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1 ABSTRACT

Myocardial infarction (MI) causes substantial cardiomyocyte death and leads to heart
failure, one of the most common causes of death globally. While surgical and
transcatheter techniques have evolved to facilitate reperfusion, loss of these
cardiomyocytes remains irreversible in humans. This cell death is accompanied by
significant infiltration of immune cells which are required to clear the necrotic debris. In
adult mice, MI activates the cardiac lymphatics, which undergo sprouting angiogenesis
(lymphangiogenesis) and function to drain interstitial fluid and traffic macrophages to
mediastinal lymph nodes (MLNs). This prevents oedema and reduces

inflammatory/fibrotic immune cell content to improve cardiac function.

Given the importance of the adult cardiac lymphatics in macrophage clearance after
injury, I continued investigation into their role across the neonatal “regenerative
window”. At postnatal day 1 (P1) neonatal mice fully regenerate their heart following
MI, in a pro-regenerative macrophage-dependent manner, whereas equivalent injury at
postnatal day 7 (P7) leads to scarring driven by pro-fibrotic macrophages. I hypothesised
that lymphatics respond and function differently during this “window” to clear
macrophage-specific subtypes, depending upon their requirement for regeneration versus
fibrotic repair. Previous work within the group has revealed limited lymphangiogenesis
and preliminary evidence of reduced macrophage clearance from P1 compared to P7
infarcted hearts. The increase in macrophage clearance was coincident with maturation
of lymphatic endothelial cell (LEC) junctions across the neonatal period via transition
from “zipper” (impermeable) to “button” (permeable) -type junctions. In the present work
I provide further evidence of this differential macrophage clearance and lymphatic

maturation. I also demonstrate evidence of altered signalling between LECs and
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macrophages across the regenerative window, including differential expression of the

lymphangiocrine factor Reelin (RELN).

Prior work from the lab demonstrated that in mice lacking the lymphatic endothelial
receptor-1 (LYVE-1) — that exhibit impaired transmigration of interstitial macrophages
to lymphatic vessels — magnetic resonance imaging (MRI) revealed a surprising impaired
functional outcome in Pl mice 28 days post-MI. Given our observations that pro-
regenerative macrophages at P1 are not trafficked, this suggested a distinct role for
LYVE-1 in tissue-resident macrophages, consistent with its expression pattern in
developing and postnatal hearts. I therefore conducted macrophage-specific deletion of
Lyvel during neonatal heart injury which revealed impaired heart regeneration,
characterised by a reduced neovascular response and reduced function. Subsequent
single-cell RNA sequencing (scRNA-seq) of Lyvel deficient CD45" cells revealed a loss
of tissue-resident macrophages by apoptosis and an increase in recruited monocytes.
Tissue-resident macrophage retention is known to facilitate regeneration, the loss of this
population accompanied by increased monocyte infiltration is predicted to increase
inflammation and fibrosis, worsening the outcome post-MI. On the basis of
immunofluorescent staining, [ speculate that loss of Lyvel promotes apoptosis in tissue-
resident macrophages by disrupting the hyaluronic acid glycocalyx to expose pro-

apoptotic elements on the membrane surface.

Collectively, this thesis reveals that cardiac lymphatics are developmentally
compromised for clearance in early neonates, which enables retention of pro-regenerative
tissue-resident macrophages, and that LYVE-1 plays an essential role in maintaining this

population to promote heart regeneration and prevent inflammation and fibrotic repair.
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The role of LYVE-1 in adult macrophages constitutes a promising area of follow-up
investigation and I have conducted preliminary experiments to inform possible future

work.
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2 INTRODUCTION

2.1 Myocardial Infarction and Heart Failure

Myocardial infarction (MI) results in the ischaemic death of cardiomyocytes and abrupt
loss of cardiac function; the failure of the myocardium to regenerate and the formation of
fibrotic scar to replace dead tissue ultimately leads to systolic dysfunction, arrhythmias
and heart failure (HF). As a result of this irreversible damage, ischaemic heart disease
represents a significant contributor to cardiovascular disease, which is the single largest

cause of death globally'.

Contemporary clinical intervention aims to limit the size and impact of the initial infarct
via rapid reperfusion, preferably by primary percutaneous coronary intervention (PCI)
and adjunct antithrombotic therapy, or by fibrinolysis when timely PCI cannot be
delivered®. These strategies improve survival but do not restore myocardium. As more
patients survive the index event, the burden of post-MI HF is increasingly apparent.
Crucially, modern HF guideline-directed therapy (ACE inhibitors, beta-blockers,
mineralocorticoid receptor antagonists, SGLT2 inhibitors) is disease-modifying, but does
not directly counteract the irretrievable loss of cardiomyocytes®. For advanced HF, heart

transplantation remains the only definitive restorative therapy”.

Within this context, the importance of new interventions that regrow the myocardium is
clear. To date, attempts to remuscularise the heart with transplanted cells have not
delivered consistent clinical efficacy or durable engraftment. Early programmes using
1PSC-derived cardiomyocyte patches show feasibility in preclinical work and small

human studies®®; efficacy remains unproven because clinical experience is still limited
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to small, early-phase studies primarily designed for optimising consistent engraftment,

electromechanical coupling, and maturation®’.

Accordingly, the field is shifting to prioritise mechanism-led strategies that reactivate
endogenous regeneration. Many mammals retain a brief neonatal regenerative window,
suggesting that re-engaging dormant developmental pathways may, in principle, restore
function after injury. To develop such therapies, it is necessary to understand and define
the molecular processes that permit growth in the developing and early postnatal heart,
and how these processes are constrained in maturity. Promising candidate pathways
include reactivation of cardiomyocyte cell-cycle programmes and developmental
signalling axes such as Hippo-YAP/TAZ, active in cardiac developmental and implicated
as mechanisms to re-enter cardiomyocyte proliferation programmes in the injured adult

heart®.

Regrowth of myocardium is not the only feasible therapy in the post-MI window.
Modulating resolution of inflammation is an important therapeutic target: infiltrating
immune cells, while necessary in the first instance, are ultimately damaging when they
persist. Therapeutic options that optimise their removal therefore represent a plausible
approach to further limiting infarct damage. Increasing cardiac lymphatic drainage is an
approach that has demonstrated efficacy in adult mice following MI — for example, by
augmenting lymphangiogenesis by exogenous stimulation with VEGFC®. How the
cardiac lymphatics operate in the developing and neonatal heart remains an open question

and these uncertainties motivate the central aims of this thesis.
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2.2 Models of cardiac regeneration

2.2.1 Mammals

A substantial proportion of patients who suffer an MI will go on to develop HF, largely
because mature mammalian cardiomyocytes have exited the cell cycle and lost
proliferative capacity. Postnatal maturation involves cell-cycle withdrawal with
induction of binucleation/polyploidy, sarcomere and extracellular matrix (ECM)
remodelling, and a metabolic switch from glycolysis to fatty acid oxidation —features
associated with poor proliferative and regenerative potential'®!'?. Across vertebrate
models, successful regeneration typically hinges on cardiomyocyte dedifferentiation and
proliferation, rapid neovascularisation within the infarct, immune modulation that

favours resolution over fibrosis, and permissive ECM remodelling'>.

By contrast, the neonatal mammalian heart retains a brief, evolutionarily conserved
capacity for regeneration'®. In mice the heart fully regenerates after MI at postnatal day
1 (P1), whereas the same injury at postnatal day 7 (P7) leads to fibrotic scarring!>!°.
Original studies employed apical resection, while subsequent work extended the principle

to surgical coronary artery ligation with the reported ‘completeness’ of regeneration

dependent on the injury paradigm, functional readouts, and follow-up duration.

Case reports in humans suggest analogous potential in early life: infants with ischaemic
cardiac injury (for example, coronary thrombosis associated with congenital heart
disease) have shown complete functional recovery over time'’!?. These observations are
not definitive, but they underscore the plausibility of a neonatal regenerative window in

humans.
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Notably, among adult mammals, the spiny mouse (Acomys cahirinus) exhibits
endogenous cardiac recovery after MI. Despite comparable infarct size and mechanism
to Mus musculus, the spiny mouse shows reduced mortality and scar size by ~50 days,
accompanied by enhanced endothelial proliferation, angiogenesis, and vessel infiltration
into the infarct border zone. This cardiac phenotype aligns with the spiny mouse’s

broader capacity to heal complex tissues with minimal scarring?®2!.

2.2.2 Other species

Outside mammals, several vertebrates exhibit robust adult cardiac regeneration.
Zebrafish and axolotls regenerate myocardium after ventricular resection via
proliferation of pre-existing cardiomyocytes, restoring structure and function within
weeks?>?*, These models are central to defining the cellular and molecular programmes

in the setting of adult cardiac regeneration.

Intriguingly, capacity for cardiac regeneration can vary between organisms of a single
species. The Mexican cavefish (Astyanax mexicanus) comprises two forms: a surface-
dwelling fish which regenerate their hearts, and a cave-dwelling fish which heal with a
permanent scar akin to adult mammals. Such divergence in otherwise closely related
animals provides an opportunity for understanding how differences in the inflammatory

environment can determine regenerative potential*.

Conversely, closely related but non-regenerative teleost and amphibian models such as
the medaka and some xenopus strains form persistent scars after comparable injury,

allowing identification of differences that may facilitate cardiac regeneration.
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2.3 Hallmarks of cardiac regeneration

Effective cardiac regeneration across vertebrate models is characterised by five
interdependent  components:  remuscularisation,  electromechanical  stability,
angiogenesis, resolution of fibrosis, and immunological balance?. These elements act
within the broader post-MI environment, shaped by ECM composition, stromal-
parenchymal crosstalk, coronary and lymphatic vasculature, and the integrity of the

cardiac conduction system and autonomic innervation®S.

2.3.1 Remuscularisation

Restoration of cardiac function by muscular regrowth requires expansion of
cardiomyocyte mass through cellular growth (hypertrophy) or cellular proliferation
(hyperplasia). In regenerative settings, mass is restored largely by proliferation of pre-
existing cardiomyocytes following transient dedifferentiation and cell-cycle re-entry.
This has been demonstrated directly in zebrafish using lineage tracing and mitotic

22,27

labelling More recently, neonatal mouse studies using a genetic reporter
(‘CycleTrack’) that marks passage through the G2/M phase have captured cardiomyocyte
cycling in vivo*®. In mature cardiomyocytes, proliferation is constrained by cell-intrinsic
programmes established postnatally. Manipulation of Hippo signalling illustrates this:
activation of the downstream effector YAP promotes cardiomyocyte proliferation and
improves repair after injury, whereas genetic activation of Hippo pathways components,
or loss of YAP activity, restrains postnatal cardiomyocyte cell-cycle activity and

growth®-3,
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Exogenous remuscularisation is feasible but remains limited by safety and maturation.
Transplantation of human embryonic stem cell-derived cardiomyocytes into infarcted
non-human primate hearts improves function, yet early engraftment is accompanied by
ventricular arrhythmia, highlighting the need to couple new muscle formation with timely

electrical and mechanical maturation.?'.

2.3.2 Electromechanical stability

Engraftment studies in large animals show that new myocardium must integrate
electrically and mechanically with host tissue to be beneficial. In non-human primates
and pigs, transplantation of human pluripotent stem cell-derived cardiomyocytes
generates substantial grafts and improves function. Nevertheless, early engraftment is
frequently complicated by ventricular arrhythmias despite evidence of graft-host
coupling, indicating that the electrophysiologically immature graft constitutes a pro-

arrhythmic substrate 3134,

At the cellular level, safe integration requires appropriate ion-channel expression and
calcium handling, organised gap-junction coupling, notably Connexin-43 at intercalated
discs (specialised cell-cell junctional complexes that mechanically and electrically couple
adjacent cardiomyocytes), and development of transverse tubules alongside aligned
myofibrils. Strategies that accelerate these properties in engineered tissues can reduce the
immaturity that contributes to arrhythmia risk®>, but achieving durable integration with

host tissue remains a key challenge.
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At the tissue scale, impulse propagation reflects myocardial fibre orientation, integrity of
the His-Purkinje and ventricular conduction pathways, and continuity of excitable
myocardium. Fibrosis and patches of low excitability at the graft-host interface interrupt
current flow and create discontinuities. Following MI, the border zone often supports
slow, zig-zag conduction that predisposes to unidirectional block and re-entry®.
Overcoming the conduction disruption is therefore a key element of effective cardiac

regeneration.

In neonatal mice post-MI, the His-Purkinje network is reconstituted and aligned with the
healed myocardium, whereas non-regenerative stages show disorganisation of
conduction fibres and maladaptive remodelling associated with arrhythmogenesis®’.

These observations confirm the importance of preserving, or actively restoring,

conduction-system topology in the regenerative setting.

Any remuscularisation strategy should therefore aim for rapid acquisition of adult-like
excitability and coupling in nascent cardiomyocytes, together with maintenance or

restoration of the conduction system, to minimise pro-arrhythmic substrates.

2.3.3 Angiogenesis

Rapid revascularisation of the infarct zone is characteristic of the regenerative response
to MI. In zebrafish, vascular regrowth begins within hours of injury and is instructed by
epicardial and endocardial cues, forming a scaffold that precedes and supports

cardiomyocyte repopulation; experimental disruption of this process impairs



31

regeneration®®*?. Epicardial activation also supplies vascular progenitors and trophic
signals in mammals. Thymosin 4 stimulates adult epicardial cells and promotes
coronary neovascularisation after injury, offering proof of principle that epicardial

programmes can be re-engaged to aid vascular regrowth*’,

Complementing these epicardial and endocardial programmes, cardiomyocyte-derived
cues also shape coronary regrowth, as illustrated by VEGF-B biasing neovascularisation
toward the endocardial and subendocardial compartments. Developmental Vegfb
overexpression increases the endocardial contribution to the coronary network, and adult
VEGF-B gene transfer around LAD ligation expands subendocardial endothelium and

improves post-MI structure and function*'*?.

Enhancer-reporter analyses further show that angiogenic control is lineage- and age-
specific: an endocardial VEGFA-MEF2 programme predominates in endocardial-
derived vessels, whereas SOXF/RBPJ (Notch-associated) and BMP—SMAD programmes
characterise sinus-venosus-derived arterial/venous coronaries*. Notably, these
developmental programmes are not robustly re-engaged after adult MI, helping to explain

limited spontaneous revascularisation.

Alongside capillary angiogenesis, collateral artery formation restores flow by creating
artery-to-artery conduits. In neonatal mouse hearts, collaterals arise by “artery
reassembly”, wherein arterial endothelial cells migrate along capillaries under CXCL12—

CXCR4 guidance; loss of either component impairs collateralisation and regeneration,
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while exogenous CXCL12 induces aspects of this programme in adults**. In parallel,
LECs can establish chemokine gradients (classically CCL21) that drive CCR7-dependent
dendritic cell migration towards lymphatics*’. Any analogous chemokine gradients that

govern cardiac macrophage trafficking remain unknown.

2.3.4 Resolution of fibrosis and ECM remodelling

Early matrix deposition limits wall stress and reduces risk of rupture after MI. SCRNA-
seq in adult hearts has revealed an activated CTHRC1™ fibroblast population that emerges
after M1 to drive collagen deposition which, when disrupted, results in increased lethality

through ventricular rupture*®.

Provisional matrix forms in both regenerative and non-regenerative settings. In the non-
regenerative setting, persistence of stiff collagenous matrix, ‘fibrosis’, impairs
contraction and predisposes to conduction defect arrhythmias. In regenerative contexts,
the ECM is remodelled to permit growth and integration of new tissue. Manipulating
matrix composition can therefore alter outcomes, for example, administration of agrin, a
component of neonatal ECM, after MI in adult mice reduced scar size and improved

function®’.

Hyaluronic acid (HA) is a central ECM component in cardiac injury and regeneration. Its
concentration and polymer size govern tissue hydration, viscoelasticity and cell
migration, while fragmented low-molecular-weight HA signals via innate immune

receptors to amplify inflammation*®*’; high-molecular-weight HA is generally anti-
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4849 HA participates in cardiac

inflammatory and supports tissue homeostasis
development and repair through receptors including CD44, notably a homologue of the
HA receptor LYVE-1 (lymphatic vessel endothelial hyaluronan receptor-1), and
RHAMM (Receptor for Hyaluronan-Mediated Motility) to influence cardiomyocyte and
fibroblast behaviour and matrix organisation®’. Although direct comparisons across
species and ages are still limited, HA-rich matrices are associated with increased

compliance and enhanced cell motility, features that align with regenerative tissue

mechanics!.

2.3.5 Immunological balance

After MI in adult mice, a brief neutrophil-dominated phase is followed by a biphasic
monocyte/macrophage response: an early pro-inflammatory Ly6C" wave peaking around
days 2-4 post-injury, then a shift to more reparative Ly6C'® macrophages by day ~4-7.
The timing and completeness of this transition largely determine scar quality and
functional outcomes >3, By contrast, in the neonate, the inflammatory response is more
transient and dominated by tissue-resident macrophages, with little monocyte

recruitment, favouring rapid resolution and regeneration>*.

Notably, regenerative
neonatal hearts still exhibit an early neutrophil influx that peaks at ~1 day post-injury

before rapid clearance®”. This implies that successful regeneration is compatible with, or
P p g Y

perhaps even triggered by, initial acute inflammation.

Adult zebrafish, capable of regeneration, also mount an early, robust, innate immune
response followed by rapid clearance and revascularisation. The medaka is a small

freshwater teleost fish often contrasted with the zebrafish as a closely related non-
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regenerative control. The medaka displays attenuated macrophage recruitment, poor
revascularisation, and persistent scarring following cardiac injury and augmenting its

innate signalling promotes vascular growth and cardiomyocyte proliferation®,

Neonatal mammals display a similar dependence on a permissive immune milieu. In
neonatal mouse heart, macrophage depletion at P1 abolishes regeneration and impairs
neovascularisation, identifying macrophages as necessary effectors of the regenerative
programme™. Regulatory T cells are reported to support cardiac regeneration: adoptive
transfer and loss-of-function experiments demonstrate that Tregs promote neonatal
cardiomyocyte proliferation via paracrine factors®’. B cells have also been implicated:
they are required for cardiomyocyte proliferation and regeneration in the neonate, in

contrast to pro-inflammatory roles reported for adult B cells after injurys.

Although responsible for clearance of immune cells in the adult, the role of the cardiac
lymphatics in neonatal regeneration remains unresolved. Preliminary work from within
our group has suggested early neonatal hearts may exhibit immature lymphatics. Since
regeneration in this window relies heavily on tissue-resident macrophages with relatively
limited monocyte infiltration, this suggests that lymphatic functions defined in adult

repair may not translate directly to the neonatal context.

In summary, the cardiac regenerative response pairs a brief innate immune reaction with
rapid resolution and pro-angiogenic signalling, driven by immune subsets that promote

cardiomyocyte proliferation, neovascularisation, and ECM remodelling with minimal
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scar persistence. The next section examines the contribution of macrophages towards this

programme, and adult cardiac repair, in greater depth.

2.4 Cardiac macrophages in regeneration and repair

2.4.1 In the adult mouse

MI is a sterile injury that releases damage-associated molecular patterns (DAMPs) from
necrotic cardiomyocytes (e.g., ATP, HMGBI1, mitochondrial components). These
activate pattern-recognition receptors and initiate an innate immune response, with early
neutrophil influx followed by recruitment of monocytes/macrophages via chemokine
axes CCL2-CCR2 and CX3CLI1-CX3CRI. This sequence mirrors canonical wound

healing in other tissues™’.

The adult mouse heart at baseline contains heterogenous self-renewing tissue-resident
macrophages alongside recruited macrophages. The tissue-resident macrophage
population broadly comprises a TIMD4'LY VE-1"MHC-IICCR2" subset and TIMD4
LYVE-I'MHC-II"CCR2-  subset®®'. A small TIMD4LYVE-1"MHC-II"CCR2*
monocyte-derived population exists at baseline, which is fully replaced by infiltrating

bone marrow-derived monocytes following cardiac injury.

Post-MI, tissue-resident CCR2- macrophages are replaced by two sequential populations
of infiltrating CCR2" monocyte-derived macrophages: an initial pro-inflammatory
Ly6C" wave, and a subsequent pro-reparative Ly6C'® wave >2. The initial wave is

essential to clear debris and dying cells including cardiomyocytes and neutrophils. Here,
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apoptosis refers to programmed cell death with membrane integrity preserved, necrosis
to membrane rupture with release of DAMPs, and efferocytosis to macrophage-mediated
uptake of apoptotic cells that prevents secondary necrosis®. Efferocytosis is central to
the transition from inflammation to repair, in part by avoiding DAMP ‘unloading’ and by
polarising macrophages toward pro-resolving ‘M2’ programmes that support functional
recovery®*%. MerTK, a macrophage receptor that mediates apoptotic cell uptake, is
essential for efferocytosis. In adult mice, MerTK loss increases infarct size and delays
resolution after ischaemia-reperfusion MI, whereas preventing MerTK cleavage by the

metalloprotease ADAM17 preserves efferocytosis and improves outcomes®.

High numbers and persistence of immune cells beyond their initial purpose contributes
to further fibrosis and pathological remodelling and ultimately progression to heart
failure®’. Prolonged neutrophil retention is especially detrimental to cardiac repair;
reactive oxygen species (ROS), protease, and inflammatory cytokine release all promote

adverse remodelling, fibrosis, and electrical instability®®.

The endogenous response to MI of increased lymphatic growth attempts to reduce tissue
oedema and immune cell load, targeting clearance of neutrophils, macrophages, dendritic
cells and T cells, which is necessary for effective tissue repair”®. Enhancement of
lymphangiogenesis — the sprouting of new lymphatic vessels — following cardiac injury
accelerates resolution of inflammation, increases immune clearance, and improves

functional recovery®. This is a promising avenue for clinical translation.
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2.4.2 In the neonatal mouse

In neonatal mice, the macrophages found in the intact heart at early postnatal stages are
primarily tissue-resident CCR2" macrophages that originate from embryonic sources and
are maintained through local proliferation®*’%’!, A substantial proportion of this tissue-
resident population is defined as TIMD4 LY VE-1"MHC-II'°, similar to the resident adult
populations outlined in the previous section. Studies suggest that CCR2- subsets are non-
homogeneous but encompass distinct pro-angiogenic and matrix-remodelling roles. They
support endothelial and epicardial-derived cells during vascular plexus expansion, and
secrete trophic factors such as VEGFA and IGF-1, contrasting with CCR2" infiltrating
monocytes, which are enriched for TNF-o/IL-1B/IL-6-driven inflammatory signalling

that promotes chemokine and ROS release®®’?"4,

In contrast to the adult setting, circulating CCR2" monocytes and monocyte-derived
CCR2" macrophages contribute minimally to the cardiac monocyte—macrophage
population at these early stages®*’!. In response to cardiac injury in neonates, tissue-
resident CCR2- macrophages expand in number, without additional infiltration of CCR2"

monocytes 7>,

General depletion of phagocytes following clodronate liposome treatment after MI at P1
inhibited cardiac regeneration resulting in fibrotic scar formation with significantly
depressed cardiac function®®. Subsequent work confirmed loss of the tissue-resident
macrophage population to be responsible for this effect>*’¢. This lack of regeneration was

attributed to impaired coronary angiogenesis®>>, which is consistent with the growin
p ry angiog g g
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evidence supporting direct and indirect macrophage contributions to blood vessel growth

and vascular plexus formation’’.

Between P1 and P7, as the regenerative window closes, there is a shift in the macrophage
response to cardiac injury. The tissue-resident pool that proliferates locally at P1 becomes
diluted as CCR2" monocyte recruitment increases by P7 to more closely match the adult
response. In parallel, macrophage programmes shift. For example, beyond roles in matrix
remodelling by phagocytosis of debris and matrix metalloproteinase (MMP) regulation,
macrophages can deposit collagen directly’s. Recent work has also shown that
macrophage-derived type V collagen seeds early fibrillar assembly and alignment in the
nascent scar prior to myofibroblast activation, and loss of Col5al in CD68" macrophages
disrupts this process and worsens ventricular remodelling”. In neonates, this pro-fibrotic
programme is muted at P1 but emerges by P7, aligning with the transition to scar-forming

repair by P7.

2.5 Cardiac Lymphatics and Immune Cell Clearance

2.5.1 Mature cardiac lymphatics

During adult homeostasis, the cardiac lymphatics function to modulate tissue fluid and
immune surveillance, analogous to the systemic lymphatics that pervade the body.
Following injury, such as myocardial infarction (MI), they undergo lymphangiogenesis

by growing and sprouting into the infarcted area®®-80:81

. The epicardium and pro-
inflammatory macrophages secrete vascular endothelial growth factor-C (VEGFC),

which drives lymphangiogenesis and extensive remodelling of the cardiac lymphatic

network™®!. The direction of lymphatic drainage in the heart is from subendocardial
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lymphatics towards the subepicardial lymphatics, eventually leading to the mediastinal

lymph nodes (MLNs)®2.

The inadequacy of adult lymphangiogenic response has prompted attempts to increase
lymphangiogenesis and lymphatic function in the injured heart. Augmentation of the
lymphangiogenic response with administration of recombinant VEGFC-C156S, which
specifically interacts with VEGFR3, improves cardiac function after MI in animal
models, as assessed by echocardiography and cine-MRI *#!, Intraperitoneal injection of
recombinant VEGFC-C156S after MI in mice increased macrophage clearance via a

LY VE-1-dependent mechanism’.

The lymphatic endothelium is distinguished by specialised intercellular junctions that
regulate fluid and cell entry. In initial (capillary) lymphatics, junctions are ‘button-like’,
discontinuous, punctate contacts between oak-leaf-shaped endothelial cells, whereas in
collecting lymphatics the junctions are continuous and ‘zipper-like’, maintaining barrier
integrity®>5*. Buttons consist of focal adherens and tight junction proteins (VE-cadherin,
claudin-5, occludin, others) spaced at ~3 pum intervals, flanking narrower flap-like
openings through which interstitial fluid, macromolecules, and immune cells access the
lumen. These flaps act like primary valves for ingress without requiring wide disruption

of cell-cell junctions®.

2.5.2 Developing cardiac lymphatics
e The lymphatic endothelium is specified during embryogenesis by ProxI, which
drives venous endothelial cells towards a lymphatic fate. Lineage-tracing studies in

mouse embryos show that PROX1" lymphatic endothelial progenitors are specified
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within the venous endothelium of the cardinal vein, before exiting the vein to form
the jugular lymph sacs, from which lymphatic vessels subsequently sprout and
migrate to form the nascent lymphatic network®. Beyond this programme, multiple
studies also indicate possible non-venous contributions®. In the heart, LEC origins
are mixed. While a substantial proportion arises from TIE2" endothelium, ventral

cardiac lymphatics receive additional input from other non-venous lineages®”5%.

Lineage-tracing and single-cell studies have revised the venous-only model by showing
that paraxial mesoderm (PAX3*)-derived progenitors make a major contribution to LECs
across multiple organs; conditional deletion of Prox/ in this lineage impairs lymphatic

development®’

. Complementary data identify an Etv2'ProxI* mesenchymal progenitor
pool of paraxial origin that can specify LECs directly, without a venous intermediate”.
In the heart, venous and non-venous sources coexist: venous TIE2* endothelium supplies
a substantial fraction, while ventral/outflow-tract—adjacent lymphatics receive additional
non-venous  inputs, including cardiopharyngeal/paraxial = mesoderm—derived

progenitors®*°!,

LEC growth and patterning are largely driven by VEGF-C/VEGFR3 signalling; in the
developing and injured heart, VEGF-C sources include the epicardium and myeloid
cells”>?. Additionally, it has been shown that myeloid efferocytosis induces Vegfc
expression and promotes lymphangiogenesis, suggesting a mechanistic link between

debris clearance and lymphatic growth that may extend to development®.
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Although lymphatic capillaries and collecting vessels are both lined by lymphatic
endothelium, their junctional architecture is functionally specialised: initial (capillary)
lymphatics typically display discontinuous “button” junctions®**. In button junctions,
tight junction proteins (e.g., VE-cadherin, claudin, ZO-1) are arranged in short segments,
anchoring overlapping endothelial flaps to create permissive entry routes for interstitial
fluid and immune cells®3*+%°_ In contrast, the tight junctions in collecting lymphatics are
arranged continuously in “zipper” junctions that support barrier function®*#*, Live-cell
imaging supports the view that leucocytes, notably dendritic cells, enter via preformed
portals in the discontinuous perilymphatic basement membrane and traverse button

junctions, rather than by protease-dependent breaching of intact junctions®,

Developmentally, these junctional states are not fixed. Embryonic and early neonatal
initial lymphatics are predominantly zippered, with a transition to button junctions taking
place postnatally®®. This is particularly well characterised in the airway and diaphragm
lymphatics, where button abundance increases sharply around birth and continues to
mature through early postnatal life?®. In the intestine, lacteals similarly undergo postnatal
junctional remodelling, and pathological or experimentally-induced zippering, which
reduces lacteal permeability to chylomicrons, linking junctional state directly to lipid
uptake and systemic metabolism®’. Mechanistically, developmental button junction
formation is under active control: VEGFR3 signalling is required during a critical
postnatal window for button formation, but becomes less essential for maintenance once

buttons are established”®.
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Recent intravital imaging has introduced further complexity to the button-zipper
paradigm. Capillary LECs exhibit a characteristic ‘oak-leaf’ / ‘jigsaw’ geometry, and
longitudinal intravital imaging demonstrates that their overlapping borders and
associated VE-cadherin configurations dynamically remodel in vivo during homeostasis
and in response to acute interstitial fluid loading®. Recent perspectives therefore consider
buttons and zippers as opposite ends of a dynamic continuum with multiple intermediate
stages”. Despite this, delineation of junctions as either buttons or zippers remains a useful

approximation of underlying function®34,

In the murine heart, the embryonic lymphatic network is largely subepicardial, whereas
postnatal lymphangiogenesis expands the plexus from the subepicardium into the
myocardium with a base-to-apex gradient®®!%° Preliminary data in our group suggests

functional maturity is only acquired after birth!?!.

2.6 LYVE-1is alymphatic endothelium receptor and homologue of CD44

2.6.1 LYVE-1 functions to facilitate transmigration into lymphatics

LYVE-1 is highly expressed at the surface of initial lymphatics and interacts specifically
with the ubiquitous glycosaminoglycan polymer hyaluronan that coats the surface of
phagocytic immune cells, where it facilitates vessel entry!?*19 Engagement of LY VE-1
with the long chains of hyaluronan involves an unusual sliding interaction that mediates
the docking and transmigration of dendritic cells and macrophages to dermal lymphatic

103,104,106,107

vessels , and has a comparable role in the adult mouse heart where it is required

for clearance of macrophages following injury®.
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The hyaluronan receptor LYVE-1 has been implicated as playing a significant role in
immune cell trafficking following cardiac injury’. LYVE-1 is a glycoprotein receptor,
homologous to CD44 and expressed in LECs, tissue-resident (TR) macrophages,
pulmonary endothelium, and the sinusoid endothelia of the liver and spleen'®?. LEC
LYVE-1 has an established role in facilitating immune clearance, specifically involved

in the docking of macrophages and dendritic cells prior to intravasation'®2,

2.6.2 Lyvel knockout worsens outcomes post-MI in the adult mouse

In adult mice, LEC LYVE-1 is necessary for immune clearance following ischaemic
injury. VEGF-C is released from cardiac macrophages post-MI, and enhancement of this
response with exogenous VEGF-C stimulates lymphangiogenesis, increasing immune
clearance and improving functional recovery via a LYVE-1-dependent mechanism’.
Constitutive global deletion of Lyvel prevents docking and transit of leukocytes through
LECs post-MI, exacerbating chronic inflammation and cardiac dysfunction’. Curiously,
the immune cells retained post-MI within the hearts of Lyvel” mice included neutrophils.
This is surprising given neutrophil transit into the lymphatics is via a mechanism
independent of LY VE-1; neutrophils do not express a surface glycocalyx for trafficking
via LYVE-1, and instead adhere to LECs via B2-integrins before passage mediated by
lipoxins and MMPs!%. Moreover, the persistence of high numbers of neutrophils amidst
a higher concentration of retained, non-trafficked, macrophages in Lyvel”" mice points to
a potential failure of efferocytosis — phagocytosis of neutrophils by LYVE-1 deficient

macrophages. This forms the basis for the secondary hypothesis of this thesis.
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2.6.3 Lyvel knockout unexpectedly impairs neonatal cardiac regeneration

In contrast to the adult, previous unpublished work from the group has suggested immune
clearance from the injured heart does not occur in the neonatal mouse at P1 due to the
impermeability of the lymphatics at this early stage due to the predominance of
impermeable “zipper-like” endothelial cell junctions, relative to permeable “button-like”
junctions. Despite this, global loss of Lyvel still impaired cardiac regeneration post-MI
at P1 at the level of reduced cardiac function as determined by MRI, implying the effect
is mediated by loss of macrophage Lyvel, distinct from the role LYVE-1 plays in immune

clearance on the adult lymphatic endothelium!®!.

2.6.4 LYVE-1is also expressed on macrophages

Thus far, LYVE-1 has been discussed in the context of lymphatic endothelium. A subset
of tissue-resident macrophages also expresses LY VE-1 (Figure 2-1). In the mouse heart,
resident macrophages largely comprise a LYVE-1"MHC-II®CCR2- population of
embryonic origin that self-renew and support regeneration after neonatal MI. The
function of LY VE-1 in these macrophages remains unclear and their function in the heart

is entirely uninvestigated.

Across organs, LYVE-1" macrophages occupy perivascular niches and display
conserved, low-inflammatory, tissue-maintenance programmes. Single-cell and fate-
mapping studies define two broad interstitial macrophage classes: LYVE-1"MHC-II"
perivascular cells and LY VE-1"MHC-II" parenchymal cells, with the former enriched for

vascular-stabilising and matrix-remodelling genes'%!1°,
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Figure 2-1. E18.5 heart stained for LYVE-1 and EMCN.

LYVE-1 (white) marks lymphatic vessels and macrophages; endomucin/EMCN (red) labels
venous endothelium. Sample was optically cleared and acquired as a tile-scan confocal
maximum-intensity projection. Scale bar: 0.5 mm. Image captured by Dr K. Klaourakis.

2.6.5 Mechanistic insight from CD44" macrophages
Several macrophage subsets express CD44, a HA receptor and homologue of LYVE-1,
sharing conserved HA-binding motifs. Insight into CD44 biology therefore offers a

mechanistic template for hypothesising LY VE-1 functions in macrophages!!!"!1?.

CD44 governs cell-matrix adhesion and migration in HA-rich tissues and supports
leukocyte trafficking/retention'®. In dendritic cells, CD44 anchors the pericellular HA

glycocalyx, and loss of CD44 disrupts HA retention, impairs motility and reduces
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phagocytic competence, directly linking HA binding to migratory and uptake

functions'®’.

In macrophages, CD44 participates in phagocytosis/efferocytosis-adjacent pathways: HA
engagement and CD44 signalling enhance complement-receptor-mediated particle

uptake, and CD44 can itself act as a competent phagocytic receptor! !4,

2.7 Thesis Rationale

2.7.1 Hypothesis

The central hypothesis of this thesis is:

Immature lymphatics in the early neonatal infarcted mouse heart do not function to clear
macrophages, enabling retention of pro-regenerative tissue-resident macrophages.
Furthermore, these macrophages require the hyaluronic acid receptor LY VE-1 to support

effective cardiac regeneration.

The secondary hypothesis of this thesis is:

Macrophage LY VE-1 plays an essential role in adult tissue repair via the regulation of

phagocytosis of neutrophils by infiltrating macrophages in the injured adult heart.

2.7.2 Project Aims
The central aims of this thesis are:

Tissue-Resident Macrophage LY VE-1 in Neonatal Cardiac Regeneration

1. To finalise characterisation of cardiac lymphatic morphological and functional

maturity during the first two postnatal weeks.



47

2. To establish whether the impaired regenerative response observed following MI
in Lyvel” neonatal mice is attributable to loss of LYVE-1 on macrophages, rather
than lymphatics.

3. To define a likely mechanism for how loss of LYVE-1 on macrophages impairs

the regenerative response.

Infiltrating Macrophage LYVE-1 in Adult Cardiac Repair

4. To establish whether expression of Lyvel by macrophages is required for effective

neutrophil clearance following MI in the adult mouse.

2.7.3 Achievement of Aims

1.

Confocal imaging of cardiac lymphatics between P1-P14 allowed quantification of
junction types, revealing morphological immaturity at P1. Confocal imaging of
mediastinal lymph nodes in CD68-GFP/CX3CRI1-GFP mice revealed reduced
clearance of macrophages following MI at P1 compared to MI at P7. scRNA-seq

analysis revealed shifts in LEC gene expression across the first postnatal week.

Lyvel was conditionally knocked down in macrophages following MI at P2.
Histological and functional readouts recapitulated observations from global Lyvel
at the same stage, attributing this effect to LYVE-1 on macrophages, and not

lymphatics.

Following MI, Lyvel”- macrophages more highly expressed apoptotic markers than
equivalent wildtype populations. Confocal imaging revealed an apparent defect in
the hyaluronan glycocalyx of Lyvel” macrophages, possibly exposing pro-apoptotic

membrane elements.
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4. Preliminary flow cytometry analysis following adult MI demonstrates increased

macrophage apoptosis and neutrophil persistence in conditional macrophage-

specific Lyvel knockout.

A summary of findings from this work are presented in Figure 2-2.
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Figure 2-2. Summary of findings.
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3 MATERIALS AND METHODS

3.1 Animal Work

3.1.1 Mouse Strains

The following mouse strains were used for this work: Lyvel” %, hCd68-eGFP!"’,
CX3CR1-eGFP!1817°  hCd68-CreERT2 ', Gt(ROSA)26Sor™m(CAG-dTomato)tize * 1 1)), fflox
(Jackson, DG; unpublished). Breeding was carried out using only Cre" males for all Cre
strains. Mice were cared for and housed by Oxford University Biomedical Services. Mice
were maintained in individually ventilated cages (IVCs) and ventilated racks at 22°C and
55% humidity. For experiments where wildtype mice were required C57BL/6 or CD1
(Charles River Laboratories) when indicated, strains were used. All animal experiments
were carried out according to UK Home Office project licences PPL PC013B246,
PDDES9C84 and PP3194787 and were compliant with the UK Animals (Scientific

Procedures) Act 1986.

3.1.2 Timed Matings
To generate embryos, female mice were paired with male studs and were checked for
vaginal plugs each morning. The day the vaginal plug was observed was designated as

embryonic day 0.5 (E0.5).

3.1.3 Neonatal Heart Dissection

Neonatal mice were sacrificed by schedule 1 cervical dislocation and the heart was
removed. Hearts collected for immunostaining were washed in ice cold PBS prior to
fixation. Hearts for flow cytometry were washed in ice cold Hank’s Balanced Salt

Solution (HBSS; Life Technologies) prior to tissue digestion. Hearts for RNA extraction
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were immediately placed in a cryo-tube (Nunc Thermo Scientific) and the cryo-tube was

submerged in liquid nitrogen.

3.1.4 Neonatal Myocardial Infarction Surgery

Myocardial infarction surgery was performed as previously described'?!. At P1, P2, or
P7 the litters were removed from the mother and placed in a warm incubator at 35°C.
General anaesthesia was induced with 4% isoflurane inhalation in oxygen (1 L/min) for
15 sec. Once unconscious, cardiorespiratory arrest was induced by immersion in ice for
1-2 min. The incision site was cleaned with Hibiscrub and a sterile field constructed with
drapes. The skin was cut using surgical scissors in a horizontal incision across the left
mid-thorax. Sharp dissecting forceps were used for thoracotomy, close to the
costochondral junction, in approximately the 3™ intercostal space. This space was
widened using blunt forceps. The heart was manipulated out of the thoracic cavity by
applying gentle pressure on the thorax and diaphragm. LAD artery ligation was induced
by passing and tying a 7-0 Prolene suture through the anterior wall of the left ventricle.
The sham control procedure involved thoracotomy surgery, heart visualisation and suture
placement, but no ligature. The ribs and skin were then closed in layers with a 7-0 Prolene
suture. The pup was then warmed under an infrared lamp, which led to gradual return of
circulation and breathing. When respiration returned, oxygen was administered via nose
cone until respiration was regular. The pup was returned to the warmed chamber (35 °C)
with the other littermates. After surgery was completed on all pups, and before returning
the group to the mother, the animals were covered with faeces from their cage
homogenised in warmed water to mask surgical smells and reduce cannibalisation.
Surgeries were carried out by research assistants Maria-Alexa Cosma and Sarah Sigal, I

assisted by managing induction and anaesthesia.



51

3.1.5 Tamoxifen Dosing and Administration

Tamoxifen (Sigma Aldrich) was dissolved in peanut oil containing 10% ethanol by
shaking overnight at 37°C at a concentration of 13.6 mg/mL. The tamoxifen solution was
administered to pups at P1 via intraperitoneal injection at a dose of 0.17 mg/g, in line
with the concentration used in previous neonatal work’®. To reduce maternal stress and
prolonged separation from the litter, administration was performed on one-half of the

litter at a time, and pups were rolled in cage material prior to their return.

3.2  Molecular Techniques

3.2.1 DNA extraction

Ear biopsies from adult mice and tissue from embryos/neonates were collected for
genotyping. The genomic DNA was extracted and amplified using the REDExtract-N-
AmpTM Tissue PCR Kit Protocol (Merck). The tissue was incubated in a mix of 100 pL.
Extraction Solution and 25 pL Tissue Preparation Solution for 10 min at room
temperature, followed by a 5 min incubation at 95°C. Immediately, 100 pL Neutralization

Solution were added and the mix was vortexed.

3.2.2 Polymerase chain reaction (PCR)

Extracted DNA was used for genotyping using PCR. The sequence of the primers used
is displayed in Table 3-1. The following reagents were used to set up the PCR reactions:
10 uL REDExtract-N-Amp™ PCR Reaction Mix, 0.5 uM of each primer, 4 pL tissue
extract and Milli-Q water until total reaction volume of 20 pL. Thermal cycling was
carried out in a Veriti™ 96-well thermal cycler (Applied Biosystems). A positive control

sample of known genotype was included for each genotype being tested.
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Table 3-1 PCR primers for genotyping

Gene (size) Primer 1 Primer 2 Primer 3
Lyvel™ TCACTCCTATTG | TCATTCTCAGTA | CGTGAAAAGGT
(381bp mutant, | AACAGTACC TTGTTTTGCC GAGGTTG
310bp control)
Cre GCG GTC TGG |GTG AAA CAG
CAG TAA AAA |CAT TGC TGT
CTATC CACTT
Lyvel" CAATGTTCATAA | AAGGGCTTGGG
CCTTGGTTTGCT | AAGCGTCCAAG
CCTTG
GFP CAGCCCTCTCTT | TTCTCGGCTCTG
GGAAAGGAGG TGAATGACA

3.2.3 Agarose gel electrophoresis

Following PCR amplification, the DNA was separated on 1.5% agarose gel. 1.5 g of
agarose (Sigma Aldrich, UK) was dissolved in 100 mL of TBE buffer by heating the mix
in a microwave. For UV visualisation of DNA, 5 uL. of GelRed (VWR) was added to the
agarose gel before it was poured into moulds and allowed to set. An electric potential of

160 V was passed across the gel for 35 min to allow separation of bands to distinguish

between genotypes. Gels were visualised in a UV box.
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3.2.4 RNA extraction from tissue

RNA was isolated from snap frozen tissue samples using TRIzol reagent (Thermo Fisher
Scientific). Tissue was homogenised in 750 pL of TRIzol solution using a manual
homogenizer and a 21G sterile needle (Becton Dickinson). After being incubated for 5
min at room temperature, 200 pL of chloroform was added to the samples. Samples were
then mixed by hand and incubated for 15 min at room temperature. Following incubation,
samples were centrifuged at 11,000 rpm for 15 min at 4°C, which causes phase
separation. The organic phase contains the lipids, the interface contains DNA, and the
aqueous phase contains RNA. The top aqueous layer was transferred into a 1.5 mL tube,
while the organic layer was discarded. To precipitate RNA, 500 uL isopropanol were
added to the samples which were then mixed by hand and incubated at 4°C overnight.
Following the incubation, the samples were centrifuged at 11,000 rpm for 10 min, which
produced an RNA containing pellet. The pellet was washed with 1 mL of 75% ethanol
(EtOH) before spinning at 9,000 rpm for 5 min at 4°C. The pellet was air-dried for 10
min and resuspended in diethyl pyrocarbonate (DEPC)-treated water. A Nanodrop2000

(Thermo Fisher Scientific) was used to measure RNA amount and concentration.

3.2.5 Complementary DNA (¢cDNA) synthesis

cDNA was synthesized from extracted RNA for use in real-time quantitative PCR (qRT-
PCR). Reactions were prepared in RNase free 0.6 mL tubes (Thermo Fisher Scientific)
using the following reagents: 1 pg RNA made up to a volume of 8.5 uLL with DEPC-
water, 0.5uL of random primers (20 pg/mL; Promega), 1 uL dNTPs (from 10 mM, GE
Healthcare), 2 uL. MgCl2 (25 mM, Thermo Scientific), 2 uLL Dithiothreitol (DTT, 0.1 M,
Life Technologies), 1 pL RNasin® plus RNase inhibitor (Promega), 4 uL 5X FS Buffer

(Life Technologies) and 1 pL of SuperScript® III Reverse Transcriptase (Life
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Technologies). A Veriti™ 96-well thermal cycler (Applied Biosystems) was used to run
the reaction at 25°C for 10 min, 42°C for 50 min and 70°C for 15 min, before cooling to
4°C. Following cDNA synthesis samples were diluted to 4 ng/uL in DEPC treated-water

and stored at 4°C prior (short-term) to use in qRT-PCR experiments.

3.2.6 Real-time quantitative PCR

Relative mRNA expression levels from genes of interest were quantified using qRT-PCR.
Primer sequences are displayed in Table 3-2. MicroAmp™ Fast Optical 96-well 0.1 mL
reaction plates (Thermo Fisher Scientific), were used to set up reactions which were
composed of the following reagents: 8 ng cDNA, 13 pL. Fast SYBRGreen Master Mix
(Thermo Fisher Scientific), 6.5 pL DEPC treated-water, and 0.5 uM of each primer. All
samples were run in triplicate and a no-cDNA negative control well was included for
each gene analysed. Reactions were run on a ViiA™ 7 Real-Time PCR System (Thermo
Fisher Scientific) with thermal cycles of 95°C for 15 seconds: 40 cycles of 95°C for 3
seconds and 60°C for 1 minute. Melt curves were included to confirm that no unspecific

amplification products such as primer-dimers were produced with each primer sets used.

Cycle Threshold (Ct) values were obtained and exported to Microsoft Excel for analysis.
The comparative cycle threshold method was used to calculate relative normalised gene
expression (2*AACt). First, the mean Ct of the technical triplicates for each condition and
gene was calculated. Then, the average Ct of all samples in the control group (Sham for
LAD surgery or PO for development) for each gene was determined. The relative
difference (ACt) between the average Ct for the control group and the mean Ct for
individual sample within each target was calculated. The relative quantities (2*ACt) were

calculated from the ACt. For each biological combination, a normalisation factor was
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determined from the mean of the associated housekeeping genes’ 2"ACt. The
housekeeping gene used was Rpll3a. The 2"AACt for each target gene was then
calculated per sample by dividing the 2*ACt by the normalisation factor. The average
2"AACt for each biological group was then calculated using the mean. Statistical analysis
and visualisation of qPCR data was done using the AACt (i.e., Log2(Fold Change))

values.

Table 3-2 Primers for qRT-PCR

Gene | Forward Reverse

Lyvel | GGCTTTGAGACTTGCAGCTATG | GCAGGAGTTAACCCAGGTG
Reln GGACTAAGAATGCTTATTTCC GGAAGTAGAATTCATCCATCAG
Itgbl | CTCCAGAAGGTGGCTTTGATGC | GTGAAACCCAGCATCCGTGGAA
Racl ACAGATTACGCCCCCTATCCT AATGATGCAGGACTCACAAGG

Cd36 | GAGCCATCTTTGAGCCTTCA TCAGATCCGAACACAGCGTA

Rpli13a | CATAGGAAGCTGGGAGCAAG GCCCTCCAATCAGTCTTCTG

3.3 Immunofluorescent Staining and Histology

3.3.1

Whole-Mount Tissue Clearing — CUBIC

Whole hearts were cleared using CUBIC (‘Clear, unobstructed brain and/or body imaging
cocktails and computational analysis’) by a protocol previously established within the
group’. Neonatal hearts were shaken in PBS for 30 minutes before immersion in 4%
PFA overnight. Hearts were then washed in PBS at room temperature before incubation
with CUBIC-L, shaking at 37°C for 10 days and replacing CUBIC-L solution on alternate

days. Hearts were washed with PBS three times for 3hrs before blocking (0.2% Triton X-
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100, 2% BSA, 10% donkey serum in PBS). Hearts were incubated with primary
antibodies for 5 days at 4°C, washed 10x in 0.1% Triton X-100 PBS, then incubated with
secondary antibodies for 3 days at 4°C. Hearts were then washed 7 times in PBS and
moved into CUBIC-R solution and kept shaking for 4 days at room temperature before
imaging. Hearts were imaged in CUBIC-R solution directly using a Miltenyi-LaVision

light-sheet fluorescence microscope (UltraMicroscope II).

3.3.2 Whole-Mount Tissue Clearing — iDISCO

Whole hearts were cleared using an iDISCO (immunolabelling-enabled three-
dimensional imaging of solvent-cleared organs) protocol adapted from previous work!%2,
Hearts were dehydrated by methanol/H>O series (20%, 40%, 60%, 80%, 100%, each 1hr)
and pre-treated with 66% dichloromethane 33% methanol at RT overnight. Samples were
washed in methanol twice before bleaching in chilled fresh 5% H>O: in methanol,
shaking overnight. Hearts were then rehydrated by methanol H>O series (80%, 60%,
40%, 20%, PBS, 1hr each). Pre-treated samples were washed in 0.2% TritonX-100 PBS
before incubation in permeabilization solution (0.2% TritonX-100, 0.3M glycine, 20%
DMSO, PBS) for 2 days, shaking at 37°C. Hearts were then moved to blocking solution
(0.2% TritonX-100, 6% donkey serum, 10% DMSO, PBS) for 2 days, shaking at 37°C.
Hearts were then incubated in primary antibody solution (1:300 in 0.2% Tween-20,
10mg/mL heparin, 3% donkey serum, 5% DMSO, PBS) for 7 days, shaking at 37°C.
Samples were then washed 5x1hr in 0.2% Tween-20, 10mg/mL heparin PBS, shaking at
RT. Hearts were subsequently incubated in secondary antibody (1: 300 in 0.2% Tween-
20, 10mg/mL heparin, 3% donkey serum, PBS ) for 7 days, shaking at 37°C, before being
washed in 5x1hr 0.2% Tween-20, 10mg/mL heparin PBS. Hearts were then dehydrated

in methanol/H,O series and incubated in 66% dichloromethane 33% methanol for 3hrs.
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Samples were then moved to 100% dichloromethane for 2x15 min before incubation in
dibenzyl ether for 2 days to clear the tissue. Samples were refractive index-matched by
moving to ethyl cinnamate overnight. Whole mount samples were imaged in ethyl
cinnamate using a Miltenyi-LaVision light-sheet fluorescence microscope

(UltraMicroscope 1I).

3.3.3 Paraffin Embedding

Hearts for histological and immunofluorescent staining were embedded in paraffin and
mounted using standard methods. Briefly, fixed hearts were dehydrated through an
ethanol gradient of (50% 1 hour, 70% 1 hour, 90% 1 hour, 100% overnight), and cleared
with Histoclear II (National Diagnostics) for 1 hour. Samples were then embedded firstly
in a 1:1 mixture of Histoclear II and Paraplast Plus (Sigma Aldrich) at 60°C overnight,
then in 100% Paraplast Plus at 60°C overnight before returning to room temperature and
setting. 10 um sections were cut and mounted on to Superfrost slides. Prior to staining,
sections were deparaffinised in Histoclear II and a reversed ethanol gradient (100% 3

min, 90% 3 min, 70% 3 min, 50% 3 min) before transfer to PBS.

3.3.4 Cryosectioning

Whole neonatal hearts were fixed in 4% PFA overnight at 4°C. Following fixation,
samples were washed three times for 10 min in PBS and then transferred to 30% sucrose
and PBS overnight at 4°C. Then, the samples were equilibrated in a 1:1 solution of OCT
and 30% sucrose for 1 hour in 4°C. After equilibration the hearts were embedded in 100%
OCT and frozen at -80°C. 10-15 um slices were cut using a cryostat and transferred onto
Superfrost Plus slides (VWR). Slides were dried on a slide dryer for 15 min before being

rinsed with PBS.
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3.3.5 Picrosirius Red Staining

Staining was carried out using Picrosirius Staining kits (Abcam) according to
manufacturer’s protocol. Sections were hydrated in distilled water and immersed in
Picrosirius Red solution for 1 hour before being rinsed in 2 changes of 1% acetic acid
followed by 2 changes of absolute ethanol. Sections were then cleared in Histoclear II
and mounted with DPX (Sigma Aldrich). Images of sections were obtained using a Nikon
Eclipse light microscope. Relative fibrotic area was calculated for serial sections to

identify the largest cross-sectional scar area of each heart.

3.3.6 Immunofluorescent staining of tissue sections

Sections underwent permeabilization with 0.5% Triton X-100 (Sigma, UK) for 10 min,
followed by two rinses in PBS for 5 min. Then, sections were blocked in blocking
solution, composed of 10% serum, 4% bovine serum albumin (BSA) and 0.2% Triton X-
100, for 1 hour. The blocking serum was from the same species in which the secondary
antibodies were made. Blocking was followed by a 4°C overnight incubation in primary
antibody, which was diluted in blocking solution. A list of primary antibodies and the
dilutions used are included in Table 3-3. For each primary antibody used, one section was
incubated without primary antibody as a secondary antibody alone control. Following
primary antibody incubation, sections were washed several times with 0.1% Triton X-
100 and incubated with Alexa Fluor-conjugated secondary antibodies for 1 hour at room
temperature in the dark. All secondary antibodies were diluted in PBS; a list of the
secondary antibodies used is included in Table 3-4. Following incubation in secondary
antibody, the slides were washed several times in 0.1% Triton X-100, with DAPI
included in the final 15 min wash. A small amount of 50:50 glycerol/PBS was then added

to the slides and a 22x50 mm coverslip (Fisherbrand) was placed on top and sealed with
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nail varnish. Immunofluorescent staining was imaged using a Zeiss LSM780, Zeiss

LSM880, Zeiss LSM980 or Leica confocal microscope. Z-stack and tiling functions were

used when required. Images were processed using ImageJ software!?*.

Table 3-3 List of primary antibodies

3

Primary Company/Catalogue | Tissue Dilution | Species
antibody number expression/marker raised
in
VEGFR3 R&D Systems | Lymphatic 1:50 Goat
#AF743 endothelium
LYVE-1 Angiobio Lymphatic 1:400 Rabbit
#11-034 endothelium, tissue-
resident
macrophages, and
endocardium
PODOPLANIN | Fitzgerald #10R- | Lymphatic 1:200 Hamster
P155A endothelium  and
epicardium
PHOSPHO- Abcam Proliferation marker | 1:200 Rabbit
HISTONE H3 | #AB1791
(PH3)
VE- R&D Systems | Adherens junctions | 1:400 Goat
CADHERIN #AF1002
PECAMI1 BD Pharmingen | Endothelium 1:200 Rat
#553370
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CD68 Bio-Rad #MCA1957 | Macrophages 1:400 Rat

IBAI Abcam Macrophages 1:200 Goat
#ab5076

REELIN R&D Systems Lymphatics 1:200 Goat
#AF3820

ITGBI Proteintech Endothelium 1:200 Rabbit
#12594-1-AP Macrophages

CC3 Invitrogen Apoptotic Cells 1:200 Rabbit
#PAS-114687

CD44 eBioscience Leukocytes 1:200 Rat
#14-0441-82 Endothelium

Hyaluronic Acid | Amsbio Hyaluronic acid 1:300 Biotin

Binding Protein | #AMS.HKD-BC41 conj.

(HABP)

Table 3-4 List of secondary antibodies

Secondary antibody Supplier Dilution

AlexaFluor goat a-rabbit 405 | Invitrogen 1 in 500

AlexaFluor donkey a-rabbit | Abcam 1 in 500

405

AlexaFluor donkey a-rat 488 | Invitrogen 1 in 500

AlexaFluor donkey a-goat 488 | Invitrogen 1 in 500

AlexaFluor donkey a-goat 555 | Abcam 1 in 500

AlexaFluor goat a-rat 594 Invitrogen 1 in 500
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AlexaFluor donkey a-goat 647 | Invitrogen 1 in 500
AlexaFluor goat oa-hamster | Invitrogen 1 in 500
647

AlexaFluor donkey a-rabbit | Invitrogen 1 in 500
647

Streptavidin, Alexa Fluor 488 | Invitrogen 1 in 200
Conjugate

3.3.7 Immunofluorescent staining of whole neonatal hearts

Whole neonatal hearts were permeabilised for 1 hour in 4% Triton X-100 and
subsequently blocked in blocking solution (2% BSA, 10% serum, 0.2% Triton X-100 in
PBS) overnight at 4°C. The blocking serum was from the same species in which the
secondary antibodies were made. Samples were incubated with primary antibodies (Table
3-3) diluted in blocking solution for 48 hours at 4°C, then washed ten times for 30 min
in PBS. Then, samples were incubated with secondary antibodies (Table 3-4) diluted in
PBS overnight at 4°C in the dark. The hearts were washed five times for 15 min in PBS,
with DAPI staining included in the last 30 min wash. Immunofluorescent staining was
imaged using Zeiss LSM780, Zeiss LSM880, Zeiss LSM980 or Leica confocal
microscope, or a Zeiss Z.1 light-sheet microscope. Z-stack and tiling functions were
employed to obtain maximum intensity Z-projections of whole hearts. Images were

processed using Imaris, Arivis Vision4D and Image] software.
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3.4 Flow cytometry

3.4.1 Adult cardiac cell isolation

Hearts were cut transversely and rinsed with cold HBSS before transfer into gentleMACS
C-Tubes containing cold HBSS on ice. 100 pL Collagenase II solution (final
concentration: 200 U/mL) and 5 pL DNase I solution (final concentration: 60 U/mL) was
added per tube before agitating at 37°C for 10 minutes. The heart dissociation mixture
was then filtered through 40um cell strainers and rinsed with 2ml HBSS. Tubes were left
for 10 minutes to allow tissue pieces to settle, the supernatant was removed and enzymes
deactivated with 0.5M EDTA. Remaining heart pieces were refreshed with HBSS, Coll
II, DNAse I solution as previously before an additional 37°C agitation. Tubes were run
on gentleMACS Octo Dissociator m_heart 02 programme for 1hr before addition of 80
pnL 0.5M EDTA and filtration and resuspension of dissociated cardiac cell solution. After
second round of centrifugation, pellets were resuspended in SmL 1X Red Blood Cell
Lysis Solution for 3 minutes at room temperature. Following further centrifugation and
aspiration of supernatant, cells were separated for counting and the remainder

resuspended in 5ml FACS stain buffer (2% FBS/PBS).

3.4.2 Neonatal cardiac cell isolation

Hearts were isolated and the atria were removed, and the ventricles were cut in half.
Blood was removed from the ventricular chambers. The ventricles were minced using a
sterile scalpel (Swann-Morton) before being processed for dissociation with Miltenyi
neonatal heart dissociation kit. The pellet was resuspended in 5 mL 1X red blood cell
(RBC) lysis buffer (BioLegend) and was left at room temperature for 10 min. The tubes
were then centrifuged again at 350 g for 5 min at 4°C and the supernatant was discarded,

leaving a pellet. The cell pellet was resuspended in 5 mL 2% FBS/PBS. The tubes were
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centrifuged again at 350 g for 5 min at 4°C and the supernatant was discarded, leaving a

pellet. The pellet containing the cardiac cells was resuspended in 200 uL. 2% FBS/PBS.

For single cell RNA sequencing (scRNA-seq), the pellet containing the cardiac cells was
resuspended in 200 pL 2% FBS/PBS and transferred to a Falcon 5 mL. Round Bottom
Polystyrene Test Tube, with a 35 pm nylon mesh Cell Strainer Snap Cap prior to
Fluorescence activated cell sorting (FACS) of live cells using 7AAD. Heart dissociation
for neonatal scRNA-seq was carried out in collaboration with Dr Susanna Cooper, Riley

Group.

3.4.3 Antibody staining

150 puL of the cell suspension were taken for antibody staining, while 25 pL. were kept
for full negative control and 25 pL for 7AAD only staining. To each cell suspension 2%
FBS/PBS were added to a final volume of 200 puL. For the antibody staining, 2.5 pL. Fc
receptor blocking reagent (Miltenyi Biotech) were added to the suspension and the cell
suspension was left on ice for 5 min. Antibodies were then added at the dilutions shown
in Table 3-3 and the tubes were incubated at room temperature in the dark for 30 min. 1
mL 2% FBS/PBS was added to each tube and the samples were centrifuged at 350 g for
5 min at 4°C to give a cell pellet. The pellet containing the stained cells was then
resuspended in 500 uL. 2% FBS/PBS and transferred to Falcon® 5 mL Round Bottom
Polystyrene Test Tube, with a 35 pm nylon mesh Cell Strainer Snap Cap. Just before flow
cytometry, 5 uL 7AAD (1% final concentration) viability staining solution (eBioscience)
were added to allow exclusion of dead cells. Flow cytometry quantification and FACS
were performed on a FACSAria III cell sorter or a LSRFortessa X20 Analyzer (BD

Biosciences). An appropriate gating strategy had previously been set up in pilot studies.
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Each experiment included negative and 7AAD only controls. FMO controls were used to
correct for spectral overlap. FACS experiments took place at the Oxford Wellcome

Centre for Human Genetics Flow Cytometry Facility and the Oxford Jenner Institute.

3.4.4 Sample analysis
Flow cytometry data obtained from the FACSAria III cell sorter and LSRFortessa X20

Analyzer were exported to FlowJo software for further analysis.

3.5 Analysis of Cardiac Function

3.5.1 Cardiac cine magnetic resonance imaging (MRI)

Neonatal cardiac cine-MRI was performed post-MI at day 28 as previously described!?
using a7 T preclinical MR system (Varian) using a 1H four-channel phased array surface
receive coil (RAPID Biomedical, Rimpar, Germany). Briefly, mice were anaesthetised
with 2% isoflurane in O2, and positioned prone in a custom animal handling system with
homeothermic control. Prospectively gated proton cardiac images were acquired with a
partial Fourier accelerated spoiled gradient echo CINE sequence (TR 5.9 ms, TE 2.2 ms,
30 kHz bandwidth, 30° FA, approximately 20-30 frames; 3-4 averages) in order to acquire
two and four chamber long-axis views and a stack of contiguous 1-mm thick true short-
axis images to cover the entire left ventricle (128x128 matrix; 25.6 mm”2 FOV; 0.2 mm

resolution in-plane)

3.5.2 MRI data processing
MRI data were processed manually by image analysis with Imagel. All analysis was
performed blind so as wildtype/mutant groups were unknown at the time of image

processing. Measurements were calculated as previously described!® End-diastolic and
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end systolic volumes were measured for each slice and summed over the whole heart.
Stroke volume was calculated by subtracting the end-systolic volume from the end-
diastolic volume. Ejection fraction was calculated by dividing the stroke volume by the
end-diastolic volume. End diastolic mass was calculated as the left-ventricular end-
diastolic volume multiplied by the myocardial specific gravity (1.05 g/cm?), end systolic
mass was also calculated in this way using the left-ventricular end-systolic volume.
Cardiac output was calculated as stroke volume multiplied by heart rate. The relative
infarct size was calculated from the average of the endocardial and epicardial
circumferential lengths of the thinned, akinetic region of all slices, measured at diastole,

and expressed as a percentage of the total myocardial surface.

3.6 Bioinformatics

3.6.1 Single cell RNA sequencing and analysis: 10x Sequencing
All the 10x scRNA library preparation and sequencing was carried out at the Oxford

Genomics Centre part of the Wellcome Trust Centre for Human Genetics.

3.6.2 scRNA-seq data processing and analysis

The raw scRNA-seq data were demultiplexed by Dr Adam Braithwaite (Radcliffe
Department of Medicine) and Dr Michael Weinberger (Institute of Developmental and
Regenerative Medicine) using cellranger mkfastq from the Cell Ranger software suite to
generate fastq files. Demultiplexed fastq files were aligned to the mouse mm10/GRCm38
reference transcriptome and gene expression matrix was counted using cellranger count
programme. Downstream bioinformatics analysis was performed in R using the package
Seurat (v4)'?*. A cut-off was applied to filter out low-quality cells based on the number

of genes detected (<500), the number of UMI detected (<250), and the mitochondrial
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gene content (>30%) per each cell. Data from all samples were combined, scaled by
regressing out S and G2 cell cycle phases, and integrated using the Seurat package.
Dimensional reduction of the data was performed by RunUMAP function implemented
in the Seurat package. Unsupervised cluster identification was performed via the
FindClusters function, and cell clusters were further annotated based on expression of
known marker genes'?. Identification of enriched genes in cell clusters and single cell
differential expression analysis were performed using Seurat functions FindMarkers and
FindAllMarkers, using gene expression detected in > 25% of cells for at least one of the
populations being compared, with an absolute Log2(Fold change) > 0.25 as cut-off

threshold.

To genetically de-multiplex pooled scRNA-seq samples (n=5 hearts), we re-mapped 10X
scRNA-seq reads via minimap'?S, called variants via freebayes and counted alleles in
each cell via VarTrix, all as part of the souporcell pipeline'?’. Based on the VarTrix

output, cells were assigned to donors using vireo!?8

. We excluded doublet and unassigned
cells from further analysis and performed differential abundance testing of cell
neighbourhoods between WT and Lyvel KO conditions via miloR'?, building the KNN
graph with k=30. This tool represents scRNA-seq data as a k-nearest neighbour graph
consisting of partially overlapping cell neighbourhoods that contain an index cell and its
nearest neighbour cells. Neighbourhoods are annotated to the cell type that they contain

most frequently and a representative sample of neighbourhoods is tested for differential

abundance across conditions.

Apoptosis markers were retrieved from MSigDB (HALLMARK APOPTOSIS) and a

cumulative expression score was calculated via Seurat’s AddModuleScore() function.
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Markers used to analyse G1/S and G2/M cell cycle phase transitions'*® are included in
the Seurat R package. The CellCycleScoring() function was used to calculate cumulative
expression scores of cell cycle markers. Statistical differences in the distribution of
single-cell gene expression between conditions were evaluated via the Wilcoxon rank-

sum test, and p values were Bonferroni-corrected to account for multiple comparisons.

3.7 Statistical analysis

All statistical analyses were performed using GraphPad Prism 8 software. Comparisons
between two groups were made using an unpaired two-tailed T test, this included an F
test to confirm the two groups had equal variances. A one-way ANOVA was used to
make comparisons between three or more experimental groups that had one independent
variable. A two-way ANOVA was used to make comparisons between three or more
groups that had been split in two independent variables. Formal a priori power
calculations were not feasible for the ACD68-CreERT2 neonatal MI model because small
and variable litter sizes, unpredictable post-MI mortality, and possible genotype-
dependent survival differences prevented reliable prospective specification of group sizes
and endpoint variance. In all cases a p-value of less than or equal to 0.05 was deemed

significant.
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4 RESULTS I: CLEARANCE AND RETENTION OF LYVE-1"
CARDIAC RESIDENT MACROPHAGES

4.1 Background

In the adult heart, myocardial infarction (MI) triggers a stereotyped, pro-inflammatory
response. Neutrophils and CCR2" Ly6C™ monocytes dominate early, followed by a
Ly6C"® reparative phase™. Persistence of the inflammatory wave promotes adverse
remodelling and clearance of leukocytes is integral to recovery. Augmenting cardiac
lymphangiogenesis with exogenous VEGF-C increases clearance of immune cells to
mediastinal lymph nodes (MLNs) and subsequently improves function in adult mouse MI

models’.

By contrast, the neonatal response comprises largely locally proliferating yolk sac-
derived CCR2- tissue-resident macrophages. In this setting, the role for lymphatic
clearance is currently unclear. It can be assumed that prolonged presence of tissue-
resident macrophages is not inherently detrimental in the way retained adult infiltrating

monocyte-derived macrophages are>*>>%,

Previous work from the group provided preliminary evidence that cardiac lymphatics are
immature across the regenerative window and may not function to clear immune cells at
this time'®!. Three-dimensional light-sheet imaging following MI revealed a lack of
lymphangiogenesis 7 days post-injury (dpi) at postnatal day 1 (P1), compared to P7
hearts. Furthermore, transfer of splenic #CD68-eGFP-labeled monocytes into wildtype
neonatal hearts revealed significantly reduced clearance of these cells to MLNs at
P1MI7dpi compared to P7. This was supported by preliminary data in /CD68-eGFP mice

following MI P1 and P7, where an increased number of GFP" cells were observed in
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MLNSs at P7 compared to P1. This impaired clearance may be explained, in part, by the
maturation status of LEC junctions and the developmental transition from ‘zipper-like’

(impermeable) to ‘button-like’ (permeable) states.

To gain insight into the molecular underpinnings of lymphatic endothelium-macrophage
interactions in P1 versus P7, this previous work involved generation of unbiased scRNA-
seq datasets from neonatal hearts collected at different timepoints after MI and observed

altered LEC-macrophage signalling.

This chapter tests the hypothesis that at P1 the immature junctional architecture of initial
lymphatics limits immune-cell egress, favouring retention of tissue-resident
macrophages. By P7, lymphatic maturation, coinciding with the onset of monocyte

infiltration, makes immune-cell clearance necessary and permits their export.

4.2 Aims

To finalise characterisation of cardiac lymphatic morphological and functional maturity

during the first two postnatal weeks.

My aim within this chapter was to complete characterisation of the early postnatal cardiac
lymphatics, building on the previous work outlined above in three central areas: (1) to
establish the extent of any lymphatic vessel growth from the myocardial surface, (2) to
complete and quantify any change in junctional morphology between lymphatic
endothelial cells in lymphatic capillary tips, and (3) to establish the capacity of the
neonatal lymphatics to traffic tissue-resident macrophages following MI across the

regenerative window.
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4.3 Results

4.3.1 Morphology of the postnatal cardiac lymphatics P1-P14

4.3.1.1 Tissue clearing for imaging of lymphatics at depth

Clearing of whole P7 hearts was trialled with immunolabelling-enabled three-
dimensional imaging of solvent-cleared organs (iDISCO) and with clear, unobstructed
body imaging cocktails and computational analysis (CUBIC)!*!. Subsequent imaging was
conducted using light-sheet and confocal microscopes to determine the optimal protocol
for visualising lymphatics at depth within the dense myocardium. I stained for EMCN
and LYVE-1, using EMCN as a positive control to determine whether signal absence at
depth could be due to inadequacy of clearance. LYVE-1 staining was inconsistent in
CUBIC-cleared hearts (Figure 4-1) and reportedly incompatible with iDISCO, thus I

progressed with a stain for the alternative lymphatic marker VEGFR3.

VEGFR3 is a well-established marker of LECs and has been used by many high-impact

studies to specifically visualise LECs'#-13

. 1IDISCO-optical clearing was used to assess
lymphatic structure at depth in uninjured wildtype hearts at P1, P7, and P14 (Figure 4-2).
This analysis confirmed lymphatics are largely absent at depth throughout the
regenerative period, thus supporting previous examination within the group of
lymphangiogenesis by whole mount surface staining. The group has previously used
whole-mount X-gal staining of VEGFR3"*Z mice to quantify lymphangiogenesis®® and
I employ VEGFR3 again here as a well-characterised reporter of lymphatic growth as

described previously: “The heart of a new-born VEGFR-3"" mouse reveals large

lymphatic vessels at the pericardial surface. In contrast, coronary blood vessels are not
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stained. The stained vessels did not contain erythrocytes in sections of newborn skin,

confirming their lymphatic nature”!,

Figure 4-1. CUBIC-cleared uninjured P7 heart.

Whole-mount heart stained with immunofluorescent antibodies against Endomucin (EMCN)
and LY VE-1 before imaging with light-sheet microscopy. Scale bar: 200 pm.

The VEGFR3 antibody was incompatible with CUBIC reagent. These compatibility
issues motivated a switch to iDISCO as a clearing agent. I cleared P1, P7, and P14 hearts
using iDISCO and, by staining for VEGFR3, was able to visualise lymphatics at depth
by light-sheet microscope, and surface lymphatics at high magnification with confocal
microscopy (Figure 4-2). Having established the paucity of deep lymphatics across P1—
P14, I then examined whether junctional maturation at the surface could account for

developmental differences in immune egress.
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VEGFR3
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Figure 4-2. iDISCO-cleared hearts: P1, P7, P14.Whole mount hearts were cleared using iDISCO
at P1, P7, and P14 and stained for VEGFR3 before imaging with light-sheet microscopy (A-I).
Initial lymphatics were identified morphologically (B, B’, E, E’, H, H’). Representative sections
(C, F, ) from the 3-dimensional images (A, D, G) illustrate lymphatics are largely absent at depth.
Scale bars: 0.5 mm for A, D, G; 200 um for B, E, H; 50 um for magnified views.
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The whole-mount iDISCO staining demonstrated co-staining for LYVE-1 and VEGFR3

in lymphatic vessels, albeit with incomplete coverage of LY VE-1 (Figure 4-3).

VEGFR3

Figure 4-3. Co-staining of surface lymphatics for LY VE-1 and VEGFR3.

Confocal imaging of whole-mount heart surface lymphatics. Representative image from
uninjured P14 heart. Scale bar: 200 pm.

4.3.1.2 Developing morphology of lymphatic junctions

LECs have specialised intercellular junctions with different degrees of cell permeability,
termed button-like and zipper-like junctions®. In the lungs and trachea, the junctions of
initial lymphatics undergo transformation during postnatal development, replacing
tightly zipper-like with discontinuous, more cell-permeable button-like junctions,
comprised from mostly the same junctional proteins”®. To study the junctions in initial
lymphatics of the neonatal heart, I performed comparative immunostaining for VE-
Cadherin, whose expression is maintained in zippers, and LY VE-1 using high resolution
confocal imaging (Figure 4-4). This analysis was initiated by a previous DPhil Candidate,
Dr K. Klaourakis, and here I describe my imaging of additional hearts to ensure

reproducibility and permit quantitative analysis, including subsequent statistical analysis.
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We employed a whole-mount approach to clearly delineate initial lymphatics from
surrounding lymphatic structures. At P1 the initial lymphatics contained predominantly
zipper-like junctions with continuous VE-Cadherin expression and no gaps between
neighbouring LECs (Figure 4-4A-C). By P7 button junctions were evident, defined as

discontinuous ~3 pm gaps in VE-Cadherin expression®>#*

, albeit still with a proportion
of zippers (Figure 4-4D-F; Figure 4-5), however, by P14 the junctions were
predominantly button-like, with discontinuous VE-Cadherin and gaps between adjacent
LECs (Figure 4-4G-I). Thus, the transformation from zipper, through intermediate to
button junctions occurring between P1-P7 and still ongoing by P14, with the % incidence
of each junction type in Figure 4-4, quantified as previously reported®* representing a
dynamic change in junction morphology which continues during later stages of postnatal
development. The majority zipper junction phenotype at P1, maintained proportionally
through to P7, would effectively exclude immune cell clearance following injury at P1,
whereas the appearance of button junctions by P14 corresponds to 7-days post-MI at P7
that supports clearance at this stage, consistent with previous adoptive transfer
experiments within the group. I manually quantified multiple image frames across
multiple hearts, based on existing literature regarding the morphology and size of these
junctions®*: “Unlike continuous (zipper) junctions, the junctions in initial lymphatics (i.e.,
buttons) consisted of roughly parallel linear segments of junctional proteins, about 3 pm
in length and 3 pm apart along the border of oak-leaf-shaped endothelial cells.” The n
numbers indicate hearts analysed; 2-4 lymphatic capillary tips were analysed per heart.
The definition of continuous versus button-like junctions was based on physical

measurements, noting the well-established description of button-like junctions as

discontinuous ~3 pm gaps in VE-Cadherin expression.
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Figure 4-4. Lymphatic button and zipper junctions.

Amendments and quantification of work from K. Klaourakis'®'. High magnification confocal
imaging of LECs within vessels stained for VE-Cadherin and LY VE-1 enabled visualisation of
cell-cell junctions at different postnatal stages (A-I). The morphology of the junctions at P1
appeared to be continuous, resembling that of zippers (arrows in C). Zipper-like junctions were
also observed at P7 (arrows in F) but there was also the emergence of discontinuous button-like
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junctions (arrowheads in F) as well as those that were intermediate between zipper and button,
indicative of a more cell permeable endothelium. The more complete transformation to button-
like junctions was further evident by P14 (arrowheads in I), although some intermediate and
zipper-like junctions were still evident at this stage (arrows in I). Quantification of the %
incidence of the three junction types (zipper-like, intermediate, and button-like) across the P1-
P7-P14 time course (J), reveals the trend in transition from zipper-like (impermeable) to button-
like (permeable) during postnatal development. Macrophage morphology also transformed
during this two-week period. n = 5 for P1 and P14, n = 2 for P7; lymphatic vessel tips within
the visual field were analysed, 2-4 tips per heart. Mean percent was plotted. Scale bars: 20 pm.

The VE-cadherin antibody was validated via robust continuous capillary staining
elsewhere in the heart (Figure 4-5). This verifies the ‘gaps’ in staining observed to reflect
differences in morphology, and not technical artefacts. The continuous versus
discontinuous VE-cadherin staining is as anticipated, to demarcate zipper versus button

junctions respectively, as reported elsewhere in other tissues®’.

VE-Cadherin'

Figure 4-5. Anti-VE-Cadherin antibody robustly targets lymphatics and capillaries.Further
representative examples of the button-zipper morphology of cardiac lymphatics at P7.
Importantly, these panels also demonstrate robust staining of capillaries with VE-Cadherin. Scale
bar: 100 pm.

A representative attempt to visualise the changing ultrastructure across the neonatal
period within tissue sections is also included (Figure 4-6). These sections were obtained
due to the wider compatibility with immunofluorescent staining compared to whole

mount clearing approaches. Staining confirmed observations from 3D samples that VE-
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Cadherin stains lymphatic vessels and capillaries, lymphatic vessels were identified by
LYVE-1 staining and capillaries and veins were identified using IB4. Positive B4
staining confirms vessels positive for VE-Cadherin but negative for LYVE-1 are
capillaries and not lymphatics lacking LYVE-1 (Figure 4-6). These views are less
informative regarding three-dimensional structure which prevents identification of
lymphatic capillary tips specifically but nonetheless provide representational evidence of
the presence of buttons and zippers throughout. There was greater intensity of VE-
Cadherin staining in lymphatic vessels, where the characteristic gaps of button junctions
could be observed in select regions. This also reflects what was observed in the whole

mount surface images.

Figure 4-6. Identification of lymphatic ultrastructure in P7 heart sections.

Visualisation of button-like (white arrows) and zipper-like junctions (black arrows) in sections
through the heart at P7. Characteristic gaps of button-like junctions are visible. LYVE1+
macrophages are also visible (stars). Staining for VE-Cadherin, LYVE-1, and IB4 facilitated
delineation of lymphatic vessels and capillaries. VE-Cadherin stains both lymphatic vessels and
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capillaries, while LY VE-1 is selective for lymphatics and 1B4 is selective for capillaries and
veins. Scar bar: 50 pm.

4.3.2 Single-cell analysis of neonatal cardiac lymphatics

To understand whether differences observed in the lymphangiogenic response and
immune-clearance function of cardiac lymphatics after MI at P1 and P7 involves an
altered LEC molecular phenotype, analysis was carried out of scRNA-seq collected
previously within the group at different time points using the 10X Genomics Chromium
platform (Figure 4-7). Hearts from P1 and P7 CDI mice were harvested by Dr K.
Klaourakis 1- and 7- days after M1, along with their corresponding non-infarcted controls,
and the six individual cDNA libraries constructed for single cell RNA sequencing. The
resulting data were analysed in R using published Seurat pipelines with automated cluster
annotation and manual consolidation of published gene markers'?>!3¢ for individual cell
types by Dr Michael Weinberger. The objective in assessing lymphatic differential gene
expression between P1 and P7 was to identify candidate pathways with a role in the

regenerative response at P1.

To conduct pathway enrichment analysis, we re-clustered the existing scRNA-seq data

to obtain pooled LEC groups for each condition (Figure 4-7).
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Figure 4-7. P1 versus P7 cardiac cell scRNA-seq data.
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Schematic of the experimental pipeline illustrating stages sequenced. CD1 mice underwent MI
at P1 or P7. Hearts were harvested at 1dpi (P1MI1dpi and P7MI1dpi) or 7dpi (P1MI7dpi and
P7MI7dpi). For the intact conditions, the samples were collected at either P1 or P7 without any
prior surgery. The samples were FACS-isolated using the 7AAD marker to isolate the live cells
and libraries were prepared for sequencing using the 10x Genomics platform!®! (A). UMAP
showing clustering of distinct cell types from whole hearts pooled across all samples and
timepoints (B). Subclustering of the endothelial cell cluster revealed a breadth of cell identity
and allowed identification of a lymphatic endothelial cluster (C). n = 3 hearts were pooled to a
single sequencing library per condition. Panel A created with BioRender.com

Unbiased differential gene expression analysis of our LEC cluster (Figure 4-8) revealed
distinct molecular signatures between LECs at P1 versus P7, with no enriched pathways
in the uninjured state, but enrichment of several pathways and associated genes at P7
relative to P1 following injury (Figure 4-9). Notably, aquaporin-1 is shown to be
differentially upregulated in P7, but not P1, in LECs following MI (Figure 4-9). LECs
are not widely reported to express AQP1, and this may reflect the possibility that AQP1
expression is upregulated only in an injury/inflammatory context when clearance of tissue
fluid becomes necessary. Immunofluorescent staining of neonatal and adult lymphatic
vessels for AQP1 with and without injury presents a possible avenue for future work,
albeit one beyond the scope of this work which focuses on capacity for cellular trafficking

rather than fluid handling.
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Figure 4-9. GO pathway enrichment in LECs after MI: P1 vs P7.

No enriched pathways were detected at baseline (uninjured P1 vs P7). P7MI7dpi vs P1MI7dpi
showed enrichment for vesicle trafficking/secretion and hormone-response pathways in P7,
with a prominent aquaporin DEG among the drivers, suggesting a water-transport/fluid-
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handling response that emerges in the more mature P7 lymphatics but is not evident in the
immature P1 setting.

4.3.3 Macrophages are trafficked following MI at P7 but not P1

Previous adoptive transfer data from our group has demonstrated the capacity of the
cardiac lymphatics to clear macrophages from the infarct zone following MI at P7, but
not P1'°!, Preliminary work examining the clearance of endogenous #CD68-GFP
macrophages to the mediastinal lymph nodes (MLNs) was also conducted. To validate
this adoptive transfer data, increase the 2CD68-GFP sample size, and extend the analysis
more specifically to tissue-resident macrophages, MLNs were isolated from ACD68-
eGFP and CX3CRI-eGFP injured and control mice, identified on imaging of whole
cardiopulmonary blocks by localisation within the subcardinal, subaortic, and paraaortic
zones. CX3CRI-eGFP has previously been shown to mark tissue-resident
macrophages'!’. The cardiopulmonary blocks were sectioned, and images were acquired
of MLNS in situ for quantification of the CD68" or CX3CR1" macrophage numbers in
relation to MLN size (Figure 4-10; Figure 4-11). The presence of both CD68" and
CX3CR1" macrophages in MLNs 7 days after MI at P1 was not significantly different
compared to intact P8 hearts (Figure 4-11), whereas CD68" and CX3CR1" macrophage
numbers were significantly elevated after MI at P7 (20.1%, 10.6%) compared to P14

intact hearts (6.4%, 2.8%; p<0.05; Figure 4-11).
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Figure 4-10. Visualisation of /CD68—eGFP GFP" macrophages in MLNs post-MI.

MLN visualisation confirmed minimal clearance at P1 after MI, which appeared increased at
P7, compared to the respective intact controls that contained resident MLN GFP* macrophages
(compare A to B and compare C to D). Quantification of macrophage numbers in the MLNs
validated these observations and indicated that the difference in clearance at P1 versus P7 was
significant (E). Quantification was conducted across the entire MLN area within 10 pm
sections. Magnification boxes are illustrative. Data are presented as mean + SEM. n =4 for P§,
n= 8 for PIMI7dpi, n=5 for P14 and n=7 for P7MI7dpi. Significant differences were
calculated using one-way ANOVA followed by Tukey’s multiple comparisons test. Scale bars:
0.5 mm for A-D, 20 um for A’-D’.

To exclude the possibility that the increased CD68" and CX3CR1" macrophage numbers
found in the MLNs after MI at P7 was due to a proliferative response of lymph node-

resident macrophages, MLNs were stained with the proliferation marker phospho-histone
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H3 (PH3; Figure 4-11). GFP" cells were found to proliferate in the subcapsular sinus of
MLNSs from both intact (P14) and P7 infarcted mice after 7-days (Figure 4-11). However,
there was no significant difference between proportion of proliferative cells in any

condition (Figure 4-11).



86

VEGFR3

PH3 (

E 0.0173 F

0.3626  <0.0001

0.0833 o ®

%PH3+ / CX3CR1
.

%CX3CR1 Area

Figure 4-11. Macrophage drainage to mediastinal lymph nodes.

Visualisation of endogenous GFP* macrophages in MLNs from Cx3cri-eGFP mice confirmed
minimal clearance at P1 post-MI, which appeared increased at P7, compared to the respective
intact controls which contained resident MLN GFP* macrophages (compare A and C, compare



87

B and D). Quantification of macrophage numbers in the MLNs validated these observations and
indicated the difference in clearance at P1 versus P7 was significant (E). There was no
significant difference in PH3" macrophages between conditions (F). Quantification was
conducted across the entire MLN area within 10 pm sections. Magnification boxes are
illustrative. Data are presented as mean + SEM. n="7 for P8, n=8 for PIMI7dpi, n=9 for P14
and n =10 for P7MI7dpi. Significant differences were calculated using one-way ANOVA
followed by Tukey’s multiple comparisons test. Scale bars: 50 pm.

The boxed sections provided show magnified views of the region containing afferent
lymphatics, the area where cleared macrophages are expected to enter MLNs and are
unrelated to the quantitative assessment of macrophage numbers. Quantification was
carried out across the entirety of each lymph node and took place in an unbiased manner,
blinded to condition. A single z-stacked image was taken through each individual lymph
node cryo-sectioned at 10 pum intervals. Technical conditions including the staining
protocol and microscope laser power were consistent between samples. No post-imaging
intensity alterations were carried out prior to analysis. Staining for F4/80 in Cx3cri-GFP
MLNSs confirmed co-localisation of GFP with F4/80, validating the identify of these cells

as macrophages (Figure 4-12).
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Figure 4-12. CX3CR1-GFP F4/80 co-staining.

GFP" cells in CX3CR1-GFP MLNs are confirmed to be macrophages by F4/80 staining. They
are densely clustered around the afferent lymphatics. GFP*F4/80- cells are likely dendritic cells
within the lymph node paracortex. Scale bar: 200 pm.

Further staining for F4/80 in MLNs post-MI facilitated delineation of macrophages from
dendritic cells, and confirmed the increased presence of macrophages within the afferent
lymphatics, draining to the MLNSs, at 7 days following MI at P7, but not at P1 (Figure

4-13).

In order to validate that the increase in macrophages within the afferent lymphatics
following MI at P7 is due to trafficking from the heart, I aimed to disrupt lymphatic
drainage and assess any difference in their presence within the lumen of the afferent
lymphatics. It is important to note that VEGFC/VEGFR3 disruption would also affect the
coronary vasculature and lymphangiogenesis resulting in additional defects and confound
any interpretation related to trafficking. Instead, I have utilised Lyvel loss-of-function as
more specific to lymphatic trafficking and carried out MLN imaging in Lyvel knockout

mice 7-days after MI at P7, when macrophages are known to accumulate in the wildtype
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setting. These images reveal disrupted lymphatic trafficking and a clear absence of
macrophages within the afferent lymphatic lumen of P7 Lyvel”~ MLNs at 7-days post-

MI compared to wildtype controls (Figure 4-13).

Taken together, these data reveal that cardiac lymphatics significantly clear CD68",
CX3CR1" and F4/80" macrophages via the afferent lymphatics to the draining MLNs

following MI at P7, but do not clear macrophages from infarcted P1 hearts.
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Figure 4-13. F4/80 macrophage within mediastinal lymph node afferent lymphatics.Further F4/80
staining was conducted which confirmed the presence of F4/80" cells within the lumen of MLN
afferent lymphatics following MI at P7, but not P1 (Compare A and B). Macrophage drainage is
disrupted following P7 MI in the Lyvel”" setting (C). Scale bar 250 pm.

4.3.4 LEC and macrophage molecular pathways at P1 versus P7
Previous analysis of the present scRNA-seq dataset within the group examined ligand-
receptor interactions between macrophage and lymphatic subclusters. This original

analysis was conducted using a different clustering technique and scTalk analysis,
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identifying a number of putative interactions between LECs and macrophages (Figure
4-14). Intriguingly only a single interaction from LECs to macrophages was identified
(Figure 4-14A), while multiple interactions were found from macrophages to LECs
(Figure 4-14B). The lone ligand-receptor interaction from LECs to macrophages was
between the extracellular signalling protein Reelin (Reln) produced by LECs, and
Integrin Beta-1 (Itgb1l / CD29), its potential receptor which has not previously been
described in these cell populations. Interestingly, published work already implicates

Reelin as a pro-regenerative mediator in the context of neonatal heart regeneration'’.

Subsequent qPCR analyses suggested that Reln was downregulated at P7 compared to
P1, while ltghl expression was unchanged (Figure 4-14). I confirmed the qPCR data at
the level of protein expression by immunostaining for REELIN combined with LY VE-1,
ITGBI and IBA1. Here I examined LECs at 5-days post-MI following surgery at P2, to

be consistent with the stages examined in the prior study'?’

, compared to 5-days post-MI
at P7 and uninjured controls. This revealed positive staining of ITGB1 in IBA1"
macrophages (Figure 4-14H) and elevated expression of REELIN in LECs at P2
compared to P7 at 5-days post-MI (Figure 4-14), consistent with a role in the early

postnatal regenerative response and validating the scRNA-seq pathway analyses (Figure

4-14A).
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Figure 4-14. Lymphatic-macrophage crosstalk.Tree plot showing outgoing connections from the
LECs to Mf (A) and from Mf to LECs (B). The single outgoing LEC signal was identified as
Reelin (Reln), a previously described lymphangiocrine factor, interacting with ITGB1 on Mf (A).
Top node refers to source population, second layer to ligands, third layer to receptors and bottom
node representing the target population (A, B). A, B adapted from K. Klaourakis'®'. Reln
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expression was shown by qPCR to decrease between P1 (n = 6) and P7 (n = 5), while ltghl
expression was unchanged (C). Immunostaining for REELIN combined with LY VE-1 (D-G) and
ITGFB1 combined with IBA1 (H) in resident macrophages and LECs, respectively, revealed
elevated expression of Reelin at P2MI5dpi compared to P7MI5dpi and sham controls across
equivalent timepoints (D-G). Data are presented as mean + SD. Qualitative observations in D-H
were seen across tissue sections and in 1 additional heart. Scale bar: 150 pm for D-G; 25 um for
H.

4.3.5 Global Lyvel knockout impairs cardiac regeneration

Previous MRI studies within the group revealed an unexpected association between
Lyvel and functional outcome following MI at P1 (Figure 4-15), a timepoint normally
associated with complete regeneration and preserved function'>. This confounded our
initial hypothesis that given pro-regenerative macrophage clearance is not occurring at

P1, disruption of clearance by loss of LYVE-1 would have no effect on recovery from

early postnatal MI.
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Figure 4-15. Cardiac cine MRI data from K. Klaourakis and C. Carr'*!.Plots from longitudinal
cine MRI performed on Lyvel " and Lyvel”" mice 28 days after MI at P1 and P7, as well as in
intact control littermates at comparable P29 and P35 stages (A, B). MRI revealed significantly
reduced cardiac output (CO) in P1 Lyvel”" mice at 28 days post-MI compared to P29 intact Lyvel
" controls (A). The reduced CO was even more significant than reductions observed for Lyvel”
mice injured at P7 at 28-days post-MI compared to P35 intact Lyvel” controls (B). Data are
presented as mean + SD. n = 6 for P29 control, n =7 for P1MI28dpi control, n =8 for P29 Lyvel"
", n="7 for PIMI28dpi Lyvel™, n= 8 for P35 control, n="7 for P7MI28dpi control, n= 8 for P35
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Lyvel”, n=10 for P7MI28dpi Lyvel™. Significant differences were calculated using two-way
ANOVA.

A commonly utilised indicator of cardiac regeneration is reduction in scar area. For this
reason, picrosirius red (PSR) staining was used to identify the fibrotic area for
quantification. Existing samples derived from Lyvel”" P1MI 28dpi hearts were used to
optimise the PSR staining protocol and verified by overlap with Masson’s Trichrome
(MTC; Figure 4-16). There was no significant difference in scar area between wildtype
and Lyvel™ hearts (Figure 4-16C), indicating the functional impairment is likely
independent of an effect on capacity for clearing fibrosis. This supported MRI-derived

estimation of infarct size (Figure 4-16D).
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Figure 4-16. Picrosirius red staining of neonatal Lyvel” hearts post-MI.Sections were taken 28
days following MI at P1 from control (Lyvel ") hearts (A) and Lyvel™ hearts (B) and stained
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with picrosirius red (purple gross appearance). Adjacent representative sections were also stained
with Masson’s Trichrome (yellow gross appearance) to confirm targeting of fibrosis. There was
no significant difference observed in scar area as determined by picrosirius red staining (C) or by
cardiac cine MRI measurements (D).

Functional impairment in the context of Lyvel”~ P1 MI, even in the absence of
quantifiable differences in scar area, strongly implies an additional role for LYVE-1 in
facilitating cardiac regeneration, supplementary to its role in facilitating lymphatic

transmigration of immune cells.

43.6 LYVE-1 is also expressed on macrophages, potentially accounting for
worsened outcomes in the global knockout
To investigate the possibility of additional roles for LYVE-1 in the context of neonatal
heart regeneration, I considered the expression pattern of LYVE-1 in the heart at this
timepoint. In addition to its expression on LECs, LYVE-1 is also expressed on tissue-
resident macrophages (Figure 4-17). It is well established that the tissue-resident
macrophage population is essential for neonatal cardiac regeneration, I therefore
hypothesised that global knockout of Lyvel may be impacting regenerative function in

this macrophage population. This is discussed in Results II.



96

CD68

Figure 4-17. LYVE-1" macrophages are present in the Pl heart. LYVE-1" tissue-resident
macrophages are present throughout the myocardium in the uninjured P1 heart, as indicated by
co-staining of CD68 and LYVE-1. Scale bars: 0.5 mm in whole view panel and 250 pm in
magnified panels.

4.4 Discussion

This chapter extends previous work from the group to demonstrate macrophages are not
effectively cleared by the cardiac lymphatics to MLNs following MI at P1, in contrast to
detectable macrophage trafficking at P7. This is attributable to morphological, functional,

and transcriptional immaturity of the lymphatics.
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4.4.1 Neonatal cardiac lymphatics are not well understood

Although the cardiac lymphatics have received considerable attention to-date, studies
have largely focused on their developmental origins and the adult lymphangiogenic
response to heart injury across model organisms”*®#!%7 There has been little prior
investigation of the function of the cardiac lymphatics during neonatal heart regeneration

and the transition to fibrotic repair within the first week of life.

The lymphatics of the heart have been described to emerge and grow not only through
sprouting of pre-existing vessels (lymphangiogenesis), but also — as reported for zebrafish
and mice — from isolated LECs (lymphvasculogenesis), and from a variety of sources
including haemogenic endothelium, second heart field progenitors, and paraxial
mesoderm!*. Previous observation in the group of short, isolated lymphatic vessels
present mainly on the dorsal surface during early postnatal stages, suggests a further

undefined non-venous source®’-8%13%,

4.4.2 Adult cardiac lymphatics clear macrophages to improve outcomes

In adult mammals, the lymphatic vasculature is compromised near the site of injury
(infarct region), resulting in increased oedema and reduced ability to clear immune cells.
Although lymphatics grow and sprout through lymphangiogenesis after MI in adult mice,
this endogenous response is insufficient to optimise repair and preserve cardiac
function®®®!, Several gain-of-function studies have used the ligand VEGFC to enhance
lymphangiogenesis after MI in adult mice and have reported improved clearance of
interstitial fluids and immune cells, most notably macrophages, consequently improving
pathological remodelling of the heart and function®**%*3! Interestingly, a previous study

reported that blocking endogenous lymphangiogenesis, through VEGFR3 or VEGFC/D
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loss-of-function, does not lead to increased oedema or impaired cardiac function after
MI'*?. However, this loss-of-function study targeted endogenous lymphangiogenesis,
which in-itself is sub-optimal, and did not investigate the effects of gain-of-function to
promote enhanced lymphangiogenesis as previously demonstrated®®>%%81. Collectively,
these studies support the hypothesis that the endogenous response of cardiac lymphatics
is insufficient to influence outcome post-MI, whereas an augmented lymphatic response,

through the administration of exogenous growth factors, improves repair and function.

In contrast to adult mammals (including humans), it is well established that
zebrafish®>!4! the surface-dwelling Mexican cavefish?*, neonatal mice, and human
infants can regenerate their hearts after injury!”!®!42_ In zebrafish, cryoinjury stimulates
cardiac lymphatic growth at the site of injury®”'* and disruption of VEGFC-VEGFR3
signalling impairs the lymphatic response and associated clearance of infiltrating immune
cells, leading to prolonged inflammation, persistent scarring and reduced regeneration'*.
In the presence of an intact lymphatic network, scarring in the adult zebrafish heart is

only transient, whereas it is more permanent in the adult mouse heart.

4.4.3 Temporal determination of macrophage subtype and clearance

Functional cardiac lymphatics are required to maintain an optimal immune cell load after
adult heart injury, by providing conduits for efficient clearance of immune cells
(neutrophils, macrophages, dendritic cells and T cells) to draining MLNs’. Macrophages
dominate the acute response to MI in terms of sheer numbers derived from infiltrating
monocytes which are recruited from bone marrow and splenic reservoirs, with an initial
pro-inflammatory (CCR2*, Ly6C™) phenotype which then gives rise to pro-reparative

(Ly6C'®) macrophages in situ'®. The infiltrating monocyte-derived macrophages are
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thought to replace a tissue-resident macrophage population (defined as CCR2", Ly6C")
during the initial acute response to injury. The timing of lymphatic clearance in adult
infarcted hearts appears to coincide with the initial pro-inflammatory phase but impacts
on downstream repair, suggesting a continuum of monocyte-macrophage function across

the acute stages of heart injury’.

4.4.4 Tissue-resident macrophage retention following P1 MI
In contrast, in neonatal mice after M1, tissue-resident macrophages increase in number

without infiltration of monocytes from remote sources>*’%"!

and general depletion of
macrophages by clodronate liposome treatment inhibits cardiac regeneration and leads to
reduced cardiac function after MI at P1%. Thus, we reasoned that pro-regenerative
macrophages would not need to be cleared by the cardiac lymphatics following injury at
P1; whereas at P7 when macrophages contribute to fibrotic repair there would need to be
trafficking, analogous to that in the injured adult heart’. This suggestion was strengthened
by previous work from the group which demonstrated a significantly reduced lymphatic
response 7-days after MI at P1 compared to P7; an observation which was background-
dependent. Previous work in the group also demonstrated impaired trafficking at P1 by
adoptive transfer of adult splenic hCD68-eGFP" macrophages into wildtype infarcted
neonatal recipient hearts followed by analysis of the recipient MLNs. Here, the adult

donor-sourced labelled macrophages were competent for trafficking and clearance, as

previously demonstrated’.

4.4.5 Early postnatal cardiac lymphatics are functionally immature
We validated the capacity of macrophages for trafficking at P7 via MLN imaging in

hCD68-eGFP mice post-MI and demonstrated this was absent following injury at P1.
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Given the macrophage response to neonatal MI comprises a large number of tissue-
resident macrophages, 1 imaged CX3CRI-eGFP mouse'’®/" MLNs to confirm
CX3CRI1" tissue-resident macrophages are also trafficked following injury at P7 but not

at P1.

Impaired lymphatic clearance at P1 may be the result of several emergent factors during
the postnatal period, including maturation of the lymphatic vessels to a state permissive
for macrophage ingress and clearance, differences in signalling between LECs and
macrophages, and/or temporal functional requirements for essential candidate facilitators
of lymphatic trafficking such as LYVE-1. The LECs that form lymphatic vessels are
interconnected by specialised cell-cell junctions, with previous studies describing a
transition from impermeable zipper-like to cell permeable button-like junctions during
embryonic development as evidenced in the mouse trachea, diaphragm, and lungs®*>:146,
This transition starts at approximately E17.5 and is completed by P14°®. We observed a
similar process in the early postnatal heart with zipper-like junctions predominating in
the initial lymphatic vessels during the first days after birth and button-like junctions
appearing during the second week of life. This maturation of the initial lymphatics likely
affects their ability to clear immune cells from the heart to lymph nodes at early neonatal
(P1) stages. At P7 when clearance was evident from our adoptive transfer experiments,
there was still an incidence of zipper-like junctions suggesting an ongoing developmental

process through to adulthood when all junctions are button-like and the lymphatic

endothelium is relatively cell permeable’.

Automating this analysis is challenging, as is obtaining images similar to those defining

the junctions in the seminal paper that characterised button-/zipper-like junctions for the
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first time®}. This is due to inherent differences in cardiac versus tracheal tissue (for
example, the well-known autofluorescence associated with the underlying myocardium
of the heart). The present analysis serves to illustrate that the transition between junctions,
as previously defined, is also present in the heart rather than to comprehensively

characterise the junctions.

I considered manipulation of the button state as a potentially informative experiment to
demonstrate an impact on trafficking. However, current methods to manipulate these
junctions are largely restricted to disrupting VEGF signalling, for example, activation of
VEGFA-VEGFR?2 signalling induces conversion of buttons to zippers in lacteals and
inducible knockout of VEGFR3 prevents maturation of zippers into buttons®*”®. There
are two potential confounders with disrupting VEGF signalling. Firstly, VEGF signalling
(especially VEGFC/VEGFR3) is important in the context of cardiac lymphangiogenesis
post-MI° and consequently it would be challenging to delineate the effects of altered
lymphatic sprouting versus lymphatic permeability. Secondly, these manipulations are
relatively well-characterised in terms of morphological effect and permeability to Evans
blue (i.e., fluid/macromolecule permeability), but there is little characterisation
pertaining to whether these induced junctional alterations are suitable for our purpose of

altering immune cell trafficking.

4.4.6 Macrophage-lymphatic endothelial cell crosstalk

To investigate whether temporal alterations in signalling between the LECs and
macrophages might influence clearance of the latter, I examined scRNA-seq of P1 versus
P7 infarcted hearts at days 1, 4, and 7 post-injury in collaboration with Dr M. Weinberger.

Prior work identified multiple signals from macrophages to LECs, while the reciprocal
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signalling was remarkably restricted to only a single pathway that was elevated at P1
versus P7 following injury. I observed that the extracellular matrix glycoprotein protein
reelin (RELN) was expressed in LECs at high levels at P1 compared to P7 and prior
pathway analyses identified a potential interaction with integrin 1 (ITGB1) on
macrophages, a receptor already hypothesised to be required for RELN signalling'?”. In
a recent study, RELN was identified as a lymphangiocrine signal important for
cardiomyocyte homeostasis and efficient heart repair and function after neonatal mouse
MI'¥7. Moreover, RELN has been identified in LECs in human foetal hearts, adding

147 Neither the target cell type(s)

potential relevance to human physiology and disease
nor relevant receptor(s) were previously identified, and it will be of interest in future

studies to functionally assess the RELN-ITGB1 pathway in LECs and macrophages

correlated with heart regeneration.

4.4.7 Functional impairment in Lyvel” P1 hearts post-MI
Finally, we investigated a role for LYVE-1 acting across the P1-P7 regenerative window,
given its pivotal role in the hyaluronic acid (HA) mediated adhesion and entry of immune

103 We hypothesised that global Lyvel gene deletion would have

cells to initial lymphatics
no effect on P1 heart regeneration given that macrophage trafficking is negligible at this
stage, consistent with the need to retain the pro-regenerative tissue-resident population in
situ>®. Unexpectedly, MRI of Lyvel knock-out hearts 28-days after MI at P1, a time point
when regeneration would be anticipated to be complete'®, revealed aberrant functional

parameters. This prompted a re-evaluation of the role of LYVE-1 beyond the lymphatic

endothelium, drawing on its known expression pattern in tissue-resident macrophages'*®.
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4.4.8 LYVE-1is also expressed on tissue-resident macrophages
I therefore hypothesised that the regenerative impairment observed following global
Lyvel knockout in the context of P1 MI was due to a role for LY VE-1 on tissue-resident

macrophages and not lymphatics.

4.5 Summary

In summary, neonatal cardiac lymphatics are functionally immature at P1, with zipper-
like junctions predominating, limited lymphangiogenesis, and reduced macrophage
egress to MLNs. By P7, junctional maturation and network expansion coincide with
detectable trafficking. scRNA-seq highlights age-dependent LEC-macrophage signalling
(including RELN-ITGB1), and the Lyvel” phenotype at P1 suggests a role for LYVE-1

on tissue-resident macrophages in regeneration.
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5 RESULTS II: TISSUE-RESIDENT MACROPHAGES REQUIRE
LYVE-1 TO FACILITATE REGENERATIVE HEALING POST-
Ml

5.1 Background

Owing to the impaired cardiac function exhibited by neonatal mice with global knockout
of Lyvel, this chapter will investigate the contribution of tissue-resident macrophage
LYVE-1. For this purpose, #CD68-CreERT?2 mice (kindly provided by Professor David
Greaves) were crossed with a homozygous Lyvel LoxP ‘floxed’ mouse line (kindly
provided by Professor David Jackson), and their offspring used to produce conditional
homozygous Lyvel deletion (hCD68-CreERT2;Lyve ). This allowed tamoxifen-driven
knockout of Lyvel in tissue-resident (TR) macrophages, concurrent with MI-inducing
surgery in neonatal mice. Subsequent histological and functional assessment of cardiac

regeneration was carried out to identify any deficit caused by loss of macrophage Lyvel.

5.2 Aims

To establish whether the impaired regenerative response observed post-MI in Lyvel”

neonatal mice is attributable to loss of LYVE-1 on macrophages, rather than lymphatics.

In this chapter, I address the possibility that global Lyvel knockout impairs regenerative
function of the neonatal mouse heart following myocardial infarction (MI), not by its
effect on lymphatic endothelial cells, but by its role in tissue-resident macrophages. To
investigate this: (1) 1 used hCD68-CreERT2;Lyvel™ to knock down Lyvel in

macrophages prior to MI and (2) assessed cardiac function and neovascularisation.
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5.3 Results

5.3.1 Characterisation of hCD68-CreERT2;Lyvel" construct

The Lyvel global knock-out phenotype suggested an additional, unanticipated role for
LYVE-1 outside of facilitating transmigration of immune cells into lymphatics,
especially given its known expression in tissue-resident macrophages which are essential
for regeneration® and are retained rather than cleared from injured P1 hearts.
Accordingly, I hypothesised that LY VE-1 in resident cardiac macrophages (Figure 4-17)
may play an active role in maintaining their pro-regenerative phenotype. To address this
possibility, I conditionally deleted Lyvel in macrophages by crossing a newly-derived
Lyvel-floxed line (Jackson, DG, unpublished) with the recently described AZCD6S-

CreERT2 mouse line that effectively targets resident macrophages across tissues'’.

5.3.1.1 Tamoxifen delivery with neonatal coronary artery ligation

In order to assess the contribution of macrophage LYVE-1 to neonatal cardiac
regeneration, Lyvel was conditionally deleted in macrophages before MI. This was
achieved by intraperitoneal tamoxifen injection of h”CD68-CreERT2;Lyve " mice at P1
and MI-inducing surgery at P2, with subsequent analysis at 7dpi and 28dpi (Figure 5-1).
The timepoints for tamoxifen injection and MI were spread across two days to minimise
the mortality associated with their concurrent performance — tamoxifen injection
predisposes to respiratory failure in this context — while remaining within the reported

regenerative window of the post-MI neonatal mouse heart*,
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Figure 5-1. Protocol for concurrent tamoxifen administration with neonatal MI.

Mice are injected intraperitoneally at P1 with 0.25 mg tamoxifen and undergo coronary artery
ligation surgery at P2. Mice are subsequently culled for analysis at P9 (P2MI;7dpi) or P30
(P2MI;28dpi) following cardiac cine MRI analysis. Panels created using BioRender.com

5.3.1.2 Rosa26"Temate gyantification

The hCD68-CreERT? line has been previously characterised in the adult, but not in the
neonatal setting. The line was therefore crossed with a Rosa267%7" reporter line'*’ to
investigate recombination efficiency and to optimise tamoxifen dose. hCDG6S-
CreERT2;Rosa26™m pups were treated with the experimental protocol
(Intraperitoneal tamoxifen at P1; MI induced by coronary ligation at P2), before CD68-
TdTomato co-expression was assessed at 7dpi. Approximate efficiency of recombination
was determined by immunofluorescence across whole sections (~45%
LYVE1"TdTomato"/LYVE1"; Figure 5-2). TdTomato fluorescence was also confirmed
in the absence of immunostaining to confirm positive signal was not due to spectral bleed-

through from CD68 or LY VE-1 stains.
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Figure 5-2. Characterisation of h(CD68-CreERT2,; TdTomato line.

Hearts were injected with tamoxifen at P1 before MI at P2 and imaging 7 days post-injury.
Sections were co-stained with CD68 and LY VE-1 to determine efficiency and assess for any
off-target TdTomato expression. CD68+ macrophages shown with white arrows, lymphatics
with black arrows. Quantification of co-staining in sections (B). Tamoxifen injected at P1, MI
surgery at P2 to avoid inducing respiratory failure. Data are presented as mean + SEM. n = 3.
Scale bar 350 pm in whole view panel; 150 um in magnified panel.

5.3.1.3 Lyvel’” knockdown quantification

Following validation that the /CD68-CreERT?2 line was effectively targeting LYVE-1"
macrophages, and that the tamoxifen dose was sufficient to induce recombination, I
crossed the hCD68-CreERT2 line with the Lyvel™ line to produce hCD6S-
CrefR12: Lyve """ x Lyve """ pairings in order to conditionally knock down macrophage
Lyvel. The litters of these pairings comprised ~50% Cre” animals and ~50% Cre-
littermate controls, all homozygous for the Lyve®*. The extent of knockdown in these

animals was first validated by immunofluorescent staining and quantification in paraffin
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sections using antibodies against LY VE-1 and the established macrophage marker IBA1
in P2MI7dpi hearts, following tamoxifen injection at P1 and MI at P2 (Figure 5-3).
Subsequently, I conducted flow cytometry analysis of hearts at this timepoint (Figure
5-3). Flow cytometry analysis proved technically challenging due to the small number of
cells that could be isolated from neonatal mouse hearts, and the inability to pool samples
given the unknown genotype associated with our littermate control breeding protocol.
Given the evidence already established by immunofluorescent staining, it was deemed
contrary to the ‘3Rs’ of animal research (Replacement, reduction, and refinement) to
continue this avenue of work. The subsequent observation of a Cre* phenotype validated

this decision and is discussed next.
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Figure 5-3. Characterisation of #(CD68-CreERT2; Lyve ™" knockdown.

Hearts were injected with tamoxifen at P1 before MI at P2 and imaging 7 days post-injury.
Knockdown was validated by LYVE-1/IBA1 co-staining (A). Proportion of IBA1+ cells also
positive for LY VE-1 was quantified and shown to be significantly reduced in Cre+ hearts (B).
Flow cytometry gating strategy: following tamoxifen administration at P1, P2MI7dpi hearts
were dissociated and events gated as follows. Cells by size/complexity, FSC-A vs SSC-A;
singlets, FSC-A vs FSC-H; live cells, 7-AAD-; leukocytes, CD45+; and macrophages,
CD45+F4/80+ (C). Representative density plots of SSC-A vs LYVE-1 with corresponding
LYVE-1 fluorescence histograms for Cre- littermate control, ACD68CreERT2; Lyve ", and a
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background control processed without anti-LY VE-1 antibody (D). LYVE-1 signal is reduced in
Cre+ macrophages relative to Cre-.

5.3.2 Cardiac cine MRI of P2M128dpi h#CD68-CreERT2;Lyve '/ mice

I then assessed functional parameters by MRI of macrophage-specific Lyvel knock-out
animals compared to littermate controls 28 days after MI (Figure 5-1). MRI was
conducted in collaboration with Professor Carolyn Carr using the same protocol as
previously employed in our global Lyvel™ study (Figure 4-15). Representative images
illustrate longitudinal views, used to identify the apex-to-base axis, through which
multiple transverse videos were captured at regular intervals (Figure 5-4). This revealed
impaired function with significantly reduced CO (p = 0.0046) in the ACD6S-
CreERT2;Lyve’" P2 infarcted hearts at day 28 (Figure 5-5). Stroke volume and end
diastolic volume (Figure 5-5) were also decreased significantly (p = 0.0052 and p =
0.0352, respectively), consistent with what we observed in the global Lyvel knock-out

animals P1MI (Figure 4-15, Figure 5-6).
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P2MI 28dpi

Control

Cret

Figure 5-4. Cardiac cine MRI representative images.Transverse and longitudinal cine MRI
representative images from control and ACD68-CreERT2" animals at P2MI28dpi illustrating
infarct location and anatomical landmarks (A). Illustration of transverse and longitudinal views
including highlighted infarct zone to aid interpretation of MRI (B). Scale bar 5 mm. Panel B
created using BioRender.com
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Figure 5-5. Conditional Lyvel knockout MRI quantification.

Plots from cine MRI performed on #CD68-CreERT2, Lyve """ mice 28 days after MI at P2
reveal impaired functional recovery across cardiac output, stroke volume, ejection fraction, end
diastolic volume consistent with Figure 4-15A, differing only in end systolic volume. Data are
presented as mean + SD. n= 7 for control, n =13 for Cre+. Significant differences were
calculated using unpaired two-tailed Student’s t-test.
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Figure 5-6. MRI-derived cardiac function at 28 days post-MI across conditions.

Adapted from data displayed in Figure 5-5 and Figure 4-16. Comparison of 2CD6§-
CreERT?2;Lyvel-flox functional readouts 28dpi with previously obtained global Lyvel”" data.
Lyvel loss reduces cardiac output in the neonatal P1 MI cohort and in the conditional Cre+
cohort at 28 dpi, whereas no difference is detected after P7 MI (A). Stroke volume shows the
same pattern; reduced in P1 MI and Cre+ but not significantly altered after P7 MI (B). Ejection
fraction does not differ significantly between genotypes in any cohort at 28 dpi (C). The
conditional knockout recapitulates the functional deficit observed in the global knockout. Data
are presented as mean = SD. n =6 for P29 control, n= 7 for P1MI28dpi control, n=8 for P29
Lyvel”, n="7 for PIMI28dpi Lyvel” n= 8 for P35 control, n= 7 for P7MI28dpi control, n= 8§
for P35 Lyvel™”, n=10 for P7MI28dpi Lyvel™ n="7 for P2MI28dpi Cre’, n= 13 for P2MI28dpi
Cre". Significant differences were calculated using two-way ANOVA for P1MI28dpi and
P7MI28dpi and unpaired two-tailed Student’s t-test for P2MI128dpi.

5.3.3 Histological analysis of hCD68-CreERT2;Lyvel’’/ hearts post-MI

To explore structural correlates of the MRI findings, I assessed scar burden and the
neovascular response within the infarct. I first carried out picrosirius red staining, which
indicated no significant difference between hCDG68-CreERT2;Lyvel’ P2 infarcted
hearts and littermate controls at either 7- or 28-days post-injury (Figure 5-7, Figure 5-8).
Identification of the infarct zone was validated by staining with Wheat Germ Agglutinin
(WGA). WGA is a lectin which is an established marker for fibrotic cardiac tissue that
binds exposed N-acetyl-D-glucosamine- and sialic-acid—bearing glycoproteins, revealing
infarct ECM remodelling in tissue sections'>® (Figure 5-8). Lack of significant difference

in infarct size observed between control and ACD68-CreERT. 2;Lyve]ﬂ/ﬂ hearts — even in
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the presence of impaired functional recovery — is consistent with the phenotype observed

in global Lyvel”" animals (Figure 4-16).
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Figure 5-7. Quantification of hCD68-CreERT2; Lyve """ infarct scar at 28dpi.

Representative serial long-axis sections from Cre- littermate control (A) and
hCD68CreERT2;Lyve """ (B) hearts 28 days after P2 MI following tamoxifen at P1.Sections
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were stained with Picrosirius Red to visualise collagen. Insets highlight infarct/distal zones;
asterisks mark the infarct. Scar area was quantified in sections with the largest infarct per heart
(C). n=4 for Cre- and n = 3 for Cre+ hearts. Scale bars: 1 mm. Significant differences were
calculated using unpaired two-tailed Student’s t-test.

Given the established role of macrophages in infarct neovascularisation, I then conducted
further histological analyses with CD31/PECAM immunostaining, in line with previous
work>. This approach was used in the seminal paper demonstrating that macrophages

> as follows: “In

have a role in revascularisation during regenerative repair’
monocyte/macrophage-depleted hearts, PECAM staining was sparse in the [infarct
zone]...”  “Defects in neovascularization following cardiac injury in

monocyte/macrophage-depleted neonates imply that P1 monocytes/macrophages directly

or indirectly influence neovascularization during cardiac regeneration.”

Intriguingly, analysis of control versus hCD68-CreERT2;Lyvel’' PECAMI1 staining
within the infarct zone revealed an impaired vascular response at day 7 post-MI in the
macrophage-specific mutants post-MI (Figure 5-8). There were no significant differences
in macrophage cell density within the infarct zone between conditions, demonstrated by

quantification of IBA1 immunofluorescent staining (Figure 5-8).
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Figure 5-8. Infarct zone histology: scar, neovascularisation, and macrophages.The infarct zone
was identified by wheat germ agglutinin (WGA) fibrosis stain, consistent with regions already
defined by picrosirius red stain. Staining for PECAM1 (CD31), a well-established marker for
endothelial cells, allowed visualisation of the neovascular response within the infarct zone. IBA1
staining was used to identify macrophages within the infarct zone in control (A) and ACD6S-
CreERT2;Lyve " (B) hearts at 7 days following MI at P2. Quantification of discrete PECAMI1
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signal within the infarct zone revealed significantly-reduced PECAM1-stained vasculature in
hCD68-CreERT2; Lyve """ hearts (C). Quantification of macrophage cell density by IBA1 stain
within the infarct zone revealed no significant difference between conditions (D). n=4 control
hearts, n =3 hCD68—CreERT2; Lyve """ hearts; four sections per heart. Scale bar: 200 um.

5.4 Discussion
In this chapter, I investigated the effect of macrophage-specific knockout of Lyvel in

neonatal heart regeneration using the h(CD68-CreERT2, Lyve "/ line.

5.4.1 Macrophage-specific Lyvel knockdown in the neonatal mouse

A pan-myeloid marker, CD68, was employed to target deletion of Lyvel across all
macrophage subsets. Given the predominance of tissue-resident macrophages in the
neonatal response to cardiac injury>*, any observed phenotype from this intervention is
attributable to CCR2'LYVE-1" macrophage population. Thus, conditional deletion of
Lyvel with a hCD68-CreERT2;Lyve " construct was used experimentally to assess the

contribution of tissue-resident macrophage LY VE-1 to neonatal cardiac regeneration.

The inducible CreERT2 knockout model was used to allow conditional knockout and
avoid targeting Lyvel during development which — as established in unpublished scRNA-
seq work in the Lyvel”" setting — alters the immune populations present in the uninjured
heart, even in the absence of other observable phenotype'!S. Tamoxifen administration

was therefore carried out postnatally.

It was not feasible to perform concurrent intraperitoneal tamoxifen injection and MI-
inducing surgery at P1 due to high mortality risk. Therefore, injections were carried out
at P1, and MI surgeries were conducted at P2. Though a less-commonly used timepoint,

P2 lies within the regenerative window of the neonatal mouse and full cardiac
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regeneration does occur following ischaemic injury**. However, alternative routes of
tamoxifen administration have been explored to minimise mortality and facilitate P1 MI
induction in future work. An established alternative is the intraperitoneal delivery of
tamoxifen to the dam immediately postnatally, to avoid disrupting parturition, with
subsequent delivery to pups via the milk**. This method would facilitate continuous

dosing across the first week of life and may be deployed in future studies.

The hCD68-CreERT? line has previously been characterised in adults, but no studies
currently exist characterising the efficiency of targeting in the neonatal heart'?. Here,
subjecting the hCD68-CreERT2;R26TdTomato line to the neonatal MI protocol,
recombination efficiency was determined to be ~66% at 7 days post-injury (dpi) — lower
than reported for adults in liver (~80%)!?°. The single tamoxifen dose, rather than

multiple'?°

, and the expansion of the resident macrophage population during the 7 days
post-MI likely contributed towards this reduced efficiency. Nonetheless, this analysis

confirmed a single dose of tamoxifen is sufficient for macrophages affected by Cre

recombination at P1 to be present within the regenerating heart up to 7dpi.

5.4.2 Macrophage LYVE-1 is required for cardiac regeneration

Intriguingly, macrophage-specific deletion of Lyvel provoked an impaired regenerative
response post-MI, recapitulating the global knockout phenotype. This impairment was
characterised by reduced neovascularisation and impairment of cardiac functional

recovery.

The functional readout does not reveal significant differences in ejection fraction (EF) or

fibrotic area though the data certainly indicate a trend towards decreased EF in the injured
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hCD68-CreERT2;Lyve """ mice. However, we observe significant reduction in both
cardiac output and stroke volume. Cardiac output is regarded as a significant indicator of
overall cardiac function, taking both stroke volume and heart rate into account. For
example, heart failure with preserved ejection fraction (HFpEF) which is a major clinical
burden, cannot be diagnosed by EF measurements alone. While the extent of fibrotic area
is not significantly different between conditions, we do not propose that cardiac outcomes
post-MI are inextricably linked to scar area. We observe a difference in the neovascular
response that could account for functional impairment, for example via altered

oxygen/nutrient delivery to surviving cardiomyocytes.

It is known that macrophages actively participate in angiogenesis and that disrupted
coronary angiogenesis contributes to impaired cardiac regeneration in macrophage-
depleted mice®’’. Here, hCD68-CreERT2-Lyvel’" mice revealed a significantly
reduced neovascular response within the scar region at 7dpi compared to controls. It
would be beneficial to repeat this analysis in a Cx3crl-CreERT2;Lyvel’ cross to
confirm specificity to tissue-resident macrophages. There is also scope to assess the
neovascular process in 3-dimensions using whole-mount staining and tissue-clearing,

which would allow quantification of macrophage proximity to vessels.

My findings on the neovascular response post-MI supports the case for a pro-angiogenic
role of LYVE-1 proposed in other studies'>"!>2, LYVE-1* macrophages are necessary for
angiogenesis in epididymal adipose tissue, inducing secretion of matrix metalloproteases
(MMP-9, MMP-7, MMP-12), CXCL12, and activation of the VEGF-VEGFR2 system'>!.
Enforced expression of Lyvel in a monocyte cell line increased mRNA expression of pro-

angiogenic MMPs (Mmp2, Mmp9), as well as Vegfa'>?. The ability of lymphatic
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endothelial LYVE-1 to directly interact with FGF to induce lymphangiogenesis via the
VEGF-VEGFR2 system also provides a potential avenue of investigation'>®, with the

implication that FGF may also bind to macrophage LY VE-1.

Despite reduced neovascularisation, there was no significant difference in fibrosis
between hCD68-CreERT2;Lyve’”" and control hearts at 7dpi. However, this result was
also observed in the global knockout, and not entirely unexpected as 7dpi is too early for
complete scar resolution to be observed in wildtype animals and so any failure in
resolution may not yet be apparent™. By 28dpi some divergence in capacity of ACD68-
CreERT2;Lyvel’" and control mice to resolve fibrosis became apparent, with A/CD68-
CreERT2;Lyvel’" hearts trending towards increased scar area. Existing work
demonstrates macrophages are capable of direct collagen deposition post-MI’%, and that
LY VE-1-expressing macrophages mediate vascular arterial tone by degrading collagen
on smooth muscle cells via MMP-9-dependent proteolysis following binding of LY VE-

1 to hyaluronan in the pericellular matrix'>*,

The presence of functional impairment aligns with that observed in constitutive Lyvel”
mice at 28dpi following MI at P1. Given the same functional effect was observed in both
global and CD68-specific deletions of Lyvel, I conclude that it is highly likely the
contribution of Lyvel to cardiac regeneration is macrophage-specific acting at the level

of pro-regenerative tissue-resident macrophages.

5.5 Summary
Macrophage-specific Lyvel deletion in the neonatal heart before MI induction at P2

impaired cardiac regeneration, recapitulating the phenotype observed in the global Lyvel
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knockout. Compared to littermate controls, I observed impaired cardiac function on cine-
MRI and a reduced neovascular response by infarct capillary-density assessment. These
findings establish that LYVE-1 in tissue-resident macrophages is required for neonatal
cardiac regeneration. The mechanistic basis for this requirement is examined in the next

chapter.
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6 RESULTS III: LOSS OF LYVE-1 PREDISPOSES TISSUE-
RESIDENT MACROPHAGES TO APOPTOSIS, FACILITATING
REPLACEMENT BY INFILTRATING MACROPHAGES AND
MONOCYTES

6.1 Background

In the previous chapter, I established that loss of Lyvel in tissue-resident macrophages
impairs neonatal cardiac regeneration. In this chapter, I investigate the possible function
of LYVE-1 in these macrophages that, when disrupted, prevents an effective regenerative

response.

The most definitive demonstration of LYVE-1 function comes from the lymphatics,
where LEC LYVE-1 mediates HA-dependent ‘cup’ formation and passage of dendritic
cells into the lymphatic lumen!'®*1%, Few studies describe the function of LYVE-1 on

macrophages.

Across organs, LYVE-1 marks a tissue-resident subset of macrophages with matrix-
maintenance and vessel-support functions. In arterial walls, LYVE-1" perivascular
macrophages degrade smooth muscle collagen via MMP-9 and thereby help maintain
arterial tone. Macrophage depletion or disruption of this axis increases collagen stiffness,
establishing a direct role for the subset in vascular homeostasis'**. Beyond the
vasculature, LYVE-1" macrophages form stromal niches that influence tissue
remodelling, for example modulating adipocyte stem cells in white adipose tissue and
shaping hyaluronan-rich extracellular matrix in mammary gland'>>!*®. These studies
primarily ascribe functions to the LYVE-1" macrophage subset as a whole (i.e., cells
identified by LYVE-1 expression), rather than demonstrating a requirement for the

LYVE-1 receptor within those macrophages.
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More broadly, work on the LYVE-1 homologue CD44 provides mechanistic precedent
for HA-dependent control of macrophage behaviour. CD44 functions as a
phagocytic/efferocytic receptor for apoptotic cells, and cross-linking CD44 enhances
macrophage phagocytosis, whereas disruption of the HA glycocalyx impairs

uptakelO4’1 14,157.

6.2 Aims

To define a likely mechanism for how loss of LYVE-1 on macrophages impairs the

regenerative response.

In this chapter I aim to identify mechanisms by which loss of Lyvel in macrophages
impairs neonatal cardiac regeneration after MI: (1) Identify differentially expressed genes
and enriched pathways between wildtype and Lyvel”" macrophage subsets by scRNA-
seq of CD45" cells at P2MI7 dpi. (2) Validate findings in vivo. (3) Interrogate
mechanisms in vitro using LYVE-1" bone-marrow—derived macrophages (BMDMs) to
manipulate Lyvel expression, assaying effects on phagocytosis/efferocytosis, survival,

and angiogenesis. (4) Integrate findings to propose a mechanistic model.

6.3 Results

6.3.1 scRNA-seq analysis

6.3.1.1 CD45" cell clustering analysis

To interrogate the molecular role of LYVE-1 in macrophages, scRNA-seq analysis of
pooled CD45" enriched cells from neonatal Lyvel™" versus wildtype (WT) hearts (n = 5
per group) at P2MI7dpi was conducted, thus capturing all immune cells including

macrophages at a timepoint consistent with the observed impaired neovascularisation in
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hCD68-CreERT2; Lyve ! animals (Figure 6-1). Hearts were pooled due to the technical
challenge of isolating or pooling sufficient macrophage for analysis identified in earlier
flow cytometry experiments (Figure 5-3). Lyvel” hearts were used instead of #CD68-
CreERT2;Lyvel" to allow harvesting of whole litters at the required timepoint with
100% genotype, avoiding early genotyping and the higher tamoxifen-related mortality in
mixed-genotype litters that would make pooling per group unreliable. In addition,
CreERT2-mediated deletion in macrophages is not 100% efficient, hence residual Lyvel
would dilute differential signals in scRNA-seq, whereas the global knockout provides a
clean comparator. It should be noted that this leaves open the possibility that any
phenotype observed may be due to disruption of outgoing lymphatic signalling possibly

mediated by LYVE-1. I thus focused our analysis on the macrophage subsets specifically.
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Figure 6-1. Wildtype versus Lyvel”" P2MI7dpi scRNA-seq dataset.ScCRNA-seq was conducted,
comparing CD45" enriched cells from neonatal Lyvel knockout versus WT hearts at P2MI7dpi.
The samples were FACS-sorted using 7AAD and CD45 to isolate live CD45" cells and libraries
were prepared for sequencing using the 10x Genomics platform. UMAP plot of grouped wildtype
and Lyvel-KO CD45" cells (A). Comparison of CD45" cell subset proportions between wildtype
and Lyvel-KO conditions (B).

6.3.1.2 Macrophage sub-cluster analysis
scRNA-Seq is often carried out on pooled samples across genotypes/treatments to enable

sufficient cells to be sequenced however this precludes statistical analyses across
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biological replicates. To facilitate statistical analysis of pooled samples, deconvolution
of individuals by unique single nucleotide polymorphisms (SNPs) per heart was carried
out by Dr M. Weinberger using vireo5'?® (Figure 6-2). Initial clustering identified
macrophage subsets, grouped broadly as monocytes, CCR2* macrophages, and CCR2-
macrophages (Figure 6-2). We observed statistically significant reductions in the CCR2-
sub-population cell neighbourhoods (p = 0.012 - 4.51E-9) and corresponding statistically
significant elevation of the CCR2" sub-population in the Lyvel”" samples compared to
wildtype (p = 0.014 - 0.00067) (Figure 6-2). This represents a loss of the tissue-resident
macrophage population, which is replaced by monocyte-derived populations in the
knockout background. Importantly, the Lyvel" macrophage cluster identified in wildtype
was still present in the knockout setting, albeit in significantly smaller numbers and
without expressing Lyvel, confirming loss of Lyvel does not result in complete loss of

this sub-population (Figure 6-3).
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Figure 6-2. Macrophage subcluster differential abundance.Stacked bar chart illustrating the
differential abundance of macrophage subclusters, there is a significant reduction in the number
and proportion of Ccr2- (tissue-resident) macrophages, with an accompanying increase in number
of infiltrating Ccr2" macrophages and monocytes (A). By de-multiplexing the pooled hearts
according to SNPs, quantification of subcluster proportion by donor was possible, revealing
similar proportions between animals (B). Cell-neighbourhoods were compared, which revealed
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the observed reduction in Ccr2- cells and increase in Ccr2” cells were both statistically significant

(©).
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Figure 6-3. Visualisation by UMAP of macrophage subclusters.Wildtype UMAP coloured by
identity showing three populations present at P2MI7dpi: tissue-resident Ccr2- macrophages
(dotted outline), Ccr2+ macrophages, and monocytes (A). Lyvel”- UMAP illustrating the same
three populations, indicating preservation of the resident Ccr2- subcluster despite Lyvel knockout
(B). Feature plot of Lyvel expression in wildtype; signal is largely restricted to the Ccr2-
macrophage subcluster (C). Feature plot of Lyvel in the knockout showing near-background
expression with persistence of the Ccr2- cluster (D).

6.3.1.3 GO term and DEG analysis

To determine to what extent shifting Ccr2*/Ccr2-/monocyte populations alone are
responsible for worsened functional outcomes, unbiased gene ontology (GO) and
differential gene expression (DEG) analysis were conducted within macrophage
subclusters to identify any alteration in molecular phenotype between wildtype and

Lyvel”.To examine whether the phenotype of resident macrophages changes in addition
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to their proportions, we compared transcriptional profiles within the Ccr2™ Lyvel®
subcluster at P2MI7dpi (Figure 6-4). As expected, Lyvel itself was strongly reduced in
the knockout. Beyond this internal control, several transcripts were lower in Lyvel”" than
wildtype (e.g. Trim12a/Trim30d, Midl, Rnf141, Dynlt1b), whereas others were increased
in the knockout, including genes linked to membrane organisation/lipid handling and

signalling (Atp11a, Plekha7, Gdpd3, Wdfyl, Pde2a, Lars2).

GO analysis of the knockout-upregulated set (Figure 6-5) was dominated by translation-
related Molecular Function terms (structural constituent of ribosome, rRNA binding,
aminoacyl-tRNA ligase activity) and Cellular Component terms mapping to small/large
ribosomal subunits and mitochondrial/respiratory-chain complexes, with additional
enrichment for recycling endosome. The data suggest that, when Lyvel is knocked out,
the population of macrophages corresponding to the LYVE1+ subset in wildtype are
characterised by increased protein-synthesis capacity and mitochondrial/vesicular
machinery, alongside shifts in membrane-lipid and cyclic-nucleotide pathways. These
differences occur within the resident subcluster, so they are not attributable to changes in

the balance of Cer2* vs Cer2 cells alone.
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Figure 6-4. Differential expression within Ccr2- macrophage subcluster.
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ScRNA-seq datasets were integrated and the Ccr2” Lyvel” macrophage subcluster was
compared between wildtype and Lyvel” at P2MI7dpi. Visualisation of DEGs in Lyvel” vs
wildtype by volcano plot; each point is a gene; selected genes are labelled (A). Dot plot of
representative knockout-enriched genes in the Ccr2” Lyvel™ subcluster; dot size indicates
percentage of cells expressing the gene; colour scale indicates average scaled expression (B).
Dot plot of representative wildtype-enriched genes in the same subcluster (C), displayed as in

B.
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Figure 6-5. GO enrichment of DEGs in the Ccr2” Lyvel” subcluster.
Molecular function terms enriched in knockout-upregulated genes, dominated by translation-

related functions; e.g., structural constituent of ribosome, rRNA binding, aminoacyl-tRNA
ligase activity, with additional phospholipid-translocating ATPase activity (A). Cellular
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component terms enriched in knockout-upregulated genes, highlighting ribosomal small/large
subunits, mitochondrial membrane/respiratory-chain complexes, and recycling endosome (B).

Subsequently, the DEG analysis was narrowed to examine genes associated with pro-
angiogenic, pro-fibrotic, and pro-inflammatory macrophage phenotypes (Figure 6-6).
This further analysis demonstrated alignment of our three identified populations
(monocytes, CCR2*, CCR2-) with previously reported signatures in terms of effects on
angiogenesis, fibrosis, and inflammation. These gene expression profiles were unchanged
between wildtype and knockout conditions, strengthening the likelihood that the
observed phenotype in the Lyvel knockout background is due to an effect on the reduced
CCR2- macrophage population leading to increased inflammatory monocyte recruitment,

rather than due to any shift in molecular phenotype of LYVE-1" macrophages.
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Figure 6-6. Dot plot mapping macrophage subcluster phenotypes by gene.The dot plot illustrates
relative expression of key pro-angiogenic, pro-inflammatory and pro-fibrotic genes in each
macrophage subset and between WT and Lyvel”". Within subclusters, there is little difference in
GO terms or DEGs relating to angiogenesis, fibrosis, or inflammation between wildtype and
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knockout conditions. Between subclusters, there is a clear propensity of Cer2* macrophages and
monocytes towards pro-inflammatory and pro-fibrotic traits, while Ccr2” macrophages possess a
more pro-angiogenic signature.

6.3.1.4 Speculative Mechanism for Shift in Macrophage Subpopulations

Given the shift in macrophage subpopulations is the apparent sole driver in reparative
impairment, the mechanism behind this shift was investigated further. The reduction in
CCR2- macrophages was accompanied by a statistically significant increase in apoptotic
marker expression (Figure 6-7) and decreased proliferative marker expression within this
subset (Figure 6-7). In CCR2" macrophage and monocyte populations, there is no change
in apoptotic or proliferative score (Figure 6-7). Increased macrophage apoptosis was
validated in vivo via staining WT and Lyvel knockout hearts for F4/80 and the apoptosis
marker cleaved caspase 3 (CC3) at 7 days following MI at P2, matching the timepoint of

the single-cell dataset. Staining revealed a significant increase in the number of cells co-

expressing CC3 and F4/80 in knockout hearts post-MI (Figure 6-7).
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Figure 6-7. Assessment of apoptotic markers in the scRNA-seq dataset and in vivo.Violin plot
showing cumulative apoptotic marker expression scores between conditions and macrophage
subsets; there is an increased apoptotic marker score for the Ccr2- macrophage subcluster, likely
accounting for the reduction in this population in the Lyvel knockout setting (A). Cumulative
expression scores of cell cycle markers showed a decrease in Lyvel” Ccr2- macrophage
proliferation, but no change in Cer2* or monocytes (B). In vivo validation of increased apoptosis;
CC3 co-expression with F4/80 within the infarct zone 7 days following MI at P2 was significantly
increased in the Lyvel™ context (C). Bonferroni-corrected pairwise Wilcoxon rank-sum test was
used to determine significance in A, B. Unpaired Student’s t tests were used to determine
significance in C. n=4, 4 for C. Scale bar: 200 um.

To investigate the mechanism by which loss of Lyvel predisposes CCR2- macrophages
to apoptosis, I considered the known role of the LYVE-1 homologue CD44 in dendritic
cells and certain macrophage populations, where it anchors the hyaluronic acid (HA)

glycocalyx. It is known that Cd44 knockout disrupts the dendritic cell glycocalyx and
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predisposes the cell to apoptosis by revealing pro-apoptotic elements on its surface! %18,

Furthermore, our scRNA-seq analysis revealed CD44 expression was significantly lower
in the CCR2- macrophage population (where LYVE-1 is expressed), compared to CD44"
macrophages and monocytes, suggesting LY VE-1 may substitute the role of CD44 in this
subpopulation (Figure 6-8). I, therefore, carried out immunostaining for hyaluronic acid
binding protein (HABP) to confirm the presence of a HA glycocalyx in LYVE-1"
macrophages in WT mice 7 days following MI at P2 (Figure 6-9). Subsequently, I
examined representative images of macrophages between WT and Lyvel” hearts at 7
days following MI at P2 and identified an apparent loss or notable reduction of
glycocalyx in a proportion Lyvel”" macrophages (Figure 6-9) suggesting that these cells
may be predisposed to apoptosis in the absence of LYVE-1 as previously described for
dendritic cells in the context of CD44!%4158  Accurate visualisation and quantification of
the HA glycocalyx is inherently challenging in the infarcted neonatal heart, given the
large amount of extracellular matrix HA deposited in this setting preventing accurate

delineation of morphology.
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Figure 6-8. Differential expression of Lyvel and Cd44 in macrophage subclusters.Violin plot
indicating expression of Lyvel is restricted to the wildtype Ccr2- macrophage subcluster and is
absent in the knockout (A).Violin plot indicating expression levels of the Lyvel homologue Cd44
were significantly reduced in the Ccr2- macrophage cluster — where Lyvel is expressed — but were
unchanged following loss of Lyvel (B).
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6.3.1.5 Glycocalyx Visualisation in wildtype and Lyvel”- hearts

A DAPI LYVE1 HABP

R e "

Wildtype; P2M17dpi

B IBA1 CD44 HABP

P2MI17dpi
Wildtype

Lyvel”

Figure 6-9. Macrophage glycocalyx visualisation.Representative LYVE-1" macrophage
possessing a HA glycocalyx (A). Reduced and disrupted HA glycocalyx morphology in the
Lyvel” as compared to wildtype controls (B). Qualitative observations in A and B were repeated
across the scar and in a second infarcted heart. Scale bars, 50 um for A; 200 um for B.
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6.3.2 Investigating the expression of LYVE-1 in BMDMs

6.3.2.1 Unstimulated BMDMs do not express LYVE-1

Given that a large amount of hyaluronic acid (HA) is present throughout the infarct zone
following MI, there are inherent challenges with delineating the macrophage HA
glycocalyx from extracellular matrix HA. I therefore explored the possibility of
examining the macrophage HA glycocalyx in vitro using bone marrow-derived
macrophages (BMDMs). In order to obtain a model of infiltrating macrophages in vitro,
a protocol for extracting and culturing bone-marrow derived macrophages was developed
with assistance from Professor Robin Choudhury’s group, University of Oxford (Figure

6-10).

A challenge to overcome with this approach is the inherent difference between BMDMs
and neonatal yolk-sac derived tissue-resident macrophages. Not only do these
macrophage populations arise from different tissue sources, but are known to express
different genes, including Lyvel. When BMDMs are induced from monocytes by M-CSF
in the absence of additional stimulation, they do not express LYVE-1. This was
confirmed during my optimisation of the BMDM induction protocol by

immunofluorescent staining (Figure 6-10).
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Figure 6-10. BMDM isolation and induction.BMDMs were isolated and cultured using M-CSF
as previously described; bone marrow was harvested from adult wildtype mice, plated after
removal of non-adherent cells, and differentiated for 7 days in M-CSF (A). BMDMs induced by
M-CSF expressed macrophage markers IB4 and IBA1 but did not express LYVE-1 (B). Scale
bar: 100 um. Panel A was created using BioRender.com.
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6.3.2.2 BMDM stimulation fails to induce LYVE-1 expression

Peripheral blood monocytes have been reported to express LYVE-1 on stimulation by
IL-4'%° and the RAW264.7 monocyte cell line has previously been reported to express
LYVE-1 following treatment with M-CSF, IL-4, and dexamethasone (‘MID’)!32,
Stimulation by traditionally pro-reparative factors in this manner is expected to polarise

macrophages towards what is classically described as an M2 phenotype.

BMDM induction was repeated, firstly with the addition of IL-4 (Figure 6-11), and
subsequently with the addition of IL-4, dexamethasone, and prostaglanding: in various
combinations (Figure 6-12). While visualisation of the HA glycocalyx was possible by
HA binding protein (HABP) staining, induction of LY VE-1 was not possible under any
condition, assessed both by immunofluorescent staining and flow cytometry. Perhaps
unsurprisingly given the failure of LY VE-1 induction, there were no apparent differences
in HABP morphology between wildtype and Lyvel”~ BMDMs (Figure 6-11).
Furthermore, staining for the apoptotic marker CC3 was conducted to assess any potential
difference in apoptosis under stimulated conditions in the Lyvel knockout. Again, as
expected given the lack of LYVE-1 expression under stimulated conditions, there was no

significant difference in CC3 expression between wildtype and Lyvel™".
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Figure 6-11. Stimulation by IL-4 fails to induce LYVE-1 expression in BMDMs.Wildtype and
Lyvel”- BMDMs were cultured in M-CSF (A, C) or M-CSF +IL-4 (B, D). Left panels are merges;
single-channel images show LYVE-1 (grey), HABP (red), and cleaved caspase-3 (blue). Across
all conditions, BMDMs lacked membrane-localised LYVE-1 staining; a faint diffuse signal in
the LYVE-1 channel was present in both WT and Lyvel” cultures and was identified as non-
specific antibody background by control staining. HABP identified a hyaluronan glycocalyx with
no apparent change with IL-4. CC3+ cells were rare across conditions. Scale bar; 100 pm.
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Figure 6-12. BMDM flow-cytometry and IF after IL-4, dexamethasone, PGE-.

WT BMDMs cultured in M-CSF alone or with IL-4, IL-4 + dexamethasone, or IL-4 +
dexamethasone + PGE:; The LYVE-1 channel again shows only background staining with no
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membrane localisation (A); intensity and pattern are comparable to the background seen in Fig.
6-12. Flow-cytometry gate for macrophages; F4/80* (B). LYVE-1 vs SSC-A within the F4/80*
gate (C). Across conditions, apparent LYVE-1* events remain at or near background; the right-
shift observed with IL-4+dexamethasone+PGE-: likely reflects increased non-specific signal
rather than true induction.

6.4 Discussion
This chapter examines differential gene expression in Lyvel”" macrophages, highlights

an increase in apoptotic programmes, and advances a working mechanism for this effect.

6.4.1 Loss of Lyvel results in depletion of CCR2" resident macrophages

Mechanistic insight into how Lyvel loss-of-function affects macrophages was provided
by scRNA-seq comparing wildtype and Lyvel knockout CD45" cells at P2MI7dpi, which
revealed significant reduction in a CCR2- tissue-resident macrophage subpopulation and
corresponding elevation in a CCR2" monocyte population; with the loss of CCR2- cells
associated with a significantly increased apoptotic score against a panel of established
marker genes for programmed cell death. This would be predicted to impair regeneration
through exacerbating inflammation and subsequent fibrosis, as per the P7 or adult
response. It has previously been shown that tissue-resident CCR2- macrophages inhibit
inflammatory and pro-fibrotic monocyte recruitment’®, consequently the decreased
presence of the CCR2- tissue-resident macrophages explains the increased monocyte

infiltration leading to a worse outcome in the knockout background.

Unbiased differential gene expression analysis confirmed that our identified CCR2"/-
macrophage and monocyte clusters aligned with previously reported signatures in terms
of effects on angiogenesis, fibrosis, and inflammation. These gene expression profiles

remained unchanged between wildtype and knockout conditions, strengthening the
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likelihood that the phenotype observed in the Lyvel knockout is due to loss of function
in CCR2- macrophages leading to increased inflammatory monocyte recruitment, rather
than intrinsic changes in molecular phenotype. Importantly, the Lyvel™ macrophage
clusters identified in the wildtype setting are still present in the knockout background,
albeit without expressing Lyvel. This suggests our observations in the tissue-resident
macrophages are Lyvel-dependent, rather than via other mechanisms mediated by

macrophages that are lost in the knockout background.

6.4.2 The glycocalyx and macrophage survival: implications for LYVE-1

LYVE-1 is a hyaluronan (HA) receptor. A putative mechanism as to how LYVE-1 may
maintain the CCR2- macrophage population was attributed to maintenance of a
hyaluronic acid (HA)-rich glycocalyx, which is known to protect cells from the exposure
of apoptotic membrane cues that trigger phagocytosis!**!°8, CD44, a HA receptor and a
homologue of LYVE-1, is known to anchor the HA glycocalyx in dendritic cells and

certain macrophage populations !+,

In alveolar macrophages, a CD44-anchored HA glycocalyx is detectable in situ and its
enzymatic removal induces apoptosis; furthermore, Cd44 knockdown reduces
macrophage numbers and predisposes to cell death!**10, This constitutes direct evidence
that HA-CD44 engagement supports macrophage survival in vivo. A similar role for

LYVE-1 in the context of neonatal heart regeneration appears plausible.

6.4.3 Limitations of BMDMs for studying the HA-LYVE-1 axis
Induction of LYVE-1 expression in bone marrow-derived macrophages (BMDMs) was

not possible, despite what has been reported in the literature.
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Unstimulated, M-CSF—derived BMDMs did not express LYVE-1. This is concordant
with the distinct ontogeny and niche dependence of resident macrophages, many of which
are embryo-derived and maintained by local tissue cues, whereas BMDMs are monocyte-
derived cells differentiated ex vivo. Tissue environments impose enhancer programmes
that specify macrophage identity and can reprogramme incoming precursors; in their

absence, resident features such as LYVE-1 are not expected to appear reliably in vitro

75,161

Stimulation with IL-4 alone, or in combination with dexamethasone and/or PGE-, failed
to induce LYVE-1 by immunofluorescence or flow cytometry. Reports of LYVE-1
induction by stimulation with IL-4 derive from different systems, including human
peripheral blood monocytes'> and the RAW264.7 line'*?, where M-CSF with IL-4 and
dexamethasone increased LYVE-1; these differences support a model in which lineage

and context, rather than stimulus alone, govern LYVE-1 expression.

These observations indicate that interrogation of the HA-LYVE-1 axis should prioritise
models closer to the tissue-resident state, for example hES/hiPSC-derived macrophages,

or tissue-resident macrophages directly isolated from organs.

6.4.4 Other possible roles for macrophage LYVE-1
Promoting angiogenesis has been attributed to tissue-resident macrophages previously in
the setting of neonatal heart regeneration® and our findings are consistent with this earlier

study, but also identify an important and novel role for LYVE-1 in orchestrating this
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response. Elsewhere, bone marrow derived LYVE-1" macrophages have a proangiogenic
role in adipose tissue'’!, but mechanistically, whether LYVE-1 may directly upregulate
angiogenic signalling in tissue-resident macrophages remains unknown. It has been
reported that LY VE-1 has signalling activity and can function to sequester proangiogenic
growth factors, including FGF2 and to a lesser extent PDGF and VEGF, to induce their
internalisation and transduce downstream tyrosine kinase receptors and promote

endothelial cell proliferation'*.

6.5 Summary

Sc-RNA-seq analysis at P2MI7dpi showed a selective loss of Ccr2- Lyvel® resident
macrophages in Lyvel” neonatal hearts with a reciprocal expansion of Ccr2®
monocytes/macrophages. Within the resident cluster, apoptotic markers increased and
proliferative markers decreased, corroborated in vivo by an increased macrophage
cleaved caspase 3 expression. Differentially expressed genes linked CCR2- tissue-
resident macrophages to pro-angiogenic signatures and infiltrating subsets to
inflammatory/fibrotic traits, aligning with the observation of reduced neovascularisation
when macrophage Lyvel is knocked down. LYVE-1 expression was confined to the
resident cluster, and HABP staining indicated a hyaluronan-rich glycocalyx on wildtype
macrophages that was attenuated in the Lyvel™" setting, supporting a role for LYVE-1 in

maintaining the macrophage HA glycocalyx.

Efforts to induce LYVE-1 in bone-marrow—derived macrophages (IL-4, dexamethasone,

PGE-:) were unsuccessful, possibly emphasising the importance of tissue context.
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Together, the data support a model in which macrophage LYVE-1 preserves tissue-
resident macrophage survival and a pro-angiogenic milieu after neonatal MI. Its loss
drives tissue-resident macrophage apoptosis, replacement by CCR2" infiltrates, and a
shift toward the inflammatory repair observed in the adult setting. The next chapter
outlines my preliminary investigation into analogous mechanisms that may operate in the

non-regenerative adult heart.
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7 RESULTSIV: LYVE-1 KNOCKOUT IN ADULT MYOCARDIAL
INFARCTION

7.1 Background

In adult mouse models of MI, enhancing lymphangiogenesis promotes resolution of
inflammation and improves function. Recombinant VEGF-C (C156S) drives cardiac
lymphatic growth, increases leukocyte trafficking from the infarct to mediastinal lymph
nodes (MLNs), and improves ventricular remodelling and performance; critically, this
immune-cell clearance requires LYVE-1 on lymphatic endothelium. Stimulation of
cardiac lymphangiogenesis reduces oedema and fibrosis and preserves function after MI.
Conversely, constitutive Lyvel knockout blocks leukocyte transit across initial
lymphatics, leading to impaired clearance to MLNs, persistent inflammatory burden in

the myocardium, and worsened outcomes’.

Within this context, neutrophil persistence is notable in Lyvel” hearts post-MIL.
Neutrophil entry into afferent lymphatics is generally mediated by f2-integrins engaging
ICAMs and associated signalling. These pathways do not involve LY VE-1 as a neutrophil
ligand'%>1%*, By contrast, LY VE-1-dependent ‘transmigratory cups’ are well-defined for
dendritic cells which rely on a LYVE-1-dependent mechanism of transit into the
lymphatics!®. The coexistence of high neutrophil burden with retained macrophages in
Lyvel hearts raises the possibility that defective efferocytosis of apoptotic neutrophils
contributes to persistent inflammation, alongside impaired lymphatic egress. In the adult
heart post-MI, inefficient macrophage efferocytosis, for example with MerTK pathway
disruption, delays resolution and leads to increased infarct area, reduced functional
recovery, highlighting neutrophil clearance as a determinant of outcome®*%%16  This

chapter establishes pilot data to inform future investigation into whether macrophage-
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intrinsic LY VE-1 supports neutrophil removal during adult cardiac repair, in addition to

its established role in lymphatic trafficking.

7.2 Aims

To establish whether expression of Lyvel by macrophages is required for effective

neutrophil clearance following MI in the adult mouse.

In this final chapter, I aim to investigate a putative role for LY VE-1" macrophages in the
adult response to MI. The in vivo consequences of macrophage specific Lyvel deletion
in the adult heart post-MI will be assessed. (1) The mechanism by which LYVE-1 may
facilitate phagocytosis will be probed by applying an unbiased scRNA-seq approach
utilising wildtype versus Lyvel-deficient macrophages post-MI. (2) Adult ACD68S-
CreERT2;Lyve™" mice will undergo MI, and immune populations will be assessed using

FACS and immunostaining.

7.3 Results

7.3.1 A LYVE-1" macrophage subset in the adult heart following MI

Recent unpublished scRNA-seq work from the group has complemented a previously
published study illustrating retention of neutrophils in the heart post-MI by predicting the
presence of infiltrating LYVE-1" macrophage populations’. This analysis estimates the
proportion of CCR2" infiltrating macrophages that express LYVE-1 to be 9%. (Figure
7-1) and demonstrates the absence of this infiltrative macrophage subset in the uninjured
heart (Figure 7-1). Wider comparative analysis of CD45" populations from wildtype and
Lyvel adult populations was also conducted to assess broader changes in the size of

these populations (Figure 7-2). This latter analysis provides a striking illustration of
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retention of polymorphonuclear (PMN) cells, predominantly neutrophils, previously

observed within the Lyvel” heart post-MD’.

Adult wildtype heart. Injured: 0/2/4/6dpi.
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Figure 7-1. Adult heart sScRNA-seq shows Lyvel in a macrophage subset after MI.ScCRNA-seq of
adult wildtype hearts was integrated across post-MI time points (0/2/4/6 dpi) and compared with
uninjured controls. UMAP of post-MI myeloid cells coloured by subcluster identity, including
Ccr2* recruited macro 1/2, Ccr2- resident macro 1/2, Pparg* macro, Alcam* macro, dendritic
cells, and classical/non-classical monocytes (A). Feature plot of Lyvel expression on the same
post-MI UMAP; Lyvel signal localises to a subset within the Ccr2* recruited macrophage clusters
(B; inset). UMAP of uninjured adult heart myeloid cells showing resident and monocyte
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subclusters (C). Feature plot of Lyvel in uninjured hearts showing minimal expression and no
Lyvel™ Ccr2* recruited subset at steady state (D).
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Figure 7-2. Immune cell composition in the Lyvel” adult heart post-MI.Stacked bars show
relative proportions of scRNA-seq—derived immune populations per condition (uninjured WT,
uninjured Lyvel™, post-MI WT, post-MI Lyvel™). Post-MI hearts show expansion of classical
monocyte/macrophage compartments in both genotypes, with a further increase in Lyvel”. The
granulocyte proportion is also relatively expanded after injury in Lyvel™.

7.3.2 Differential expression of efferocytosis-associated genes

The finding of neutrophil retention within the adult Lyvel”" heart post-MI, reproduced in
the present scRNA-seq data, is unexpected given the reported independence of neutrophil
trafficking on lymphatic endothelial cell LYVE-1'9%19%.162  Other than direct
transmigration into the lymphatics, the only other route of neutrophil clearance in the
inflammatory response is via phagocytosis of neutrophils by macrophages

(‘efferocytosis’). Prompted by the presence of LY VE-1" infiltrating macrophages in the
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adult heart post-MI, and considering role of LY VE-1 homologue CD44 as a receptor for
phagocytosis'!#, I hypothesised that loss of Lyvel within this population may account for

reduced efferocytosis of apoptotic neutrophils by a similar mechanism.

Given the pro-survival role for macrophage LY VE-1 established in the previous chapter,
loss of Lyvel may result in an efferocytosis deficit as a result of increased apoptosis
within the LYVE-1" subset. Regardless of the mechanism, this hypothesis includes the
assumption that LY VE-1" infiltrating macrophages are indispensable for efferocytosis of

neutrophils.

To probe possible differences in efferocytotic capacity of macrophages, specifically the
Lyvel” subset, in the context of Lyvel knockout, I identified a list of candidate genes
within the scRNA-seq dataset to be investigated for differential expression between
macrophage subsets and conditions. 11 genes relevant to phagocytosis were selected
following a literature search on the basis of their contribution specifically to macrophage
efferocytosis (Table 7-1) for comparative analysis between WT and Lyvel” hearts 7 days

post-MI.

Differential expression analysis of efferocytosis-associated genes (Figure 7-3) revealed
significant differences in Racl and Cd36 in certain macrophages subclusters between
conditions (Ccr2" recruited macrophages, ‘Non-classical monocytes 2°, and Pparg"
macrophages). Given the significant contribution of CCR2" macrophages to the
infiltrative response, the potential interaction between CD36 and LYVE-1 should be
considered further. It is known that glycocalyx disruption can prevent or hinder binding

6166,167

of plasmodium falciparum to CD3 , raising the tentative possibility of similar
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interaction hindering CD36 function in the context of Lyvel” as a possible avenue for
further investigation. However, having established increased macrophage apoptosis as a
driver of regenerative impairment in the neonate, if increased neutrophil retention is

caused by loss of LYVE-1 on macrophages, it seems more likely due to macrophage

apoptosis in this context.

Table 7-1. List of phagocytosis-associated genes.

Gene Reported Function in Phagocytosis

Actr2 Actin assembly!'%®

Ppard Actiyated by LRPl-mediatée3d efferocytosis. Induces LXR- ©* ABCAI-
mediated cholesterol efflux

Mge8 Bridging mo!ec.ule necessary for maximal neu‘[r().phliél9 uptake. Potential
involvement in inducing PS exposure on neutrophils

Racl Downstream of ELMO1 * DOCK180%

Diaphl Fc-gamma-R signalling pathway!®®

Nrih3 Induce abcal expression®

Gas6 PS-recognising bridge molecule®

Cd36 Receptor for apoptotic cells'®®

Stab?2 Receptor for apoptotic cells. Involved in hyaluronan clearance'®

Timd4 Receptor for apoptotic cells'®®

Rab7 Recruited by EEA 1!

Cybb Stabilised by PI3K to produce ROS®

Mertk Downstream of bridging molecule®
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Figure 7-3. Efferocytosis-associated genes by macrophage subcluster after adult MI.

In wildtype subclusters, canonical efferocytosis receptors and adaptors are concentrated in
resident-like subsets: Mertk/Gas6 and Timd4 are detectable in Ccr2 resident and Pparg”
macrophages, with strong Cd36 in the Pparg" subset; Stab2 appears in a minority of non-
classical mono 2 (A). In Lyvel” subclusters, expression broadens toward recruited populations:
Racl and Cd36 are more frequent in Ccr2" recruited macro 1/2, while Cd36 in Pparg®
macrophages is relatively reduced; Stab2 shows lower representation in non-classical mono 2.
Mertk/Gaso6 levels are largely preserved across resident subsets (B). Dashed boxes mark
illustrative differences; dot size denotes the percentage of cells expressing each gene; colour
indicates average expression.

7.3.3 Neutrophil retention in #CD68-CreERT2;Lyvel”- adult hearts post-MI

Given the transcriptomic differences described, [ next quantified post-MI
neutrophil/macrophage retention by flow cytometry in macrophage-specific Lyvel
knockout mice. The ACD68-CreERT. 2;Lyve1ﬂ/ﬂ line with Cre™ control littermate controls
were used as previously in neonates. Tamoxifen was administered by gavage daily over

4 days and MI-inducing surgery was conducted on the 5% day.

Flow cytometry was conducted in #CD68-CreERT2;Lyvel’" and Cre- control hearts at
4dpi, the timepoint associated with complete neutrophil clearance in wildtype’® (Figure
7-4; Figure 7-5). The gating strategy was selected to closely match the original study that
identified neutrophil retention in the Lyvel” adult heart post-MI° (Figure 7-4). This
analysis confirmed the presence of an infiltrating LYVE-1" macrophage population

which was reduced in the h(CD68-CreERT2; Lyve "' compared to control (Figure 7-5B).

This preliminary flow cytometry data showed evidence of an increase in Ly6G"
neutrophils in the knockout condition. Ly6G is highly specific for neutrophils, while
eosinophils and basophils are Ly6G-negative!’’. There was also evidence of increased

macrophage and neutrophil cell death within the knockout condition. This could be
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explained by the same underlying mechanism proposed for the neonatal condition, which
increased LYVE-1" macrophage apoptosis, potentially via disruption to the HA
glycocalyx, reduces the number of macrophages available for efferocytosis and clearance

of dead and dying neutrophils.
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Figure 7-4. Flow cytometry panel for neutrophil and macrophage quantification.Baseline panel
as used by Vieira et al.” (A-H). Cells were gated by size/complexity, FSC-A vs SSC-A (A);
singlets, FSC-H vs FSC-A (B); and viability, 7-AAD" (C). Leukocytes were selected, CD45* (D);
then myeloid cells, CD11b" (E). Neutrophils were identified as CD11b*Ly6G" (F). From the
Ly6G™ fraction, macrophages were defined as CD11b"F4/80" (G); lastly, the carried-forward
CD11b gate is shown (H). I adapted this panel with the addition of LYVE-1 (I-P). After gating
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as in I-O (equivalent to A—G), LYVE-1 expression could be measured within CD11b"F4/80"
macrophages (P).

Controls (Cre-negative) hCD68-Cre™%; Lyve™
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Figure 7-5. Adult neutrophils and LYVE-1" macrophages: conditional KO post-
MI.Representative flow-cytometry dot plots from three Cre- littermate controls (Hearts 1-3) and
one hCD68CreERT2; Lyve " heart (Heart 4). Neutrophils gated as CD11b"Ly6G" (A). LYVE-
1 expression within CD11b" macrophages (B). Gating and thresholds follow the panel in Figure
7-4. In this small dataset (Cre' n =3, Cre" n = 1), the Cre* heart shows an apparent increase in
Ly6G" neutrophils and a reduction in LYVE-1* macrophages relative to controls (red boxes
highlight the regions of interest). Given the sample sizes, these observations are preliminary and
not interpreted statistically.

Further work to build on this preliminary data and characterise the adult response to MI
in the hCDG68-CreERT2;Lyvel™" setting is being undertaken by a post-doctoral

researcher within the group.
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7.4 Discussion

The work in this chapter examines why neutrophils are retained in the Lyvel” adult heart
after MI despite LY VE-1-independent trafficking. As their remaining route of clearance
is efferocytosis by macrophages, I consider two non-exclusive possibilities: that LY VE-
1 contributes directly to efferocytosis, or that, mirroring the neonatal setting, LYVE-1
supports the survival of efferocytosis-competent macrophages. Analysis of scRNA-seq
data identifies candidate pathways for the involvement of LY VE-1 in efferocytosis, and

the pilot flow-cytometry data informs further work into this question.

7.4.1 Neutrophil retention in the adult Lyvel- heart

In the adult heart, the immune landscape post-MI is markedly different than that of the
neonate. In the non-injured state, the adult heart is populated by a similar yolk sac-derived
CCR2" macrophage subset to the neonate, but these are replaced by pro-inflammatory
infiltrating monocyte-derived CCR2" macrophages following MI°*’!. This infiltration
occurs in two distinct phases: an initial pro-inflammatory phase, characterised by Ly6C™
monocyte infiltration between 1 and 4dpi, followed by a pro-reparative phase of Ly6C™®
monocyte infiltration between 4 and 8dpi®?. A primary function of the initial phase is
clearance of debris by phagocytosis, including clearance of apoptotic myocytes and
neutrophils (‘efferocytosis’). Neutrophil transmigration into the lymphatics is known to
be independent of LY VE-1 - consistent with their lack of a hyaluronan glycocalyx - and
mediated instead by a mechanism involving integrin B2 and lipoxin'®'2, However,
increased neutrophil retention following MI is observed in mice via FACS analysis with
a constitutive Lyvel deletion’, which has been further supported by scRNA-seq
illustrating the striking persistence of neutrophils at 7dpi. Neutrophil clearance post-MI,

therefore, appears to be dependent on Lyvel. As such, it is possible that the predominant
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route for neutrophil clearance in wildtype hearts post-MI is via efferocytosis by
infiltrating macrophages in a LYVE-1-dependent manner. The retained neutrophils
observed in both studies were all viable by virtue of live/dead gating during single cell
sorting. Efferocytosis of viable neutrophils by macrophages is indeed possible, either by
directly inducing neutrophil apoptosis, or by inducing the expression on neutrophils of

pro-phagocytic “eat me” receptors'®.

7.4.2 Efferocytosis analysis

LYVE-1 is a homologue of the hyaluronan receptor CD44 and exhibits minor structural
differences at the binding domain which result in a weaker binding affinity!!!,
Importantly, macrophage CD44 can act as a phagocytic receptor and directly mediate

phagocytosis of apoptotic cells, specifically neutrophils'>’

, Or can act as a co-receptor by
inducing inside-out activation of the integrin amp2 (CD11b/CD18), another efferocytosis
receptor! 3114 Differential expression analysis of 11 genes was conducted using the
aforementioned scRNA-seq dataset (adult 7dpi ; Lyvel” versus WT) to investigate a
LYVE-1 role in phagocytosis'’!. The analysis identified the genes encoding the Rho-
family GTPase Racl and the scavenger receptor Cd36 to be differentially downregulated
in Lyvel”~ macrophages. Intriguingly, CD44-mediated phagocytosis is dependent
primarily on Racl''%, In this context, Racl is controlled by three guanine nucleotide
exchange factors (GEFs) — VAV2, TIAMI, and p115 RhoGEF — that bind the cytosolic
tail of CD44 when hyaluronan is bound, activating Rho kinase, inducing cytoskeletal
reorganisation and facilitating phagocytic cup formation''®. During efferocytosis, co-
signalling occurs between CD44 and other phagocyte receptors: TIM4, o33, calreticulin,

but most interestingly the scavenger receptor CD36''® — also downregulated in Lyvel”

macrophages. The contribution of CD44 to phagocytosis may reflect the presence of
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hyaluronan fragments within the inflammatory milieu, generated by reactive oxygen and
nitrogen species that degrade hyaluronan chains within the ECM. Ligation of CD44 to
these fragments is known to enhance phagocytosis and induce chemokine (CCL2, CCL3,

CCL5, CXCL10) expression in macrophages''+!7

, potentially in proportion to extent of
ECM damage. Any contribution of HA-LY VE-1 binding to these processes is currently
unknown. Just as organisation of LYVE-1 into cross-linked complexes is crucial for
hyaluronan binding, CD44 receptors must be cross-linked to mediate phagocytosis of

neutrophils'>”173,

Possible further investigation could examine artificial cross-linking of LYVE-1 using
bivalent mAbs to enhance phagocytosis of neutrophils in vitro. Similarly, the addition of
hyaluronan fragments may be of relevance for use in future LYVE-1+ macrophage
phagocytosis assays. This depends on the ability to isolate or induce LYVE-1"
macrophages in vitro, which was not possible in my initial studies and thus future
development of a robust in vitro system for study of LYVE-1" macrophages is a necessity

for this work to progress.

7.5 Summary

In this chapter I examined the role of LYVE-1 in the adult post-MI response. SCRNA-
seq from wildtype and Lyvel” hearts at baseline and after infarction identified Lyvel
expression within a subset of infiltrating macrophages, alongside transcriptional shifts
consistent with altered phagocytic/efferocytic programmes. Together, these data imply
that macrophage-intrinsic LY VE-1 may contribute to resolution after adult MI, acting in

parallel with, and distinct from, the lymphatic endothelial role established in earlier work.
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8 FINAL CONCLUSIONS AND FUTURE WORK

8.1 Main Findings

In Chapter 4, I demonstrate that, at P1, the cardiac lymphatic network is morphologically
and functionally immature, with limited lymphangiogenesis, a predominance of
“zippered” junctions, and reduced trafficking of labelled macrophages to mediastinal
lymph nodes; by P7, lymphangiogenesis, “button” junctions, and macrophage clearance
post-MI are evident. scCRNA-seq suggested altered LEC—macrophage signalling across

this window, including a stage shift in candidate lymphangiocrine pathways.

In Chapter 5, I carried out conditional tamoxifen-driven macrophage-specific deletion of
Lyvel in neonatal mice following MI at P2 using a hCD68-CreERT2;Lyve " line. 1
demonstrated that these mice exhibit impaired functional recovery and reduced
neovascularisation compared to wildtype. This data recapitulated the global Lyvel”" data,

implying the effect is via a macrophage LY VE-1-dependent mechanism.

In Chapter 6, the mechanism by which LYVE-1 knockdown leads to impaired cardiac
regeneration was investigated. SCRNA-seq at P2MI7dpi indicated relative depletion of
Ccr2-Lyvel™ tissue-resident macrophages, attributable to increased apoptosis.
Subsequent imaging of tissue-resident macrophages post-MI revealed apparent
morphological defects in the glycocalyx coats of Lyvel”" macrophages. These data are
consistent with a model in which glycocalyx disruption promotes macrophage apoptosis
via unmasking of pro-apoptotic membrane elements, a mechanism already described in

the context of Cd44 knockout.
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Finally, in Results IV, I conduct preliminary work to establish pilot data for future
projects investigating the role of macrophage LY VE-1 in adult hearts post-MI. SCRNA-
seq analysis of Lyvel” adult hearts revealed differential expression of efferocytosis-
associated genes within subsets defined as Lyvel” in wildtype. Flow cytometry data
shows that macrophage-specific deletion of Lyve! in adult mice post-MI caused increased
macrophage cell death and neutrophil retention. Investigating the applicability of
neonatal LY VE-1 macrophage mechanisms to the adult MI setting form a promising area

of future study.

8.2 Future Work and Translational Potential

8.2.1 Maturation of lymphatic fluid transport

The findings from Chapter 3 demonstrate the lymphatics do not clear macrophages
following MI at P1. A possible continuation of this study would be intravital imaging of
macrophage transit into lymphatics following MI at P7, and its absence at P1. While
likely technically challenging, this would provide direct evidence of impaired

transmigration rather than relying on MLN macrophage numbers as a proxy measure.

The function of the lymphatics is broadly twofold, to clear immune cells and to clear
tissue fluid. Investigation into the clearance of other immune cell types is an obvious area
of follow-up. Similarly, the role of the lymphatics in fluid drainage following MI in the
neonatal setting remains completely unexplored. This could be a particularly interesting
area for future work given our observation that AQP-1 is differentially expressed in
response to injury at P7, but not P1. This would require a method for quantifying post-
MI oedema, and subsequent drainage of the fluid. Although T2-weighted cardiac MRI is

widely used to visualise myocardial oedema in human patients after acute MI and
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myocarditis!™

, in neonatal mouse hearts specificity is limited by scale: the small, rapidly-
beating heart imposes low spatial resolution with motion artefacts that undermine
longitudinal quantification. A possible alternative route for quantification of oedema

could involve injection of Evans Blue dye and subsequent histological assessment of

MLNSs to observe drainage of stained fluid.

8.2.2 Exploration of macrophage LYVE-1* function

The findings from Results II are based on the assumption that CCR2-LYVE-1"
macrophages have a pro-regenerative effect in vivo. While a role in protection from
apoptosis appears clear, additional direct functions of macrophage LYVE-1 cannot be
precluded. Macrophage endothelial co-culture assays could be used to quantify direct
angiogenic outputs from Lyvel™" and Lyvel’ macrophages. Given that BMDMs
incompletely recapitulate the tissue-resident macrophage phenotype, macrophage
derived from human embryonic stem cells (hESCs) or human induced pluripotent stem
cells (hiPSCs) are preferable for these assays, reflecting a yolk-sac—like ontogeny more
akin to resident populations!”. Because LYVE-1 is a hyaluronan receptor, macrophage
interactions with the ECM are a plausible additional function to consider. ECM assays

I and Lyvel”’ macrophages, quantifying HA and type V collagen

comparing Lyve
deposition and assessing fibrillogenesis, are supported by evidence that macrophage-

derived collagen V directs early post-MI collagen assembly and alignment”.

The role of macrophage Lyvel in the lymphangiogenic response remains unexplored. |
have not pursued this line of investigation based on the following: (1) the
lymphangiogenic response observed at PIMI7dpi is minimal, and trafficking is absent

suggesting no contribution of LYVE-1" macrophages to either process. (2) Even at
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P7MI7dpi, where an increased lymphangiogenic response is observed, the present work
reveals that Lyvel macrophage-loss of function has no effect on functional outcome at

this stage.

8.2.3 Invitro LYVE-1" macrophage assays

The findings from Results III could be followed up by implementation of an effective in
vitro method of culturing LYVE-1" macrophages. The present work is limited by an
inability to induce LYVE-1 expression in BMDMs. This has constrained my mechanistic
investigation to in vivo work. Published in vitro induction of LY VE-1 in macrophages is
limited and context-specific: upregulation has been shown in murine BMDMs only by
stimulation with tumour-conditioned medium in combination with IL-4 and
dexamethasone!**"!7¢. Mechanistic work often relies on cell lines (e.g., enforced LY VE-
1 in RAW264.7'%?), whereas robust, reproducible induction in primary BMDMs under
standard conditions is not established. Developing an approach for reliably isolating
LYVE-1" macrophages would be invaluable for future study of this cell population. One
option is fluorescence-activated cell sorting (FACS) from pooled neonatal hearts;
however this relies on isolation of the LYVE-1" population by their expression of the
protein, hence Lyvel”" could not be used as a control. Alternatively, LYVE-1 function
could be perturbed in vitro using hESC/hiPSC-derived macrophages via siRNA-mediated
knockdown or blocking-antibody treatment. The in vitro setting would provide an
opportunity to test the effect of exogenous fragmented or polymerised hyaluronan
administration (i.e., LYVE-1 receptor activation), on the possible macrophage functions

outlined above.
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8.2.4 Macrophage LYVE-1 contribution to adult repair

The findings from Results IV could be followed up firstly by consolidating and powering
the flow cytometry across early post-MI timepoints to confirm increased macrophage
death and neutrophil retention, then by employing in vitro efferocytosis assays.
Neutrophils remain a logical focus given their dual roles in injury amplification and
repair, including NET formation in experimental and clinical MI'7”!78, Eosinophils and
basophils also warrant targeted profiling, as eosinophils have been linked to
cardioprotection after MI and basophils promote healing via IL-4/IL-13 with supportive

human correlates!'”*18!,

8.2.5 Clinical Translation

A practical translational objective is to engineer the post-MI immune microenvironment
toward a neonatal-like, pro-repair state by favouring CCR2", tissue-resident—like
macrophages and curbing the influx and persistence of CCR2" monocyte-derived
macrophages’®!82-18% Prolongation of early lymphatic characteristics and attenuation of
monocyte recruitment following cardiac injury may therefore extend the fibrosis-free

regenerative window in neonates, with possible applications in congenital cardiac

surgery.

One route is to improve lymphatic handling of oedema and inflammatory immune cells.
Augmenting cardiac lymphangiogenesis, for example, via VEGF-C/VEGFR3 agonism,
accelerates immune cell egress, reduces interstitial fluid, and improves function after
experimental MI°; mechanistically, LYVE-1 at lymphatic endothelium gates leukocyte

entry and thus remains relevant where macrophage-to-lymphatic transit is limiting. Such
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approaches could sit alongside standard care in reperfused STEMI and in post-operative

settings where tissue swelling and inflammatory load are prominent.

A complementary approach is to reduce CCR2-dependent monocyte recruitment. Proof-
of-concept studies using CCR2-targeted RNA interference or nanoparticle-delivered
siRNA show reduced Ly6C™ influx, dampened infarct inflammation, and improved
remodelling-supporting programmes that transiently suppress this axis during the
inflammatory phase!®>!8¢, Enhancing efferocytosis offers an additional complementary
route of translation. Acute blockade of the CD47—SIRPa “don’t-eat-me” signal improves

apoptotic cell clearance, enhances resolution, and limits infarct size post-MI'¥’.

Advancing a mechanistic map of the regenerative immune niche offers a possible route
to improve the performance of remuscularisation strategies. Evidence that the apparent
benefits of cell and patch therapies often reflect acute immunomodulation rather than
durable engraftment further supports this emphasis!®®. Cardiac patches can also
programme macrophage behaviour, providing a means to reinforce pro-reparative cues at

the tissue interface!'®’

. Optimising the immune microenvironment before implantation,
for example, by transiently biasing toward CCR2-negative macrophage predominance

and enhancing lymphatic clearance, therefore has a clear rationale to improve graft

integration and downstream outcomes.

Finally, the LY VE-1/HA axis itself remains of interest for future therapeutics: endothelial
LYVE-1 mediates HA-dependent leukocyte docking and transit into lymphatics, so
interventions that modulate ligand-receptor engagement (for example, by altering HA

presentation or availability) could, in principle, enhance immune cell clearance where it
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is rate-limiting!®»1%, While preclinical, this mechanistic footing strengthens the case for

monitoring LY VE-1/HA-related biomarkers in early human studies.

8.3 Final Remarks

Taken together, these studies position the lymphatic-macrophage axis as a stage-
dependent determinant of outcome after MI. In the neonatal heart, immature junctional
architecture and limited lymphangiogenesis favour retention of tissue-resident, ‘pro-
regenerative’ macrophages, and this is coupled to a requirement for macrophage LY VE-
1 to support survival and effective regeneration. In the adult heart, preliminary data
indicate that LYVE-1 expressed in infiltrating macrophages contributes to efferocytosis

and timely clearance of neutrophils.

If therapies for inducing endogenous cardiac regeneration in the adult heart are to be
feasible, the post-MI immune environment will likely need to shift towards dominance
of tissue-resident macrophages. There are two tangible routes for achieving this related
to the present work. (1) Promote selective lymphatic clearance of CCR2" monocyte-
derived macrophages by the lymphatics while permitting CCR2- tissue-resident
macrophages to remain within the infarct. (2) Restrict monocyte recruitment (for example
via CCR2/CCL2), in combination with a temporary reduction in lymphatic macrophage
trafficking, to prevent loss of the limited native tissue-resident population. These
approaches would aim to reproduce key features of the neonatal setting, thereby creating

conditions more permissive for endogenous regeneration.
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