data presented here has shown

that MHC Il expression is significanctly diminished in the scarring PF in APCs, suggesting that T cell
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activation during PF cardiac healing may be impaired. Lack of T cell activation has alreay been shown
to be detrimental to wound healing and MHC lI-deficient mice cannot successfully heal skin lesions
due to a lack of CD4* T cell recruitment?®. Furthermore, MHC Il deficiency post-MI has been shown

to result in severe disruption of scar formation and adverse ventricular remodelling?%®

, suggesting
that lack of MHC Il expression in the PF could be activately detrimental to cardiac regeneration.
Interestingly, however, the scRNAseq dataset suggests that T cell dynamics are not significantly
different between the PF/SF, suggesting that T cell recruitment is not impaired in the PF (see chapter

). Therefore, this preliminary finding requires further investigation to determine whether MHC Il

deficiency in PF APCs plays a role in regulating regeneration vs scarring.

4.3.5 Limitations

The scRNAseq analysis presented here has focused on comparing PF/SF leukocytes at each
time point, regardless of leukocyte subcluster. Although this analysis enabled the exploration of
significant differences in AM leukocytes after injury, it has completely disregarded the heterogenous
cluster populations present in the scRNAseq data. Indeed, 9 neutrophil clusters, 7
monocyte/macrophage clusters and 11 B cell clusters were identified in the scRNAseq data which
could all be mediating distinct aspects of the regenerative and scarring processes. Distinct
macrophage populations have already been identified in the zebrafish heart that mediate
differential aspects of cardiac regeneration: tnfa+ macrophages mediate scar deposition whilst tnfa-
macrophages mediate scar resolution'**. Furthermore, the inflammatory profiles of both neutrophils
and macrophages have been shown to change over time with injury: both cell types are pro-
inflammatory immediately after injury and then polarise to an anti-inflammatory state during the
late stages of cardiac healing. Therefore, it is very likely that both pro- and anti-inflammatory cells
will be present at each time point which could be impacting the results of functional pathway
analysis as true differences in inflammatory and anti-inflammatory signals between PF/SF cells
cannot be distinguished. Indeed, at 7dpci, SF macrophages were observed to be enriched for both

inflammatory and anti-inflammatory pathways which is most likely due to the presence of both pro-
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and anti-inflammatory cells. Therefore, further analysis of the scRNAseq data should aim to
investigate PF/SF differences between distinct neutrophil, macrophage and B cell clusters at each

time point.

The functional scRNAseq analysis employed here required all AM genes to be converted to
their mouse homologs prior to both GSEA and GO term analysis. This is because GSEA requires the
input of either mouse or human genes whilst GO terms are not well annotated in the AM genome
but are well annotated in the mouse. Although homology mapping is the best current approach for
non-model organism researchers performing functional scRNAseq analysis®, it does present 2
inherent limitations. Firstly, homology mapping relies on the assumption that the AM: mouse
homologs are biologically similar and function in the same way within mouse cells as they do AM
cells which may not be the case. Secondly, homology mapping results in the removal and filtration of
many AM genes from downstream functional analysis as only AM genes which map to a single
mouse homolog are retained during analysis (i.e. AM genes that had no mouse homolog or mapped
to multiple genes were removed). Therefore, the GO term and GSEA results presented here could
have potentially overlooked key signalling pathways that drive regeneration vs scarring due to the
use of AM: mouse homologs. Unfortunately, there is currently no way around this limitation for AM
researchers as many scRNAseq functional analysis tools are built for mouse and human datasets.
Instead, AM researchers must wait for the GO term annotation of the AM genome to improve and
the development of scRNAseq analysis tools that are designed specifically for teleosts to overcome

this limitation.

Finally, the results of this chapter are limited by the lack of characterisation of AM
monocyte/macrophage spatiotemporal dynamics. Numerous studies have shown that macrophages
are critically important to the success of cardiac regeneration°*10%16° Therefore, our understanding
of the PF/SF immune responses will be incomplete until this key regenerative cell type can be

characterised. Future studies should aim to complete the characterisation of the AM
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monocyte/macrophage response using c1qa, instead of mpeg1, which has been identified here as a

suitable pan-macrophage AM marker.

4.3.6 Future Directions

This chapter has highlighted that the AM immune response significantly diverges during the
late stages of wound healing. Therefore, the next chaper should focus on the late stages of the AM
immune response to explore how the divergence in the late-stage AM immune response may be
regulating successful regeneration vs permanent scarring. Specifically, the next chapter should aim
to explore the unique transcriptional profile identified in late-stage SF neutrophils, macrophages and

B cells which could be key in driving regenerative success.
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Chapter V

Surface fish neutrophils and macrophages show unique NFkB
activation at 7- and 14dpci that is absent from Pachon

5.1 Background

5.1.1 The late stages of cardiac regeneration

During the late stages of cardiac healing (7-14dpi), the regenerating heart enters the
reparative phase. Necrotic tissue debris has been cleared and the initial inflammatory insult has
been resolved. The resolution of inflammation is a key part of cardiac healing and chronic, aberrant
or unresolved inflammation has been well documented to drive the pathology of many

cardiovascular diseases such as cardiomyopathy, HF and atherosclerosis®7-2%2,

To date, the reparative phase of cardiac healing has been relatively unexplored in
comparison to the immediate, inflammatory phase of cardiac repair. As such, the cellular and
molecular events that mediate the reparative phase are not exactly clear. However, it is during this
time that the production of de novo cardiac tissue reaches its peak in the regenerating heart.
Cardiomyocyte proliferation levels peak at 7dpci in the zebrafish?*? and the AM?°, and at 14dpci in
the axolotl!®. Additionally, collagen scar deposition increases during the late stages of cardiac
healing as fibroblasts and myofibroblasts proliferate and produce collagen and ECM proteins?32%,
From 7dpi onwards, the regenerating heart begins to finely control the rate of tissue replenishment
by balancing the levels of cardiomyocyte proliferation, scar deposition and scar degradation so that
the collagen scar is gradually replaced by new tissue. However, it is currently unknown what

mechanisms are involved to balance tissue production with tissue degradation.
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5.1.2 The late stages of the immune response

Although the immune response is thought of as the master regulator of regeneration and
scarring, few studies have explored the role of the immune response specifically during the late
stages of cardiac healing. As such, the exact role of the immune response in the late stages of cardiac
regeneration is still unclear. Recent studies, however, have identified that the late-stage immune
response might play a key role in coordinating cardiomyocyte proliferation with scar degradation.
For example, Tregs and macrophages (which peak at 7dpi) have both been shown to promote

cardiomyocyte proliferation by secreting paracrine mitogens?®®

, whilst ablation of either cell type will
result in decreased levels of myocardial proliferation. Additionally, macrophages have been shown
to play major roles in scar remodelling: they deposit collagens, secrete degradative enzymes,
facilitate scar removal, and activate scar deposition from fibroblasts and myofibroblasts36144297,

Furthermore, late-stage neutrophils have been found to deposit ECM proteins to the scar and

upregulate proteins involved in scar organisation at 7dpi®*.

However, our understanding of the functional roles of late-stage leukocytes in regeneration
and scarring is still in its infancy. Indeed, we are only just beginning to understand the complexity of
late-stage leukocytes. Recent studies have identified that distinct anti-inflammatory leukocyte
populations emerge during the late stages of the immune response that facilitate specific aspects of
cardiac repair. In the zebrafish, a population of tnfa- macrophages have recently been identified that
peak at 7dpci and promote scar removal'*. In the mouse, fibronectin+ neutrophils have been found
to peak between 5-7dpi and seem to contribute to scar remodelling and ECM deposition. These
populations suggest that late-stage immune cells may facilitate scar resolution and turnover in the
regenerating heart. However, further research is still required if we are to fully understand the role
of the late-stage immune response during cardiac regeneration. For instance, the role of many
leukocyte populations such as B cells have not yet been explored during the late stages of the

immune response. Additionally, there is currently no evidence whether the late stages of the
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immune response are essential to regenerative success as no study has yet specifically disrupted the

immune response from 7dpi onwards.

5.1.3 Aims

In the previous two chapters, | identified that the AM immune response significantly diverged
during the late stages of wound healing. Specifically, | found that SF leukocyte levels remain elevated
at 14dpci due to an influx of B cells, and transcriptionally distinct neutrophils and macrophages. In
contrast, the PF immune response was resolved during the late stages of wound healing. From this
data, | have hypothesised that the unique late-stage SF immune response is essential to SF
regenerative success. However, it is still not yet clear whether late-stage SF leukocytes play pro-
regenerative roles such as stimulating cardiomyocyte proliferation or facilitating scar removal.
Therefore, to delineate how the late-stage SF immune response might be stimulating regeneration,

in this chapter, | aimed to:

1) Identify the main genes and signalling pathways that characterise the unique late-stage
transcriptional profiles seen in SF neutrophils, macrophages and B cells
2) Determine whether inhibition of SF late-stage leukocytes inhibits regeneration and

abrogates successful wound healing

5.2 Results

5.2.1 Late-stage SF neutrophils, macrophages and B cells upregulate tnfa and nfkb2
expression

To achieve the first aim of this chapter and identify genes that were highly expressed in late-
stage SF neutrophils, macrophages and B cells, DGE analysis was performed using the scRNAseq
data. MAST testing was used to highlight the highest expressed genes at 7- and 14dpci in SF
neutrophils (Fig. 5.1a), macrophages (Fig. 5.1b) and B cells (Fig. 5.1c). Comparison of the DGE results
showed that many of the top genes expressed in SF late-stage leukocytes were either regulated by

Nuclear factor-kB (NFkB - a pleiotropic transcription factor that is involved in cell survival,

215



inflammation, proliferation and the immune response?®2%°) or were directly involved in the NFkB

signalling pathway (as indicated by the black arrows in Fig. 5.1).
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Figure 5. 1: Late-stage SF leukocytes upregulate NFkB signalling

Heatmaps of the top 7dpci and 14dpci markers, as identified by MAST testing, for (A) neutrophils, (B)
macrophages and (C) B cells. The black arrows indicate genes identified associated with NFkB

signalling using the Harmonizome database3®

As NFkB is a dynamic transcription factor that can play a multitude of pleiotropic roles
during wound healing, the previous GSEA and GO term analysis results were re-examined to explore
whether any functional pathways identified in late-stage SF leukocytes could be the result of active
NFkB signalling. This revealed that all late-stage SF neutrophils, macrophages and B cells expressed
genes that were significantly enriched for TNFa/NFkB signalling (Table 5.1). To confirm this finding,
the top markers of PF and SF neutrophils, macrophages and B cells were assessed for enrichment in
the PROGENYy signalling pathways, another type of functional pathway analysis that has been shown

to outperform GO term and GSEA analysis in its application to scRNAseq data3". PROGENy analysis
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showed that TNFa and NFkB pathways were significantly upregulated in late-stage SF neutrophils,
macrophages, and 7dpci SF B cells to a far greater degree than their PF counterparts (Fig. 5.2).
Furthermore, late-stage SF neutrophils, macrophages and B cells showed the highest levels of

TNFa/NFkB enrichment across all the time points tested.

Typically, TNFa/NFkB signalling is associated with inflammation and the early stages of the
immune response; it has not previously been linked to the reparative phase of the immune

response. Therefore, this novel result was selected for further exploration.

SF Cells  7dpci 14dpci

Neutrophils | - Hallmark TNFo/NFkB signalling

- GO term inflammatory response

Macrophages | Hallmark TNFo/NFkB signalling -
GO term Cellular Response to TNF GO term Cellular Response to TNF

B cells GO term TNF production

Table 5. 1: Summary of GSEA and GO term analysis results from Chapter IV that identified

upregulation of TNFa/NFkB signalling in late-stage SF neutrophils, macrophages and B cells
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Figure 5. 2: TNFa/NFKkB is significantly upregulated in late-stage SF leukocytes compared to PF
leukocytes. Heatmaps display the results of PROGENy pathway analysis. The reported values indicate
the activity of each PROGENy pathway tested with positive values (in red) reflecting active pathways

whilst negative values (in blue) reflecting inactive pathways.

To confirm the novel finding that late-stage SF leukocytes upregulate TNFo/NFkB signalling,
the expression levels of top TNFa/NFkB genes were evaluated in the scRNAseq dataset. This showed
that, for almost all genes, late-stage SF neutrophils and macrophages showed significantly greater
expression levels than their PF counterparts (Fig. 5.3). However, SF B cells only showed convincing

elevated expression levels for svild and tnip2.

Therefore, transcriptional profiling of late-stage AM leukocytes using the scRNAseq data
showed that SF leukocytes specifically upregulate TNFa/NFkB at 7dpci and 14dpci in response to

cardiac injury, whilst this injury response is absent from the PF.

However, TNFo/NFkB expression had never previously been probed in the AM and thus the

expression levels of TNFa/NFkB in PF/SF hearts needed to be confirmed in situ.
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Figure 5. 3: Violin plots of the top identified TNFa/NFKkB genes, comparing expression levels

between PF and SF neutrophils, macrophages and B cells at 7dpci and 14dpci
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To validate SF upregulation of TNFoa/NFkB signalling, PF/SF hearts were probed for the
expression of tnfa and nfkb2, two genes which had both shown high levels of expression in late-
stage SF leukocytes. 14- and 30dpci hearts were stained using tnfa and nfkb2 RNAscope probes and
the number of tnfa+ and nfkb2+ cells present in the wound was counted (Fig. 5.4a). Cell counts
showed that at 14- and 30dpci, tnfa+ and nfkb2+ cells were elevated in the SF in comparison to the
PF, with 30dpci showing the greatest difference for both tnfa+ cells (Fig. 5.4b) and nfkb2+ cells (Fig.
5.4c). Although, due to a low sample number at 30dpci, | was unable to confirm whether this

observed difference between PF and SF hearts at 30dpci was significant.

Therefore, the scRNAseq and in situ hybridisation data suggested that TNFa/NFkB signalling
is specifically upregulated in late-stage SF neutrophils, macrophages and 7dpci B cells, resulting in
elevated numbers of tnfa+ and nfkb2+ cells in SF hearts. However, from this data, the functional role

of upregulated TNFo/NFkB signalling in late-stage SF leukocytes was unclear.

Due to the absence of TNFa/NFkB signalling in late-stage PF leukocytes, | postulated that
TNFo/NFkB signalling could be mediating a pro-regenerative response in the SF. Additionally, as
TNFa/NFkB upregulation was conserved amongst SF neutrophils, macrophages and B cells, |
postulated that TNFa/NFkB might ‘switch on’ a pro-regenerative gene program in SF leukocytes in

response to injury.
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Figure 5. 4: Preliminary cell counts show that tnfa+ and nfkb2+ cells are elevated in SF wounds at
14- and 30dpci in comparison to the PF

(A) Representative RNAscope staining tnfa and nfkb2 expression in PF and SF hearts at 14dpci and
30dpci (B). Counts of tnfa+ and nfkb2+ cells were normalised to the fractional wound area. Statistical
analysis (Student’s t-test) was only performed at 14dpci due to sample number restrictions (n=3 for

14dpci, n=2 for 30dpci).

5.2.2 The distinct transcriptional profile observed in late-stage SF leukocytes is shared
between neutrophils and macrophages but not with B cells

To explore whether TNFa/NFkB signalling was upregulating a pro-regenerative gene
program in late-stage SF neutrophils, macrophages and B cells, the top markers of each cell type
were compared to identify any genes that were commonly upregulated in all 3 leukocyte
populations. This found that there was a significant degree of overlapping genes between SF
neutrophils and macrophages. In contrast, the top markers of SF B cells did not overlap with SF
neutrophils and macrophages, suggesting that a late-stage transcriptional profile is only shared
between SF macrophages and neutrophils but not with B cells (Fig. 5.5a,c&d). This finding suggested
that, in response to cardiac injury, a gene response program is activated in both SF neutrophils and
macrophages. In contrast, only 7- and 14dpci PF macrophages showed any degree of overlapping
genes (Fig. 5.5b) which suggested that a universal gene program is not activated in scarring

leukocytes in response to cardiac injury.

Therefore, from the scRNAseq data and in situ hybridisation analysis, it is possible to

conclude that:

1) In the late stages of successful regeneration, the immune response remains active and is

significantly stronger than in the scarring setting
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2) In the late stages of successful regeneration, TNFa/NFkB signalling is significantly upregulated in
response to injury whereas late-stage TNFa/NFkB signalling is completely absent from the scarring

response
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Figure 5. 5: A distinct transcriptional profile is shared between late-stages SF neutrophils and
macrophages, but not with B cells

(A) Euler plots analysing the overlap of top markers genes for SF 7dpci neutrophils, 14dpci
neutrophils, 7dpci macrophages, 14dpci macrophages and B cells. (B) Euler plots analysing the
overlap of top markers genes for PF 7dpci neutrophils, 14dpci neutrophils, 7dpci macrophages,
14dpci macrophages and B cells. (C) Euler plots analysing the overlap of top markers genes for late-
stage neutrophils and macrophages show that a transcriptional profile is shared amongst late-stage
leukocytes uniquely in the regenerative setting. (D) Heatmap of the top cell markers of late-stage SF
neutrophils and macrophages reveals that many top markers are shared between neutrophils and

macrophages (highlighted in red).

5.2.3 Is late-stage TNFa/NFkB signalling essential for successful regeneration in the SF?

To test whether late-stage TNFa/NFkB signalling critically regulates regenerative success in the
SF, late-stage TNFa/NFkB signalling was inhibited in vivo so that it could be determined whether
regeneration failed as a result. To interrogate the TNFa/NFkB signalling pathway, five treatment

groups were used:

1) CAY10500 (a TNFa inhibitor)

2) DHMEQ (a NFkB inhibitor)

3) Ac-YVAD-cmk (an IL-1B inhibitor)

4) Leaukadherin-1 (a Mac-1 allosteric activator that prevents leukocyte recruitment to the
wound by increasing the binding of leukocytes to the endothelium and preventing
extravasation)

5) DMSO (vehicle control)

CAY10500 and DHMEQ were used to specifically interrogate the TNFa/NFkB pathway whilst Ac-

YVAD-cmk was also used to inhibit inflammasome activation which is a major downstream effector
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of inflammatory TNFa/NFkB signalling. Additionally, leukadherin-1 (LA-1) was used to act as a broad
proof-of-principle study that would confirm whether the late-stage SF immune response critically

regulates SF regenerative capacity (Fig. 5.6).
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Figure 5. 6: Mechanism of action of LA-1, CAY10500, DHMEQ and Ac-YVAD-cmk

Inhibition of TNFa/NFkB signalling does not alter SF scar sizes

Cryoinjured SF were injected with inhibitor or vehicle control every 24 hours between 7-
11dpci and hearts were collected at 21dpci to assess the degree of regeneration (Fig. 5.7a). The area
of scar tissue in each heart was visualised using AFOG stain, a histological stain that visualises the

collagenous scar in blue and healthy myocardium in orange (Fig. 5.7b). To assess for differences in
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regenerative capacity, two independent and blinded measures of regeneration were calculated.
Firstly, to compare scar sizes between groups, the ratio of total wound area: total ventricle area was
calculated. Secondly, the length of open ventricle (i.e. compact wall disrupted by scar tissue) was
measured and compared to the perimeter of the ventricle. The ratio of open wound: ventricle
perimeter enabled the rate of regeneration to be compared as wounded tissue is gradually replaced
with healthy myocardium from the ‘outside in’ (i.e. from the compact wall and inwards), making
closure of the compact wall one of the first steps in successful regeneration. No difference in scar
size or rate of regeneration was found between the DMSO-treated hearts and any of the inhibitor-
treated hearts using either regenerative capacity measurement (Fig. 5.c&d). Therefore, these
findings suggested that inhibition of the late-stage SF immune response and TNFa/NFkB signalling

had no impact on the regenerative capacity of the SF.
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Figure 5. 7: Inhibition of TNFa/NFkB signalling at the late-stages of wound-healing has no impact
on the SF regenerative capacity at 21dpci
(A) Overview of experimental design. (B) Representative AFOG images of the inhibitor-treated SF

hearts at 21dpci. (C) The ratio of total wound size: total ventricle size was measured, revealing that
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inhibitor treatment had no impact on scar size in comparison to DMSO control (1-way ANOVA with
Dunnet’s multiple comparisons test, n=3). (D) The ratio of open ventricle: ventricle perimeter,
revealing that inhibitor treatment had no impact on scar size in comparison to DMSO control (1-way

ANOVA with Dunnet’s multiple comparisons test, n=3-9).

Inhibition of TNFa/NFkB signalling does not alter SF scar organisation

As discussed in the introduction, leukocytes are known to play a role in scar formation,
remodelling and turnover during the reparative phase. Therefore, although inhibitor treatment did
not significantly alter scar size, it was plausible that inhibitor treatment could have significantly

altered the composition and organisation of the scar without affecting overall scar size.

To investigate whether inhibitor treatment resulted in changes to scar composition, AFOG
images were assessed. AFOG stains different components of the scar in different colours: collagen is
stained blue, fibrin stains red, whilst blood clots and cellular debris stain brown. Therefore, the area
of each scar was measured, and its components were quantified using colour thresholding in Imagel.
SF scars were analysed for the percentage of collagen content (Fig. 5.8a); fibrin content (Fig. 5.7b)
and for blood clot/debris content (Fig. 5.8c) and composition comparisons were made between each
treatment group. This analysis showed that inhibitor treatment did not significantly alter the ECM

composition of the scar at 21dpci. Therefore, scar organisation was next investigated.

To assess whether the organisation and alignment of collagen fibres within the scar was
disrupted by inhibitor treatment, the 21dpci hearts were stained with Pico-Sirius red, a histological
stain that, when visualised using polarised light microscopy, enables the orientation and properties
of collagen fibres to be determined (Fig. 5.8d). Quantification of the Pico-Sirius red images showed
that there was no difference in scar organisation between inhibitor treatment groups in terms of
collagen fibre straightness (Fig. 5.8e), collagen fibre angle (Fig. 5.8f) and co-alighment of collagen

fibres (Fig. 5.8g).
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Therefore, analysis of the 21dpci inhibitor-treated hearts with both AFOG and Pico-Sirius red
staining suggested that TNFa, NFkB and IL-1B signalling are not required for regenerative success or
scar organisation. Additionally, these results suggested that the immune response between 7-11dpci

is not essential for regenerative success in the SF.
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Figure 5. 8: Inhibition of TNFa/NFkB signalling at the late-stages of wound-healing has no impact
on scar deposition and organisation

AFOG images from 21dpci inhibitor-treated SF hearts were measured to assess scar composition. (A)
The percentage collagen content (blue staining) of scar was measured for each inhibitor treatment
group. (B) The percentage fibrin content (red staining) of scar was measured for each inhibitor
treatment group. (C) The percentage blood clot/cellular debris (orange/brown staining) was
measured for each inhibitor treatment group. (D) Representative images of Pico-Sirius Red staining
imaged using the brightfield and polarised light (PLM= polarised light microscopy). Collagen fibres
visualised using PLM were assessed using CT-FIRE for their degree of alignment (E); fibre angle (F);
and fibre straightness (G). Comparisons between groups were analysed for significance using a 1-way

ANOVA with Dunner’s multiple comparisons test, n=3.

Although the results of the inhibitor experiment suggested that inflammation and the
immune response were not essential to regeneration, none of the inhibitors used in this study had
previously been tested in the AM and had only been used in either the zebrafish or mouse.
Therefore, one possible explanation for the observed lack of difference in regenerative capacity and
scar deposition was that DHMEQ, CAY10500, Ac-YVAD-cmk and LA-1 were not functioning effectively
in the AM model. This apparent lack of activity of DHMEQ, CAY10500, Ac-YVAD-cmk and LA-1 could
be caused by a multitude of reasons such as incorrect dosage; lack of expression of drug target; or
insufficient protein homology between the AM, zebrafish, and mouse conservation for effective
binding. Therefore, the next logical step was to validate whether each inhibitor was able to

successfully inhibit its target in the AM.

LA-1 had previously been shown to effectively inhibit leukocyte extravasation in the
zebrafish at the concentration used in this study. To test for effective inhibition of leukocyte

extravasation by LA-1 in the AM, 21dpci SF hearts were stained with lyz, an antibody that will detect
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granular-like cells (Fig. 5.9a). Lyz+ cell counts, however, showed no difference in the number of
granular-cells present in DMSO-treated hearts and LA-1-treated hearts (Fig. 5.9b), suggesting that
LA-1 does not work effectively to prevent leukocyte extravasation in the AM. Additionally, the influx
of lyz+ cells was not disrupted by any of the tested inhibitors (Fig. 5.9b), suggesting that none of the

inhibitors disrupted leukocyte recruitment.

These results showed that, as LA-1 does not function effectively in the AM, it cannot be

concluded whether late-stage SF leukocytes are required for successful regeneration.
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Figure 5. 9: Leukadherin-1 administration by ip injection between 7-11dpci does not effectively
inhibit leukocyte extravasation into SF hearts

(A) Representative images of Lyz antibody staining in the inhibitor-treated 21dpci SF hearts. Hearts
were counter-stained with MF20 and DAPI. (B) lyz+ cells present in the wound were counted and
normalised to wound area. Cell counts were tested for significant differences between DMSO control
samples and inhibitor-treated samples (1-way ANOVA with Dunner’s multiple comparison’s test,

n=3).

To interrogate whether CAY10500, DHMEQ and Ac-YVAD-cmk were able to effectively inhibit
TNFa/NFkB/IL-1B signalling, an RNAseq approach was adopted so that differences in the
TNFa/NFkB/IL-1B signalling pathways could be probed. Specific upregulation of TNFa/NFkB signalling
has not been observed previously in the late stages of regeneration in the zebrafish. Therefore, two
sets of inhibitor-treated hearts were prepared: 1) hearts that received early-stage inhibition of
TNFo/IL-1B/NFkB signalling to act as positive controls; and 2) hearts that received late-stage
inhibition of TNFa/ IL-1B/NFkB signalling (Fig. 5.10a). Following RNA isolation and high-throughput
sequencing, an initial comparison of the RNAseq data was performed using PCA to compare the
sources of overall variance in each treatment group. The PCA plot revealed that all late-stage
inhibitor samples clustered together and almost all early-stage inhibitor samples clustered together,
whilst DMSO control samples did not cluster separately from the inhibitor samples (Fig. 5.10b). If the
inhibitors were functioning effectively, the DMSO and inhibitor-treated samples would be expected
to cluster separately on the PCA plot. Therefore, from this lack of variance, | concluded that DHMEQ,

CAY10500 and Ac-YVAD-cmk do not work sufficiently in the AM to inhibit their targeted pathways.
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Figure 5. 10: RNAseq data of inhibitor-treated zebrafish shows that Ac-YVAD-cmk, CAY10500 and
DHMEQ do not function effectively to inhibit TNFa/NFkB signalling in the heart following ip
injection

(A) Overview of the RNAseq experimental design. (B) PCA plot comparing the main sources of

variation in the RNAseq dataset reveals that control- and inhibitor-treated hearts are very similar.

5.2.4 Late-stage inflammation is critical for scar formation
Using specific TNFa/NFkB/IL-1B inhibitors to disrupt late-stage inflammation had proved to

be ineffective. Therefore, | next sought to use a broad anti-inflammatory agent to inhibit late-stage
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TNFa/NFkB signalling in the SF to determine whether late-stage inflammation is essential for

regenerative success.

Glucocorticoid agonists are broad anti-inflammatory agents that have been used extensively
to suppress inflammation and the immune response!®392 Therefore, | designed the following
experiment: SF fish were cryoinjured and exposed to Dexamethasone in the water at 100uM every
day between 7-14dpci, with Dexamethasone being replenished every 24 hours. Hearts were then
collected at 30- and 60dpci to assess whether inhibition of late-stage SF inflammation had inhibited
scar resorption and regenerative capacity (Fig. 5.11a). As has been done for the previous inhibitor
experiment, collected hearts were stained with AFOG (Fig. 5.11b) and differences in wound size (Fig.

5.11c&d) and open wound: ventricle perimeter (Fig. 5.11e&f) were measured.

At both 30- and 60dpci, no difference in regenerative capacity was observed between
Dexamethasone-treated and control samples, although a general trend was observed that
Dexamethasone treatment resulted in larger wound sizes at 60dpci (Fig. 5.11d). Therefore, these
results suggested that inhibition of late-stage SF inflammation does not result in significantly

different wound sizes or rates of wound closure.

However, during analysis, it was observed that Dexamethasone-treated scars seemed to be
structurally different from control hearts and were characterised by a thick region of collagen at the
edge of the ventricle, suggesting that Dexamethasone treatment might result in structurally

different collagen scars.
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Figure 5. 11: Dexamethasone treatment between 7-14dpci does not inhibit regeneration in the SF
(A) Schematic of experimental design for Dexamethasone exposure. Cryoinjured fish were randomly
assigned to one of four groups: 30dpci control, 30dpci Dex, 60dpci control and 60dpci Dex. Between
7-14dpci, control fish were placed in tanks with fresh system water every 24 hours whilst
Dexamethasone fish were placed in tanks with Dexamethasone water at 100uM. Hearts were
collected at 30dpci and 60dpci. (B) Representative images of AFOG staining. Scale bar represents

100um. AFOG sections were quantified for wound size at 30dpci (C) and at 60dpci (D); and for open
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ventricle: ventricle perimeter at 30dpci (E) and at 60dpci (F). For 30dpci, n=7-8; for 60dpci, n=>5.

Student’s t-test was used to assess statistical significance.

To test whether Dexamethasone treatment had induced the deposition of a significantly
different scar from control samples, control and Dexamethasone-treated hearts were first assessed
for differences in scar composition. By 30- and 60dpci, the AM scar mainly consists of collagen and
so the collagen content of each scar was quantified. Although Dexamethasone-treated scars were
not significantly different in percentage collagen content from control samples, a general trend was
observed that at both 30- (Fig. 5.12a) and 60dpci (Fig. 5.12b), Dexamethasone-treated samples had
consistently greater collagen content. Therefore, these results suggested that inhibition of late-stage

SF inflammation might disrupt scar formation and promote the increased deposition of collagen

fibres.
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Figure 5. 12: Dexamethasone treatment between 7-14dpci does not significantly alter collagen
content of SF scars

The collagen content of SF scars was analysed from AFOG images by measuring the area of blue
staining and calculating the percentage of this staining from the overall wound area. Wounds were
measured for percentage collagen content at (A) 30dpci and (B) 60dpci. n=6 for 30dpci, n=5 for

60dpci.
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Next, the structural organisation of collagen fibres in control and Dexamethasone-treated
samples was assessed using Pico-Sirius red staining (Fig. 5.13a&b). No differences were found in
collagen fibre angle, straightness or co-alighment at 30dpci (Fig. 5.13c). At 60dpci, although not
significant, collagen fibres in Dexamethasone-treated scars were observed to be straighter than
controls. Additionally, Dexamethasone-treated scars were found to be significantly disrupted in the
organisation of their collagen fibres which were significantly less aligned than controls and closely
resembled time-matched PF scars in their alignment (Fig. 5.13d). Therefore, this data suggested that
late-stage inflammation is involved in the organisation and orientation of collagen fibres as its

inhibition leads to significantly altered scar alignment.
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Figure 5. 13: Pico-Sirius red staining of Dexamethasone-treated scars suggests late-stage
inflammation is essential for scar organisation

Representative images of Pico-Sirius Red staining captured using brightfield and polarised lighted at
(A) 30dpci and (B) 60dpci. Polarised light microscopy images were analysed using CT-FIRE software to
extract and quantify the angle, straightness and co-alignment of collagen fibres in (C) 30dpci and (D)

60dpci scars (1-way ANOVA with Dunnet’s multiple comparisons test, n=3-7).
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5.2.5 Cell-cell signalling is drastically reduced by 14dpci in the PF but not in the SF, especially
amongst macrophages, neutrophils and B cells

To probe whether late-stage neutrophils, macrophages and B cells might be regulating scar
formation in the SF, | performed ligand-receptor (LR) analysis to explore whether PF and SF
leukocytes were interacting with scar forming cells during the late-stages of cardiac healing. To
perform LR analysis, AM genes were converted into their mouse homologs and a network of ligand-
receptor interactions was built using the STRING database that enabled the weight of cell-cell
interactions to be calculated. First, the cell-cell interactions throughout PF/SF hearts at 7- and 14dpci
were analysed. This showed that in both the PF and SF, fibroblasts and collagen-producing
macrophages form distinct signalling hubs and interact with a variety of cardiac cells, with fibroblasts
emerging as a key regulator of cellular cross-talk in both SF and PF hearts (Fig. 5.14a,b,c&d). To pull
out the interactions made between neutrophils, macrophages, B cells and all other cardiac cell
types, the analysis was filtered for these cells of interest. This found that PF and SF showed similar
levels of cellular communication at 7dpci (Fig. 5.14e). However, at 14dpci, | found that collagen-
producing macrophages were no longer communicating with other cells in the PF, whereas in the SF,
collagen-producing macrophages were still acting as a dominant signalling hub and made many
connections with various cardiac cells including scar-forming cells (i.e. fibroblasts and
myofibroblasts, Fig. 5.14f). This could suggest that at the late-stages of cardiac healing, scar
formation via macrophage-mediated collagen deposition becomes dysregulated in the PF whereas,
in the SF, collagen-producing cells are still actively integrating numerous signals from across the
heart to regulate scar deposition. Additionally, late-stage PF leukocytes showed a striking decrease
in cellular communication both from 7dpci PF leukocytes and from 14dpci SF leukocytes (Fig. 5.14f),
suggesting that by 14dpci, PF leukocytes are playing a much smaller role in orchestrating cardiac

repair than their SF counterparts.
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Figure 5. 14: Ligand-Receptor analysis reveals that intercellular communication is drastically
decreased at 14dpci in late-stage PF leukocytes

Cell-cell communication plots for entire PF hearts at (A) 7dpci and (B) 14dpci; and for entire SF hearts
at (C) 7dpci and (D) 14dpci. (E) Filtered cell-cell communication plots for macrophages, neutrophils

and B cells reveal that 14dpci PF leukocytes show a drastic reduction in their intercellular signalling.

5.3 Discussion

Since the 5" Century BC, inflammation has been recognised as an essential part of wound
healing. However, a central characteristic of inflammation is that it occurs immediately after injury
to recruit leukocytes to the wound and then is swiftly resolved. Numerous modern-day diseases
have revealed that inflammation that is not limited to immediately after injury (i.e. is chronic or
dysregulated) is ‘bad’ and can drive tissue damage, fibrosis and pathological remodelling. In this
chapter, using scRNAseq and in situ hybridisation | have shown, for the first time, that inflammatory
signalling during the late-stages of wound healing is not necessarily prohibitive of successful repair
whilst the inhibition of late-stage inflammation disrupts scar organisation and may lead to the

formation of permanent scars.

5.3.1 TNFa/NFkB signalling is uniquely upregulated in late-stage SF immune cells

The TNFo/NFkB signalling pathway is a pro-inflammatory pathway that results in the
upregulation of inflammatory cytokines like TNFa, IL-6, IL-18 and IL-1B. Previously, the TNFa/NFkB
signalling pathway has been reported to be activated immediately after Ml in response to necrotic
cell death and PRR activation®%3%, However, here | have found, using MAST testing and PROGENy
analysis, that TNFa/NFkB pathways are upregulated in late-stage SF leukocytes and show the highest
levels of activity at 7- and 14dpci. This finding is completely novel as it suggests that late-stage SF
leukocytes are inflammatory, and it contradicts the widely held belief that swift resolution of
inflammation is essential for regenerative success. Furthermore, the finding that TNFa/NFkB

signalling is higher during the late stages of cardiac healing than the early stages is additionally novel
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as previous reports of TNFa levels post-MI have found [TNFa] to peak at 1dpci and fall to baseline by
7dpci®®. Therefore, the identification of late-stage inflammatory neutrophils and macrophages in
the SF represents a distinct divergence from the classical understanding of inflammatory neutrophil
and macrophage dynamics which are reported to peak between 1-3dpi. The emergence of
TNFa/NFkB+ cells uniquely between 7-14dpci suggests that these cells may not be the typical pro-
inflammatory neutrophils and macrophages associated with TNFa/NFkB signalling but could be
novel populations, adding to the ever-increasing complexity of post-MI neutrophil and macrophage
heterogeneity. Therefore, future studies should aim to further characterise these new leukocyte

subsets and explore their possible roles within the regenerative setting

In addition to finding TNFa/NFkB to be uniquely upregulated in late-stage SF leukocytes,
counts of tnfa+ and nfkb2+ cells revealed that inflammatory cells remain elevated at 30dpci in the
SF, suggesting that successful regeneration is associated with sustained TNFa/NFkB inflammatory
signalling between 7-30dpci. This finding is remarkable as previous studies have well-established
that sustained and elevated levels of TNFa are detrimental to the injured heart: CHD and HF patients
display elevated levels of TNFa months after MI3%>3% whilst decreasing TNFa levels has been
documented to improve cardiac function in HF patients3%’. Additionally, chronic NFkB activation has
been shown to drive the pathology of a range of inflammatory diseases such as rheumatoid arthritis,

inflammatory bowel disease, multiple sclerosis and atherosclerosis?*®

, whilst NFkB activation post-MI
results in increased fibrosis, inflammation, adverse remodelling and cardiomyocyte death3%. In
contrast, the data presented in this chapter suggests that sustained TNFa/NFkB signalling could have
potentially pro-regenerative roles. Due to the inactivity of CAY10500 and DHMEQ, | haven’t been
able to specifically probe the function of late-stage TNFo/NFkB+ leukocytes in regeneration.
However, activation of the TNFo/NFkB pathway in neutrophils has already been shown to induce the
expression of mmp?9, a classical matrix remodelling enzyme3%, Therefore, future research should aim
to explore the functional role of sustained TNFa/NFkB signalling in late-stage leukocytes to

determine how it links to regenerative success.

246



5.3.2 Late-stage SF leukocytes may be upregulating a pro-regenerative gene program

In addition to the distinct timing of TNFa/NFkB upregulation in SF leukocytes, | found that
many of the injury-responsive genes upregulated during the late-stages of cardiac healing were
shared between SF neutrophils and macrophages. This could suggest that SF leukocytes are
commonly activating a pro-regenerative gene program (PRP) in response to cardiac injury that is
specifically promoting the regenerative response. So far, a PRP of 49 genes has already been
identified in the zebrafish and killifish that drives regeneration of the caudal fin and heart but is
weakly activated in the non-regenerative mouse®. Critically, the authors showed that when PRP
activation was inhibited, regeneration failed, suggesting that the regenerative response critically
relies on gene programs that are activated in response to cardiac injury. Recently, several groups
have identified regenerative-responsive enhancers (RREs) that drive injury-dependent gene
expression and may be responsible for the activation of PRPs*3310317 Indeed, activation of the 49-
gene PRP was inhibited by mutating its RRE, whilst the orthologous human version of the RRE was
unable to drive gene expression and contained numerous nucleotide changes in its sequence. This
has led to the hypothesis that mechanisms of regeneration may be conserved across the animal
kingdom due to the activation of RREs which, during evolution, have become mutated in
regenerative-incompetent models, resulting in silent RREs and failed regeneration. This theory
particularly fits with the regenerative competent and incompetent SF/PF populations which have
faced drastically different selection pressures as they have adapted to their river- and cave-
environments. Therefore, it could be possible that the PF have mutated RREs that prevent their
regeneration, explaining why their late-stage leukocytes displayed very few overlapping injury-
responsive genes. Furthermore, the unique upregulation of TNFa/NFkB may in fact be responsible
for PRP activation as the 49-gene PRP present in the zebrafish and killifish was activated by AP-1, a
transcription factor that is downstream of TNFa/NFkB signalling3'832, Therefore, future studies
should aim to investigate whether the shared expression of injury-responsive genes in SF neutrophils

and macrophages is linked to activation of a RRE and could represent a TNFa/NFkB-mediated PRP.
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5.3.3 Late-stage inflammation might be essential to scar organisation

Previously, glucocorticoids have been used successfully to inhibit regeneration when
administered immediately after injury®®. Here, however, | have found that inhibiting inflammation
during the late stages of SF cardiac healing does not seem to impair SF regeneration. This could
suggest that the initial hypothesis that late-stage inflammation is essential for SF regeneration was
wrong. However, one possible explanation for why there was no difference in regenerative capacity
following Dexamethasone treatment could be that 30dpci and 60dpci timepoints are too early for
impaired regenerative capacity in the SF to be distinguished. Indeed, although not significant,
Dexamethasone-treated SF hearts at 60dpci had generally larger wounds than controls which
displayed a greater percentage of collagen deposition. Thus, it is tempting to speculate that
inhibition of late-stage inflammation does result in impaired SF regenerative capacity which is,
however, not apparent until later time points when most of the scar has been degraded. Therefore,
future experiments should isolate Dexamethasone-treated hearts at 90dpci to fully determine

whether SF regenerative capacity is altered by inhibition of inflammation between 7-14dpci.

Additionally, | have shown that Dexamethasone treatment significantly disrupted scar
organisation, resulting in the formation of 60dpci scars which are significantly less aligned in their
collagen fibres than control samples. Strikingly, comparison of Pico-Sirius red staining from
Dexamethasone-treated samples resembled time-matched PF scars in their collagen fibre alignment,
suggesting that scars which show misaligned collagen fibres might be more difficult to resorb than
coaligned scars and result in regenerative failure. Indeed, the organisation of the collagen scar has
already been shown to be key to regenerative capacity as the axolotl fails to regenerate its heart
following macrophage ablation due to the formation of a highly-cross linked scar, even though
cardiomyocyte proliferation is unaffected'®. However, failure to regenerate has so far been
associated with highly aligned collagen scars in the axolotl and non-regenerative mouse, whereas
the partially regenerative spiny mouse (Acomys) forms a disorganised collagen scar3?132 post-MI. As

a result, the current consensus within the field is that scars which are co-aligned and have the same
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orientation of collagen fibres offer greater tensile strength to the heart but are harder to resorb,
resulting in permanent scarring. Therefore, the organisation of the SF/PF and Dexamethasone

treated scars are at odds with other regenerative-competent and -incompetent models.

One possible explanation to explain these contradictory results is that teleost, amphibian,
and mammalian hearts are significantly different in their size and mechanical properties. Therefore,
scar organisation that is beneficial to the mammal/amphibian heart may in fact not be relevant to
the teleost heart. For instance, the disorganised Acomys scar is associated with increased
angiogenesis and the authors suggested that a loosely-compacted scar was beneficial to Acomys
cardiac healing as it enabled newly forming blood vessels to infiltrate the wound. However,
revascularisation of the teleost heart after cryoinjury is rapid and occurs well before collagen scar
deposition (within 15 hours after injury)®’, suggesting that loose scar formation would not
necessarily be beneficial for the teleost heart. Crucially, scar organisation and collagen fibre
alignment have never been quantified in the zebrafish or medaka and so | cannot compare the SF
control and Dexamethasone-treated scars to another teleost model of regeneration and scarring.
Therefore, although these results seem to be directly opposing the current literature, it is not
possible to currently conclude whether having a disorganised and misaligned scar is detrimental to
regenerative capacity in the AM. This makes isolating SF hearts at 90dpci after Dexamethasone
exposure an essential next step to determine whether inhibition of late-stage inflammation results

in permanent scars that cannot be degraded and induces regenerative failure.

5.3.4 Collagen-producing macrophages could be key signalling hubs in the late stages of the
regenerative heart

Finally, the results of the ligand-receptor analysis suggest that during the late stages of
cardiac healing, collagen-producing macrophages act as major signalling hubs within the
regenerative heart and communicate with numerous cardiac cell types. Previously, collagen-

producing macrophages have been associated with pathological fibrosis such as atherosclerosis and
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pulmonary fibrosis3?%3%_ Indeed, the expression of type VI collagen in alveolar macrophages has
been associated with fibroblast activation and the extent of lung fibrosis in mice3?, Therefore, the
finding that collagen-producing macrophages seem to play a signalling role within the regenerative
heart is intriguing. One possible explanation is that collagen-producing macrophages act to
orchestrate the late stages of cardiac regeneration by integrating a wide range of signals across the
heart which certainly warrants further investigation. Additionally, collagen-producing macrophages
could be secreting a specific type of collagen scaffold that is easy to absorb in the SF or acts as an
ECM scaffold that facilitates cardiac repair. For instance, collagen-producing macrophages that
directly deposit to the scar have been identified in the zebrafish heart®*®. In this study, the authors
found that collagen-producing macrophages specifically deposited collagens at the periphery of the
wound, into the pericardial space. They suggested that this specific localisation of macrophage-
deposited collagens could facilitate regeneration by forming an ECM scaffold that might promote
epicardial regrowth. Indeed, epicardium: collagen-producing macrophages cellular interactions were
identified in 7- and 14dpci SF hearts, suggesting that a similar mechanism could occur in the
regenerative SF heart. Therefore, future work should aim to explore the spatial localisation of
collagen-producing macrophages in the AM after injury, as well as determine whether these cells are

essential for integrating cell-cell signals across the regenerating heart.

5.3.5 Limitations

A major limitation of this chapter is that the assessment of SF regenerative capacity relies on
consistent cardiac cryoinjuries which cause the same amount of tissue damage in each fish.
However, anatomical variation amongst SF can make their hearts more or less accessible to the
cryoprobe, resulting in the induction of wounds that are variable in size as some hearts are easier to
injure than others. Although standard operating procedures were implemented to keep cryoinjuries
as consistent as possible between fish (eg following a standardised protocol for cryoinjury;
performing all surgeries blind to treatment group to prevent bias), it is not possible to rule out

whether the ability to detect differences in regenerative capacity has been hindered by variable
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wound sizes. For example, Dexamethasone wounds that are atypically small and control wounds
that are atypically large will have masked the detection of any real differences that inflammation
inhibition may have caused in SF regenerative capacity. Indeed, the large variation seen in the
regenerative capacity measurements presented here suggest that the control and Dexamethasone-
treated fish had variable initial infarct sizes. Therefore, to overcome this limitation in future studies,
magnetic resonance imaging (MRI) should be used to quantify regenerative capacity. MRI is non-
invasive and can be used to repeatedly measure how cardiac function changes after injury and drug
treatment by taking multiple images of the same heart. As each heart is normalised to itself, MRI
guantification of regenerative capacity would be resistant to differences in initial wound size and any
impact of Dexamethasone treatment would not be confounded by variability in cryoinjury. MRI has
already been successfully used to quantity regenerative capacity in the neonatal mouse3?” and the

zebrafish3?, suggesting this could well be a feasible option for future AM studies.

This chapter has also been limited by the need to use a broad, anti-inflammatory agent to
inhibit late-stage inflammation and leukocyte recruitment. Although glucocorticoids have previously

105302 3nd cardiac

been used extensively to target inflammation, leukocyte recruitmen
regeneration3®, they have a wide range of biological effects. These off-target effects could have
significant impacts on SF regeneration and could be causative of the observed disruption to collagen
fibre alignment. For example, Dexamethasone has been shown to induce gene expression changes in
cardiac circadian rhythms and metabolism33%331 two processes which have been shown to regulate
regenerative success*3233, Therefore, future work should aim to validate the effects of
Dexamethasone exposure in the SF heart to confirm that the significantly altered scar organisation
was due to inhibition of the late-stage SF immune response. Furthermore, alternative broad anti-
inflammatory agents which act via a different mechanism of action to Dexamethasone, such as

Methotrexate, should also be used to inhibit the late-stage SF immune response. If scar organisation

is still significantly disrupted following the use of alternate broad anti-inflammatory agents, this
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would significantly strengthen the findings of this chapter and help overcome the limitation of

having to use a ‘dirty’ pharmacological agent in the AM that has many off-target effects.

5.3.6 Future Directions

This chapter has highlighted that late-stage SF leukocytes upregulate TNFa/NFkB signalling
that may be mediating scar organisation and alignment of collagen fibres within the scar. Critically, |
have also identified that late-stage SF neutrophils and macrophages upregulate >100 common genes
in the late stages of cardiac healing which could constitute a PRP that mediates regeneration.
Therefore, future studies should focus on exploring whether SF macrophage/neutrophil injury-
responsive genes are regulated by TNFo/NFkB signalling and determine if these genes could be

regulating scar organisation or promoting another aspect of regeneration.

252



Chapter VI

Discussion & Conclusions

The immune response is essential to cardiac regeneration and critically regulates
regenerative capacity, governing the decision to form de novo cardiac tissue or a permanent fibrotic
scar. However, the exact mechanisms of the immune system that control regeneration vs scarring
are still unknown. To advance our understanding of how the immune system regulates regenerative
capacity, it is critical that we understand how the regenerative and scarring immune responses differ
so that we can pinpoint key immunoregulatory checkpoints at which regeneration can either
succeed or fail. By fully understanding how the regenerative and scarring immune responses diverge,
it is hoped that promising new therapeutic targets will be identified that can be used to improve

endogenous repair in the adult human heart.

The A. mexicanus holds great potential for unpicking the key immunoregulatory checkpoints
that regulate regenerative success and failure as it enables comparisons between fish-like
regeneration and human-like scarring within adult populations of the same species. Prior to this
project, the PF and SF immune responses to cardiac tissue damage were completely unknown.
Therefore, this work aimed to characterise the regenerative SF and scarring PF immune responses to
necrotic cardiac cell death. Specifically, | wished to identify significant differences in the PF/SF

immune responses that could be regulating the differential regenerative capacity of the AM.

Main Findings
This work has revealed that the regenerative SF and the scarring PF display significantly different

immune responses to cardiac injury, revealing new insights into how the immune system regulates

regenerative capacity:
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1) Leukocyte counts have shown that the PF immune response dominates immediately after
injury (1-3dpci) whereas the SF immune response takes over during the late stages of cardiac
healing (14-30dpci) and remains active for at least one month after injury.

2) Neutrophil counts have shown that the PF neutrophil response is significantly stronger than
the SF neutrophil response due to the substantial and prolonged recruitment of neutrophils
at 1- and 3dpci, resulting in a high-density of neutrophils in PF wounds. In contrast, the SF
neutrophil response is brief, with neutrophil levels peaking at 1dpci before returning to
baseline levels. These neutrophil counts suggest that elevated PF ptprc cells at 3dpci are due
to the prolonged PF neutrophil response.

3) B cell counts have shown that B cells significantly influx into the SF heart during the late
stages of cardiac healing, reaching peak levels at 30dpci. In contrast, B cells are almost
completely absent in the PF heart and show significantly diminished levels of MHC I
expression. B cell counts suggest that elevated SF ptprc cells at 14dpci are at least partly due
to the substantial influx of B cells.

4) The composition of the PF/SF immune responses significantly diverge during the late stages
of cardiac healing. The SF immune response is uniquely characterised by B cells and novel
neutrophil/macrophage populations at 7- and 14dpci.

5) Single cell transcriptional profiling suggests that TNFa/NFkB signalling is upregulated
specifically at 7dpci and 14dpci in SF leukocytes.

6) Inhibition of SF late-stage inflammation between 7-14dpci does not inhibit SF regenerative
capacity but does significantly disrupt scar formation, leading to disorganised scars that

resemble the PF scar and may be permanent.

In addition to these findings, this project has confirmed that the AM is a great model to study
the mechanisms underlying the regenerative and scarring immune responses to necrotic cell death.
Indeed, this work has performed an unbiased comparison of the AM immune response to identify
that the SF and PF show significant differences during the early neutrophil response and the late
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stages of the immune response. These points of divergence represent key immunoregulatory

checkpoints that could be critically regulating regenerative success and failure in the AM.

6.1 How has this project enhanced our understanding of how the immune system
regulates regeneration

6.1.1 The divergent early PF/SF neutrophil responses may differentially regulate regenerative
capacity

During this project, | have characterised the SF and PF neutrophil responses to cardiac cell
death, revealing that the neutrophil response is significantly stronger in the scarring setting than in
the regenerative setting due to the excessive and prolonged recruitment of neutrophils that influx
into the PF wound at high densities. Although this finding is not completely novel as a prolonged
presence of neutrophils in the heart has already been shown to result in regenerative failure in the
zebrafish and medaka'®?>?, it does add further support to the emerging evidence that the duration
of the neutrophil response can critically regulate regenerative capacity. Furthermore, this finding
strongly suggests that the overarching hypothesis for this thesis was correct (i.e. that differences in
the PF/SF immune response drive their differential regenerative capacity). Therefore, this project
has confirmed that the immune response may act as a key player in the regulation of SF regenerative

success and PF regenerative failure.

In addition to finding that a prolonged neutrophil response seems to be conserved amongst
scarring hearts, the characterisation of the SF neutrophil response suggests that a brief neutrophil
response might be important in regenerative success. Until now it has been unclear whether a
neutrophil response is essential to the regenerating heart as the neonatal mouse heart does not
seem to recruit any neutrophils after LAD ligation®. However, | have found that SF neutrophil
dynamics are identical to the zebrafish, suggesting that a brief neutrophil response immediately
after injury could be beneficial to regeneration as it has been conserved across regenerative species.

This could potentially redefine how we think of neutrophils that immediately respond to injury.

255



Currently, they are regarded as wound clearing cells that phagocytose debris and do not promote
regeneration. Instead, neutrophils which stimulate repair are thought to only emerge in the later
stages of wound healing (from 5dpi) where they mediate inflammation resolution and ECM
remodelling®>*24%277 However, the identical SF and zebrafish neutrophil response suggests that
neutrophils which enter the heart straight after cardiac damage might be setting the stage for
successful regeneration. This certainly warrants further investigation as the role of 1dpci neutrophils
in regulating regenerative capacity has barely been explored. Therefore, this work sheds a new light

on debris-clearing neutrophils which could prove to be novel pro-regenerative cells.

Finally, during the characterisation of the PF/SF neutrophil response, the timing of the PF
prolonged neutrophil response was found to coincide with a significantly accelerated rate of PF
myocardial death. Although currently this finding is only an association and does not substantially
link the PF neutrophil response to increased PF myocardial death, it does raise an intriguing, albeit
speculative, possibility for future study. This data could suggest that the prolonged PF neutrophil
response causes regeneration to fail by rapidly destroying surviving myocardium and stimulating
emergency scar deposition. The rapid loss of myocardial tissue from PF wounds by 3dpci will
significantly weaken the integrity of the PF ventricular wall which could lead to uncontrolled and
permanent scar deposition as the PF heart scrambles to quickly replace the dying cells. In contrast,
the absence of neutrophils from the SF heart by 3dpci might enable damaged SF cardiomyocytes to
be cleared at a slower rate, resulting in the controlled formation of a replacement scar that is
amenable to resorption during the later stages of regeneration. So far, no work has examined
whether the rate of tissue death after injury is linked to scar formation. However, comparisons
between regenerative and scarring organisms reveal that animals that heal by scarring will undergo
very early ECM deposition whereas regenerative animals show a significantly delayed deposition of

335 whilst

the scar®“. For instance, the scarring mouse will deposit collagen by 3dpi in the skin
collagen isn’t detected until 8dpi in the regenerative spiny mouse3® and 14dpi in the axolot|33¢,

suggesting that the timing of scar deposition critically regulates regenerative capacity. Therefore,
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this project could point towards a new mechanism by which the immune response might promote
regenerative failure. Future studies should investigate whether cytotoxic PF neutrophils are rapidly
destroying damaged cardiac tissue and explore whether the PF and SF show significant differences in

the timing of their scar formation after cardiac injury.

6.1.2 A fresh perspective on the role of the adaptive immune system in regeneration

To date, the role of the adaptive immune system in successful regeneration has been largely
overlooked following the current consensus that the evolution of a complex adaptive immune
system is a barrier to regenerative potential. However, the B cell findings in the thesis suggest that
the adaptive immune system is not prohibitive to regeneration as substantial numbers of B cells
influx into the SF heart at 14- and 30dpci, whereas their numbers remain minimal in the PF. This
finding supports recent studies which also suggest that the adaptive immune system is key to
regeneration. In the zebrafish, Tregs have been found to secrete organ-specific pro-regenerative
paracrine factors that are essential to the regenerative success of the heart, retina and spinal
cord®¥’. Additionally, comparisons between the zebrafish and medaka have highlighted that, during
regeneration, the zebrafish specifically upregulate genes involved in T cell proliferation and B cell
receptor signalling!®. Therefore, the differential regenerative capacity of the AM may in fact be due

to significantly different adaptive immune responses.

In support of this new hypothesis, additional observations during this project further suggest
that the AM adaptive immune responses are significantly different. Functional analysis of PF/SF
macrophages has identified that T cells are differentially regulated by PF/SF macrophages at 14dpci,
with SF macrophages positively regulating T cell proliferation whereas PF macrophages negatively
regulate Treg differentiation. Furthermore, PF show significantly diminished MHC Il expression
across all three of their major APCs, suggesting that antigen presentation in PF is impaired in
comparison to the SF. This is significant for the adaptive immune response as antigen-presentation

via MHC Il is essential for activation of CD4+ T cells whilst wound healing is impaired if either MHC Il
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is deleted or CD4+ T cells cannot be activated?®. Therefore, these results suggest that the PF may be
deficient in their ability to activate the adaptive immune response which could be due to lack of B
cell recruitment and/or MHC ll-mediated T cell activation. Thus, this project provides a new
perspective on the role of the adaptive immune system in the regulation of regenerative success and

scarring.

6.1.3 The late-stage SF immune response may be essential for regeneration and scar
resolution

Currently, the immune system is not thought to be required during the long-term phases of
cardiac regeneration as leukocyte levels in the regenerative zebrafish and neonatal mouse have
been reported to largely return to baseline by 14dpil®**, However, during this project | have found
that SF leukocyte levels remain elevated at 14- and 30dpci, suggesting that in the SF, the immune
response is still active during the late stages of cardiac healing. Teleost cardiac regeneration is a
lengthy process, taking approximately 90 days in the SF and 60-180 days in the zebrafish to reach
completion. Therefore, it seems plausible that successful regeneration could require the continual
recruitment of leukocytes to the site of injury to mediate the long-term regenerative response.
Specifically, the timing of elevated SF leukocytes in the late stages of cardiac healing suggests that

they could be coordinating scar resorption with the formation of healthy new myocardium.

Although the functional role of late-stage SF leukocytes has not been fully elucidated during
this project, some preliminary findings suggest that late-stage SF leukocytes could be regulating scar
deposition and resorption. Firstly, | have found that late-stage SF leukocytes upregulate TNFa/NFkB
signalling. TNFa/NFkB signalling has already been shown to induce the expression of matrix
degrading enzymes in many cell types. Critically, TNFo/NFkB activation in neutrophils and
macrophages has been shown to directly induce mmp1, mmp3 and mmp9 expression, suggesting
that late-stage TNFa/NFkB+ SF leukocytes could be actively helping to resorb the scar by secreting

degradative enzymes3%338, Additionally, TNFa/NFkB signalling has also been shown to increase
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collagenolytic activity, and suppress ECM synthesis by inhibiting the expression of collagens and
aggrecan?®340 Therefore, TNFa/NFkB+ leukocytes could be uniquely regulating scar resolution from
7dpci onwards in the regenerative setting. This interpretation is further supported by the GO term
analysis results which found 14dpci SF neutrophils to be enriched for collagen catabolism, whilst SF
macrophages were enriched for collagen biosynthesis, suggesting that SF leukocytes are directly

involved in scar turnover.

Secondly, | have found that a substantial population of B cells influx into the SF heart
between 14-30dpci. Critically, B cells have already been reported to be involved in scar remodelling
following cardiac injury. Indeed, loss of B cells from the injured heart significantly disrupts scar
formation and leads to decreased collagen deposition?®?. Furthermore, in response to cardiac injury,
B cells have been shown to increase the expression of collagen deposition (col1al, col3al) and

260 whilst teleost B cells have been characterised to show

collagen resorption (mmp9, timp) genes
high levels of phagocytic activity3~3*3, Therefore, B cells could be contributing to scar degradation

during the late stages of cardiac regeneration in the SF by upregulating the expression of

degradative enzymes as well as actively facilitating scar break down via phagocytosis.

Thirdly, | have found that Dexamethasone treatment significantly disrupts scar organisation
at 60dpci. Dexamethasone is a glucocorticoid receptor agonist that exhibits broad inhibitory effects
on both inflammation and leukocyte recruitment!®3%, thus suggesting that disruption to the late-
stage SF immune response results in significant changes to scar deposition. Strikingly, significantly
unaligned scars were only detected at 60dpci and not at 30dpci, suggesting that a brief disruption to
scar organisation between 7-14dpci may induce substantial changes that, over time, result in
maladaptive remodelling and permanent scar formation. Although further validation experiments
are still required to confirm that scar organisation is regulated by the late-stage SF immune
response, the work presented here suggests that disruption to SF scar organisation could result in

the formation of permanent scars that are resistant to degradation.
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Currently, very little is known about how regenerative models resorb the scar. However, a
recent study has proposed that scar resorption in the zebrafish heart relies on a balance between
collagen degradation and collagen synthesis, with the levels of collagen synthesis gradually
decreasing with time from injury whilst the levels of degradation remain high, leading to scar
resorption3*, Therefore, the constant recruitment of scar-eating leukocytes to the regenerative SF
heart at 14- and 30dpci may ensure regenerative success by maintaining the balance of scar
degradation>scar deposition. Furthermore, evidence from the zebrafish already implicates that

136 and are

leukocytes play key roles in scar turnover: macrophages directly deposit collagen proteins
essential for scar formation whilst tnfa- macrophages are essential for scar resolution**. Thus, this
work suggests, for the first time, that continual activation of the immune response may play a key

role in mediating regenerative wound healing by facilitating scar remodelling and leukocyte

degradation of the scar.

6.2 Will the findings from this project help human Ml patients?

Although the immune system of the AM and the human are vastly different, understanding
how the PF immune response leads to regenerative failure could identify new therapeutic avenues
for preventing HF. It is hoped that modulating components of the human immune system to mimic
the regenerative immune response may ameliorate cardiac repair in post-Ml patients. So far, this
project has identified that accelerating neutrophil clearance in patients could help to reduce infarct
sizes and resultant scar formation. Furthermore, my findings have highlighted that B cells represent
a promising new target for immunomodulatory therapies for heart attack patients, especially when
the recent data is considered that reports that regulatory B cells improve cardiac repair in the

scarring mouse heart.

However, considerable research is still required before we determine whether our fish
findings will be translatable to humans. The teleost and mammalian immune systems are vastly

different in terms of the maturity, complexity and development of leukocytes and not all
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mammalian leukocytes (eg eosinophils) have a teleost counterpart. Therefore, pre-clinical findings
from the fish that promote cardiac repair will need to be confirmed in the mammalian models

before they can be successfully applied to the human heart?¢?,

6.3 Limitations of this project

This project has been significantly limited by poor AM genome annotation. Indeed, the lack
of gene annotation in the AM genome has prevented a full exploration of the scRNAseq dataset as
transcriptomic information is unavoidably lost during dataset creation. Furthermore, the incomplete
annotation of the AM genome has further prevented the role of identified cells of interest in the
regenerative heart from being determined. For instance, currently, it is not possible to probe which
cell types may be responding to increased TNFa production from late-stage SF neutrophils and
macrophages as neither TNFa receptors are annotated in the AM genome (tnfr1 and tnfr2). This has
limited my ability to pin down whether TNFa/NFkB signalling might be regulating scar formation,
cardiomyocyte proliferation, leukocyte recruitment or acting on unknown cell types. Therefore,
currently, | can only speculate as to the role of TNFa/NFkB leukocytes within the SF heart without
considerable further investigation. Furthermore, many key canonical cell type markers are not
annotated in the AM genome, such as CD206 and CD14. This has prevented the comparison of AM
leukocyte populations to immune cell identities that are well-established within the literature such
as regulatory B cells and tissue-resident macrophages, as well as restricted my ability to profile the
inflammatory state of PF and SF leukocytes and identify distinct macrophage populations.
Unfortunately, until a new AM genome build is available with improved gene annotations, there is
very little that can be done to overcome this limitation. It is far beyond the scope of an individual lab
to improve gene annotations at a genome-wide level. However, during this project, | have published
a novel methodology that AM researchers can use to maximise the transcriptomic information from
their scRNAseq data when using the incomplete v1.0.2 and v2.0 AM genome assemblies’*. Although
this is a far cry from the information available when using a well-established genome build like the

zebrafish or the mouse, | hope that my integration methodology will help AM researchers to
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overcome some of the problems posed by the multiple, incomplete and inconsistent AM genome

assemblies.

In addition to a well annotated AM genome, this project would benefit from increased
sample sizes. In this project, a minimum threshold of 3 biological samples was set for any statistical
analysis whilst parametric testing was employed based on previous data that found PF and SF
populations to display normally distributed responses to cardiac injury. However, three samples is
still relatively low when sampling from two independent and variable populations. Therefore,
increasing the collection of PF/SF samples would minimise the impact of biological variability on the
cell count data, increasing the strength of any conclusions made regarding significant differences

between PF and SF neutrophil and B cell populations.

6.4 Future Directions

This project has raised many fascinating questions for future study:

1) Does the prolonged PF neutrophil response prohibit regeneration?

2) Is the initial SF neutrophil response at 1dpci essential for successful regeneration?

3) Are cytotoxic neutrophils rapidly destroying the wound and stimulating early scar
formation?

4) Are B cells essential to successful regeneration?

5) What is the functional role of TNFa/NFkB leukocytes during the late stages of cardiac
healing?

6) What are the spatiotemporal dynamics of PF/SF macrophages in response to cardiac injury?

6.4.1 The PF/SF neutrophil response

To firstly confirm whether SF/PF neutrophil responses are differentially regulating
regenerative capacity, it will be essential to modulate the initial PF/SF neutrophil response and
assess the impact on regeneration. This could be achieved by a neutrophil depletion study in which

SF neutrophils were depleted at 1dpci and PF neutrophils were depleted at 3dpci. However,
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currently available neutrophil depletion approaches require the use of monoclonal antibodies which
will not be compatible with fish antigens and thus are unlikely to work in the AM. Another approach
to deplete neutrophils would be to create a genetic AM line in which neutrophils are time-sensitively
depleted (eg using diphtheria toxin A under a neutrophil-specific promoter). However, this approach
would take a prohibitively long time (= 3 years) as AM juveniles can take up to 1 year to reach sexual
maturation. Therefore, the best option to selectively deplete neutrophils in the AM is to use a
pharmacological approach. One possible mechanism that could be employed is to stimulate
increased neutrophil retention within the head kidney. In the mouse, the CXCL12-CXCR4 axis has
been shown to regulate neutrophil retention within the bone marrow and CXCR4 antagonists
enhance neutrophil mobilisation from the bone marrow, resulting in increased neutrophil
recruitment to wounds3*. This suggests that CXCL12 injections between 1-3dpci could be a viable
way to selectively disrupt PF/SF neutrophil dynamics and prevent their influx into the heart, enabling

the impact of 1dpci SF neutrophils and 3dpci PF neutrophils on regenerative capacity to be probed.

Furthermore, such an approach could be used to answer the question of whether cytotoxic
PF neutrophils are rapidly destroying the wound and accelerating the death of damaged
cardiomyocytes. Indeed, the area of MF20 staining in PF wounds at 3dpci could be measured
following disruption to the immediate PF neutrophil response to determine whether a difference in
the rate of myocardial death is observed. If this turned out to be the case, a fascinating follow up
experiment would be to inject PF neutrophils into the SF heart and determine whether myocardial

death was accelerated and if this resulted in early scar deposition and impaired regeneration.

6.4.2 B Cells

To determine whether B cells are essential to the SF regenerative response, an ideal
experiment would be to selectively deplete B cells from the SF. However, similarly to neutrophils,
most previous B cell depletion approaches have used monoclonal antibodies against B cells which

will not work in the AM. Furthermore, currently available pharmacological B cell inhibitors such as
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Ibrutinib target the btk enzyme which, according to the scRNAseq data, is not well expressed in the
AM. Therefore, if AM B cells are to be successfully inhibited in the SF, an alternative approach must
be utilised. Although genetic lines take a very long time to make in the AM, recent advances in gene
editing technology have shown that complete knock-outs can be created within the Fo generation by
injecting Cas9 proteins with multiple guide RNAs to direct CRISPR-mediated genetic knock out®*. As
only SF gene knock outs would be required to test the function of B cells during successful
regeneration, this technology could be used to rapidly create a SF B cell knock-out line. Previous
studies have used B cell knock-out mice to explore the role of B cells post-Ml, suggesting this could
be a viable approach for assessing whether B cells are essential to successful regeneration®®.
Furthermore, the creation of a B cell knock-out SF population would provide additional important
insight into the possible roles of B cells with the regenerating heart and reveal whether B cells might

be mediating scar resolution.

Additionally, an alternate route to exploring whether B cells are essential to cardiac
regeneration would be to isolate B cells from the SF and inject them into the PF heart between 14-
30dpci to see whether regenerative success was improved. Indeed, this transplantation approach
would provide key insight into the mechanisms of B cells within regeneration by revealing whether

SF B cells promoted cardiomyocyte proliferation or scar resolution within the scaring PF heart.

6.4.3 TNFa/NFkB leukocytes

So far, we have discussed how the late-stage SF immune response might uniquely regulate
scar formation in the SF. However, TNFa and NFkB are pleiotropic signalling molecules that have
been reported to activate a diverse range of downstream signalling pathways. Therefore, late-stage
TNFo/NFkB+ SF leukocytes may be facilitating successful regeneration through a variety of

mechanisms which require elucidation in future work.
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Scar deposition, remodelling, and resolution

From the results of this project, it seems likely that TNFa/NFkB leukocytes are involved in
regulating the scar. This has led me to hypothesise that late-stage SF leukocytes are continually
recruited to the regenerative heart until cardiac regeneration is complete to mediate scar

resorption. To test this hypothesis, two questions need to be answered during future studies.

Firstly, it needs to be determined whether leukocytes remain elevated throughout the late
stages of cardiac regeneration in the SF. Thus, the first step would be to perform ptprc+ cell counts
at 60dpci in the SF and PF, to determine whether SF leukocyte levels remain elevated throughout

the late stages of cardiac healing and scar resorption.

Secondly, although | have suggested that TNFa/NFkB leukocytes might facilitate scar
resolution due to the upregulation of matrix-degrading enzymes, this still needs to be confirmed.
Thus, future experiments should seek to explore, using the scRNAseq data, whether ECM
remodelling enzymes such as MMPs are expressed in late-stage SF leukocytes. This could identify
which matrix-degrading enzymes are downstream of TNFa/NFkB upregulation and reveal whether
SF leukocytes are well-primed to play a key role in regulating scar remodelling. Furthermore, if
matrix-degrading enzymes can be identified in late-stage SF leukocytes, this could provide targets for
pharmacological inhibition so that the role of TNFa/NFkB leukocytes in scar resolution can be
determined. A fascinating but potentially technically challenging approach would then be to isolate
TNFa/NFkB+ cells from the SF and inject them into the PF between 14-30dpci to see whether scar

resolution was improved, and PF regenerative capacity was increased.

Cardiomyocyte Proliferation

In addition to scar resolution, successful regeneration relies on the proliferation of pre-
existing cardiomyocytes. Although this project has not explored any links between TNFa/NFkB
leukocytes and SF cardiomyocyte proliferation, the literature suggests that the increased production

of TNFa from late-stage SF leukocytes could stimulate cardiomyocytes to upregulate glycolysis which
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is an essential step in myocardial proliferation®. Indeed, glycolysis exerts powerful control over
cardiomyocyte proliferation as the induction of glycolysis in non-proliferative cardiomyocytes can
cause them to re-enter the cell cycle in the adult mouse’ and TNFa has already been shown to
induce glycolysis in skeletal muscle3*’. Strikingly, unpublished work from the Mommersteeg lab has
found that SF cardiomyocytes selectively upregulate glucose uptake and glycolysis following injury
but that PF cardiomyocytes fail to activate glycolysis, suggesting that glycolysis is also key to AM
cardiomyocyte proliferation. As TNFa/NFkB+ leukocytes are absent from the PF heart at 7- and
14dpci, an exciting possibility is that PF cardiomyocytes fail to metabolically reprogram and activate
glycolysis due to a lack of TNFa secretion from late-stage neutrophils and macrophages.
Convincingly, the timing of peak TNFa/NFkB leukocytes coincides with the time at which SF
cardiomyocytes reach peak proliferation levels, suggesting that TNFa/NFkB+ leukocytes might
promote regenerative success by stimulating cardiomyocyte proliferation. Furthermore, differences
in metabolism have previously been identified as potential key drivers of the AM differential
regenerative capacity. Therefore, future experiments should explore whether TNFo/NFKkB+
leukocytes stimulate myocardial proliferation by assessing the number of cells that co-stain for Pcna
(a proliferation marker) and Mef2 (a cardiomyocyte nuclei marker) in the Dexamethasone-treated
hearts to assess whether inhibition of TNFa/NFkB signalling results in a significant decrease in the

number of proliferating cardiomyocytes during the late stages of cardiac healing.

6.4.4 The AM monocyte/macrophage response

As discussed in chapter IV, this project has failed to characterise the spatiotemporal
dynamics of the SF and PF monocyte/macrophage responses in the AM. However, if we are to
understand the importance of TNFa/NFkB+ leukocytes in mediating SF regenerative success, it will
be essential to confirm whether SF macrophages remain elevated during the late stages of cardiac
healing. Furthermore, previous studies have shown that macrophages play key roles in regeneration
by orchestrating angiogenesis, scar deposition, scar remodelling, scar resolution, cardiomyocyte

proliferation, debris removal and inflammation resolution. Therefore, it is critical that we
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understand how the spatiotemporal dynamics of the PF/SF monocyte/macrophage responses differ
if we are to fully understand how the immune response regulates cardiac regeneration success and
failure in the AM. As a result of this project, c1ga has been identified as a novel and specific pan-
macrophage marker that can be used in future characterisations of the AM spatiotemporal

macrophage response.

6.5 Concluding remarks

This project has demonstrated that the SF and PF immune responses of the AM show
significant differences in their spatiotemporal leukocyte dynamics, highlighting that the late stages
of cardiac healing show the greatest differences in the regenerative and scarring settings. The
identification of novel neutrophil, macrophage and B cell populations in late-stage SF hearts suggests
a role for the SF immune system in coordinating scar resolution whilst regeneration might fail in the
PF due to a lack of leukocyte recruitment. This project has opened a new avenue for future research
to explore whether regenerative success is driven in the SF by a continuously active immune
response that coordinates myocardial replenishment with scar degradation. Further investigation
into the role of late-stage SF leukocytes in regulating regenerative success could expand our
understanding of how the immune system can ensure successful tissue replenishment and

contribute towards the new therapeutic treatments for post-MI patients.
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First-Author
Cells (2022)

Discordant Genome Assemblies Drastically Alter the Interpretation of Single-Cell RNA Sequencing
Data Which Can Be Mitigated by a Novel Integration Method

Helen G. Potts; Madeleine E. Lemieux; Edward S. Rice; Wesley Warren; Robin P. Choudhury;
Mathilda T. M. Mommersteeg

Journal of Cardiovascular Development and Disease (2021)

Unlocking the secrets of the regenerating fish heart: Comparing regenerative models to shed light on
successful regeneration

Helen G. Potts*; William T. Stockdale*; Mathilda T. M. Mommersteeg

Co-Author
Journal of the American Heart Association (2022)

Tissue-Specific Roles for the Slit-Robo Pathway During Heart, Caval Vein, and Diaphragm
Development

Juanjuan Zhao; Susann Bruche; Helen G. Potts; Benjamin Davies; Mathilda T. M. Mommersteeg

Development (2020)

Runx1 promotes scar deposition and inhibits myocardial proliferation and survival during zebrafish
heart regeneration

Jana Koth*; Xiaonan Wang*; Abigail C. Killen*; William T. Stockdale; Helen G. Potts; Andrew
Jefferson; Florian Bonkhofer; Paul R. Riley; Roger K. Patient; Berthold Gottgens; Mathilda T. M.
Mommersteeg
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Figures

3.1 Integrating v.1.0.2 and v2.0 datasets into an integrated dataset enables more accurate

identification of doublets.
Over 1,290 cells changed cell-type annotation in the integrated dataset from the original v1.0.2 and
v2.0 datasets. When we investigated the transcriptional profile of the cells that changed annotation,

it was apparent that many of these cells were in fact doublets as they expressed markers from

multiple cardiac cell types.
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Appendix 3. 1: Heatmap of the transcriptional profile of identified doublet clusters shows that cells from each doublet

cluster expressed top genes from multiple cardiac cell types
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3.2 Integration of the 12 scRNAseq samples to produce the overall scRNAseq dataset of

85,516 cells

Reciprocal PCA and SCT integration with Harmony were tested to determine which methodology
was able to minimise batch-effects and integrate all 12 samples together most effectively. We found
that when we assessed reciprocal PCA analysis integration by grouping cells according to their PF/SF,
dpci and sample origin, we did not observe thorough mixing of cardiomyocytes and neutrophils,
suggesting incomplete integration (Fig. 4.1a). However, we found that SCT integration with Harmony
offered better mixing of cells within clusters, especially when cells were grouped by dpci and sample
origin (Fig. 4.1b). Therefore, we elected to use SCT integration with Harmony as our methodology to
integrate our large scRNAseq dataset. Literature suggests that optimal integration of large scRNAseq
datasets from multiple samples requires some changes to the default SCT Integration pipeline: a
larger number of features should be used for integration (default is 2000 features) and the dataset
should be scaled and centred following SCT Integration and before Harmony (default is to centre and
scale during SCTransform). Therefore, we tested whether incorporating these amendments during
integration improved our final dataset. We found that using 5000 features produced a similar
dataset to using 2000 features (Fig. 4.1c) whilst centring and scaling after SCTransform of each
sample resulted in better separation of the endothelial and leukocyte clusters from each other.
Therefore, for our overall scRNAseq dataset we used SCT Integration with 5000 features and only

scaled and centred the data prior to Harmony (Fig. 4.1d).
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b)

SCT Integration Default with Harmony, 2000 features
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c) SCT Integration Default with Harmony, 5000 features
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d) SCT Integration with Harmony
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Appendix 3. 2: SCT integration with Harmony and post-integration scaling was used as the integration methodology to
produce the overall scRNAseq dataset

(A) UMAPs showing that reciprocal PCA integration produced a resultant dataset of 53 clusters that were not efficiently
integrated across PF/SF cells, time point and sample origin (B) UMAPs showing that default SCT integration based on 2000
features with Harmony produced a resultant dataset of 40 clusters (C) UMAPs showing that default SCT integration based
on 5000 features with Harmony produced a resultant dataset of 40 clusters (D) SCT Integration based on 5000 features with

post-integration scaling and Harmony was chosen as the integration methodology for the overall scRNAseq dataset.
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3.3 Characterisation of the A. mexicanus non-immune cell types present in the heart at

baseline and following injury
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Appendix 3. 3: Heatmap displaying top 5 cell type markers for the major non-immune cardiac cell types in the AM heart

3.4 ptprc is not expressed in dead/dying PF myocardium at 3dpci

N
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o
o
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Appendix 3. 4: Violin Plot of ptprc expression levels in PF dead/dying myocardial cells at 3dpci, confirming that ptprc is

not expressed
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3.5 Identification of leukocyte cell-type markers in the A. mexicanus
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Appendix 3. 5: Heatmap of the top5 leukocyte cluster markers identified using the ROC test

3.5 Characterisation of A. mexicanus leukocytes
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Collagen-producing macrophages

collaila c1qa colialb colt1a2

Appendix 3. 6: FeaturePlots of the top markers for leukocyte sub-populations

3.6 DPA analysis of A. mexicanus non-immune cells following cryoinjury
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Appendix 3. 7: DPA analysis reveals that cardiomyocytes, endothelial cells and erythrocytes show significant differences
in their proportions following cryoinjury between PF and SF (*, p<0.05)

4.1 |dentification of neutrophils from overall dataset

Neutrophils were identified from the overall scRNAseq dataset using a combination of canonical
markers expression (eg. mmp9, mmp13a and lect2), and the unbiased screening of top markers in

each cluster using the Wilcox test.

mmp9.1 5 cebp1 3

lect2 mmp13a

Appendix 4. 1: FeaturePlots showing gene expression of top neutrophil-specific markers in cluster 4

and 40 in the overall scRNAseq dataset
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Appendix 4. 2: Heatmap of the top 5 cluster markers for each neutrophil subcluster identified using
the ROC test

Doublet clusters 8, 10, 1 and 12 excluded from heatmap
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Appendix 4. 3: Heatmap of the top 5 cluster markers for each doublet cluster identified in the

neutrophil scRNAseq dataset.
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Appendix 4. 4: Plots representing the temporal dynamics and proportions of each neutrophil sub-

cluster over time for PF and SF

4.3 GSEA results for PF/SF neutrophils
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Appendix 4. 5: Plots representing the top 5 results of GSEA for PF/SF neutrophils at 1-, 3-, 7- and
14dpci. Black arrows indicate Hallmark pathways that reached the threshold for significance

(FDR<0.25)

4.4 DGE analysis between uninjured neutrophils at 1dpci and 3pdci neutrophils
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Appendix 4. 6: Volcano Plots showing the results of DGE analysis between uninjured Vs 1- and 3-

dpci neutrophils for SF and PF

289



4.5 mpegl expression in partially sequenced scRNAseq dataset

mpeg1

Appendix 4. 7: Expression levels of mpeg1 in the partially sequenced scRNAseq dataset (4
sequencing runs) suggested that mpeg1 was a macrophage-specific marker that was expressed in

all macrophages

290



4.6 Top markers for macrophage sub-clusters
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Appendix 4. 8: Heatmap of the top 5 cluster markers for each macrophage subcluster identified

using the ROC test
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4.7 GSEA results for PF/SF macrophages

» HALLMARK_E2F_TARGETS
HALLMARK_INTERFERCON_ALPHA_RESPONSE
HALLMARK_DNA_REPAIR
HALLMARK_MYC_TARGETS_V1
HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY
HALLMARK_G2M_CHECKPOINT
HALLMARK_APICAL_JUNCTION
HALLMARK_SPERMATOGENESIS
HALLMARK_WNT_BETA_CATENIN_SIGNALING
HALLMARK_NOTCH_SIGNALING

Uninjured ¢

Enriched
pathways

[ er
e

1
Normalized Enrichment Score

1dpci @

I

I
ey
o

» HALLMARK_E2F_TARGETS
HALLMARK_DNA REPAIR
HALLMARK_ALLOGRAFT REJECTION-
HALLMARK_MYC_TARGETS_V1-
HALLMARK_UNFOLDED_PROTEIN RESPONSE-
HALLMARK_MYC_TARGETS_V2 1
HALLMARK_ANDROGEN_RESPONSE A
HALLMARK_BILE_ACID METABOLISM -
HALLMARK_HYPOXIA 1
HALLMARK_SPERMATOGENESIS

1
-
(=]

;
Normalized Enrichment Score

3dpci @

» HALLMARK_E2F TARGETS
»HALLMARK_DNA REPAIR-
HALLMARK_ALLOGRAFT_REJECTION-
HALLMARK_MYC_TARGETS V1
HALLMARK_UNFOLDED_PROTEIN_RESPONSE-
HALLMARK_ANDROGEN_RESPONSE A
HALLMARK_HYPOXIA 1
HALLMARK_MYC_TARGETS_V2
HALLMARK_BILE_ACID_METABOLISM
HALLMARK_SPERMATOGENESIS -

\IIIII

no 4

Enriched
pathways

[ FF
L

Enriched
pathways

[ er
B sF

1
Normalized Enrichment Score

7dpci @

I
—_
o

» HALLMARK_DNA_REPAIR 1

» HALLMARK_E2F_TARGETS -

» HALLMARK_OXIDATIVE_PHOSPHORYLATION A
» HALLMARK_MTORGC1_SIGNALING -

» HALLMARK_KRAS_SIGNALING_UP
PHALLMARK_TNFA_SIGNALING_VIA_NFKB -

» HALLMARK_COAGULATION

» HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION A
» HALLMARK_GLYCOLYSIS
»HALLMARK_BILE_ACID_METABOLISM
»HALLMARK_INFLAMMATORY_RESPONSE

I

Enriched
pathways

[ er
B sF

1
Normalized Enrichment Score

I
o

HALLMARK_DNA REPAIR
HALLMARK_E2F TARGETS
HALLMARK_MYC_TARGETS V1
HALLMARK_ALLOGRAFT REJECTION
HALLMARK_KRAS_SIGNALING_DN-
HALLMARK_APICAL_JUNCTION A
HALLMARK_MYC_TARGETS_V2

HALLMARK_OXIDATIVE_PHOSPHORYLATION -
HALLMARK_SPERMATOGENESIS A

0000000000

I

HALLMARK_BILE_ACID_METABOLISM 7
I

|

e ——,

Enriched
pathways

[ er
|

-1 0 1
Normalized Enrichment Score

293



Appendix 4. 9: Plots representing the top 5 results of GSEA for PF/SF macrophages at uninjured, 1-
, 3-, 7- and 14dpci. Black arrows indicate Hallmark pathways that reached the threshold for

significance (FDR<0.25)

4.8 Results of B cell GSEA
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Appendix 4. 10: Plot representing the top 5 results of GSEA for PF/SF B cells. No pathways reached

the FDR significance threshold
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