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Abstract

Diabetes mellitus is a metabolic disease primarily characterised by hyperglycaemia and is
associated with a significantly elevated risk of heart failure. Diabetes is associated with left-
ventricular dysfunction, cardiac fibrosis, cardiomyocyte dysfunction, ROS generation and
inflammation. While significant advancements have been made in this field, the cellular and
molecular protagonists that underpin the development of heart failure in diabetes remain unclear.
In recent years, the cardiac cellular composition has been reappraised in homeostasis and disease,
which has been facilitated by the utility of single-cell technologies. These analyses however, are

yet to be applied to the context of diabetic heart failure.

To address this gap in knowledge, cardiac and systemic flow cytometry was performed using two
disparate mouse models of type-2 diabetes (T2D). Moreover, cardiac single-cell transcriptomics
and histology was conducted in a separate cohort of T2D mice. Cardiac function was also assessed
by in vivo echocardiography, to determine the degree of cardiac functional impairment in each
murine model of T2D. Indeed, both models of T2D exhibit marked differences in their cardiac
cellular composition compared to their non-diabetic controls, accompanied by detectable cardiac
dysfunction. Notably, | observed resident mesenchymal cell expansion and fibroblast hyperplasia
in both models of T2D. In addition, | observed increased numbers in cardiac monocytes, reflecting
the concomitant systemic monocytosis. Single-cell transcriptomic analysis revealed a concerted
diabetes-induced cell-specific response for adverse pathological cardiac remodelling. These include
activation of unprecedented gene expression programs, as well as those corresponding to
established pathways associated with the phenotype of the diabetic heart.

The work in this dissertation offers a comprehensive framework for understanding the specific
cellular and molecular changes accompanying diabetes-induced cardiac pathology. Targeting the
pathways that drive these changes may offer novel therapeutic avenues to address the cardiac

complications associated with diabetes.
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Chapter 1
Introduction

1.1 Background

Diabetes mellitus is a chronic metabolic disease that is primarily characterised by hyperglycaemia.
It is classified into two main ‘types’: type-1 diabetes (T1D) or type-2 diabetes (T2D) mellitus. T1D
represents approximately 5-10% of the global prevalence and arises from the auto-immune
destruction of pancreatic B-islet cells, with age of onset typically occurring in adolescence [1-3].
T2D is associated with a range of concomitant metabolic abnormalities including insulin resistance,
dyslipidaemia, hypertension and obesity [1,3-5]. Recent estimates of global diabetes prevalence
suggest that over 450 million individuals currently live with diabetes, with evidence suggesting a
large additional burden of undiagnosed cases [5]. In 2017, the worldwide financial cost of diabetes-
related therapy was projected to exceed $850 billion USD [6], approximately 11% of the world’s
total health expenditure [6]. Moreover, T2D (~90% of cases) is accountable for approximately 5.2%

of total global deaths each year [7], in 2015 contributing to 1.6 million deaths alone [9].

Cardiovascular (CV) disease is the most prevalent disease worldwide, with an estimated 423 million
cases and accounting for over 17 million deaths in 2015 [10]. Ischaemic heart disease and stroke
account for the majority of CV disease deaths (~9 million and ~3 million people, respectively).
Heart failure (HF) is another important class of CV disease, characterised by aberrant cardiac
function [11,12]. The current prevalence of HF is estimated to exceed 37 million individuals
worldwide; however it is difficult to assess the mortality and incidence of HF, as this is often
secondary to numerous aetiologies and diagnosed by various health professionals [12]. Total health
expenditure across the European Union from CV disease treatment is estimated to cost €210 billion
(equivalent to approximately USD$245 billion) per annum, which has doubled since 2010 [13].

Diabetes results in a significantly elevated risk of CV death and hospitalisation for HF [14]. The
socioeconomic consequences of diabetes are substantial and account for the majority of this burden.
With recent technological innovations, optimal management is on the horizon for T1D, in the form
of closed-loop insulin delivery systems [15-17]. On the contrary, management of T2D remains sub-
optimal due to its complex, multifactorial nature and limited treatment options, hence the urgency
for a solution [18]. Clinical HF in diabetes is often accompanied by preserved ejection fraction with
left ventricle (LV) diastolic dysfunction, which is associated with augmented cardiac fibrosis,
cardiomyocyte hypertrophy and apoptosis, aberrant leukocyte function and oxidative stress in
rodent models of T2D [19-22]. However, the cellular and molecular mechanisms facilitating these
features remain unclear, underscoring the need for more detailed interrogation of the diabetic heart.
Indeed, novel cellular and molecular targets beyond hyperglycaemia and oxidative stress are
required to pinpoint the precise pathophysiology for therapeutic manipulation. In this chapter, | will

discuss the traditional concepts in diabetes and cardiovascular research, the emerging importance
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of leukocytes in the development of CV disease and diabetes, as well as the current gaps in

knowledge that this dissertation aims to address.

1.2 Classical characteristics of diabetes-induced HF

1.2.1 Diastolic dysfunction

Diastolic dysfunction is a hallmark physiological characteristic of diabetes-related HF, often
manifesting before systolic dysfunction [23,24]. Diastolic dysfunction is usually asymptomatic,
leaving many diabetic patients unaware of their existing condition until their diagnosis [25].
Diastolic dysfunction is associated with LV wall stiffening, resulting in impaired LV relaxation and
filling capacity during diastole [26]. This hindered ventricular relaxation can lead to a reduction in
myocardial ejection fraction and impaired myocardial perfusion [27,28]. Using Doppler
echocardiography, impaired diastole is typically detected by a reduction in mitral blood flow during
the early (E-wave) phase of diastole, thus more blood fills the LV in the late (A-wave) phase to
compensate. Such functional assessments of diastolic dysfunction are typically diagnosed by
reduced ratios of annular transmitral blood flow (E:A) and valve (e¢’:a’) velocity [29,30]. Other
echocardiographic measurements of diastolic dysfunction include prolonged isovolumic relaxation
time (IVRT) and increased deceleration time (DT), although these measurements are dependent on
myocardial load and thus should be interpreted with caution [25,26,30-32]. Hence, utility of load-
independent parameters derived from echocardiography are often used to overcome this limitation,
such as the E/e’ ratio, which considers the ratio of passive LV filling relative to myocardial
relaxation [33]. In addition, other load-insensitive, haemodynamic measurements are routinely used
to more accurately determine diastolic function. For example, in vivo pressure volume (P-V) loop
analysis allows for real-time measurement of LV pressure and ventricular volume, independent of
load [34]. This analysis provides more robust measurements of diastolic dysfunction, deriving
important haemodynamic information including the end-diastolic pressure volume relationship
(EDVPR) and Tau [35,36]. However, this alternative approach to assess cardiac function requires
invasive catheterization and is thus a terminal procedure, providing difficulties when assessing
temporal aspects of cardiac dysfunction. Cardiac magnetic resonance imaging (CMRI), is currently
the gold standard, non-invasive method for obtaining higher resolution cardiac functional data,
providing information regarding the heart’s structure, blood flow, and cardiac metabolism [37,38].
A seminal report using cMRI suggested that T2D patients with subclinical LV diastolic dysfunction
exhibit altered cardiac energy metabolism and reduced coronary perfusion [39]. More recent reports
validate this in patients with HF with preserved ejection fraction (HFpEF), emphasising impaired
microvascular perfusion [40,41] and excessive intramyocardial adipose tissue deposition [42] as
key characteristics of HFpEF. Non-invasive imaging capabilities are becoming increasingly
effective for detecting functional cardiac abnormalities, [43] however it is important to consider

the morphological and molecular characteristics that contribute to cardiac dysfunction.
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1.2.2 Cardiomyocyte hypertrophy

Cardiomyocyte hypertrophy is believed to occur as a compensatory response to the circulating
stressors characterising diabetes and is a key contributor to diastolic dysfunction [19,44—46]. T1D
mouse models induced by the pancreatic pB-cell toxin streptozotocin (STZ) typically exhibit
cardiomyocyte hypertrophy (see Table 1.1 for phenotypic comparisons of relevant mouse models)
[47-50]. Moreover, mice receiving high-fat diet (HFD) display increases in myocyte size,
accompanied by aberrant contractile function relative to chow fed animals [51,52]. In addition, mice
administered STZ and HFD concomitantly, also display similar degrees of cardiomyocyte
hypertrophy (Table 1.1) [53]. Common markers of diabetes-induced cardiomyocyte hypertrophy
include elevated mRNA expression of atrial natriuretic peptide (ANP), B-myosin heavy chain (p-
MHC) and insulin-like growth factor-1 (IGF-1) [45,47,49,54]. However, there remain conflicting
reports in the literature, considering spontaneously induced T1D (Akita Ins?V%") [55] and T2D
(Lepr®/db/db) [56] mouse models do not tend to display increases in cardiomyocyte size, despite
impairments in cardiac function detected by echocardiography (Table 1.1) [56,57]. Non-invasive
clinical studies using various imaging modalities also suggest increased LV mass [58-60], which
is believed to be, at least in part, associated with myocyte hypertrophy. Furthermore, basic
histological examination of human cardiac biopsies reveal increases in cardiomyocyte size and
basal laminar thickness in patients diagnosed with diabetic cardiomyopathy [61]. While
cardiomyocyte hypertrophy and increased LV mass are positively correlated [62], this is one of the
many characteristics that contribute to the diabetic heart phenotype. Whether cardiomyocyte
hypertrophy is essential for the development of diabetes-induced HF is yet to be definitively
elucidated, but remains an important consideration in the pathology of diabetic heart disease.

1.2.3 Cardiomyocyte apoptosis

Cardiomyocyte apoptosis has long been established in the diabetic heart, from both human biopsies
[63,64] and in various rodent models of diabetes (Table 1.1) [19,44,65]. Cardiomyocyte size is
considered to be inversely proportional to cardiomyocyte number in models of diabetes-induced
HF [66]. Early studies suggested that hyperglycaemia alone can induce cardiomyocyte apoptosis
by inducing mitochondrial cytochrome C release and concomitantly increasing flux of the pro-
apoptotic Bax-caspase 3 cascade [67,68]. In vitro activation of this same pro-apoptotic pathway in
human pancreatic P-islet cells administered high glucose has also been documented [69].
Furthermore, reactive oxygen species (ROS) production in cardiomyocytes also contributes to
apoptosis via the same cascade [70], as well as directly facilitating cardiomyocyte autophagy and
necroptosis [71]. Although the mechanism of ROS facilitating myocyte apoptosis remains unclear,
a number of pharmacological agents targeting NADPH-oxidase subunits (further discussed in
section 1.2.5) mitigate cardiomyocyte apoptosis in T1D [21,72] and T2D mouse models [73],

highlighting the importance of ROS generation in diabetic heart disease.
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1.2.4 Cardiac fibrosis

Another important structural characteristic of diabetes-induced HF is cardiac fibrosis. The cardiac
extracellular matrix (ECM) consists predominantly of collagen, elastin, fibronectin and laminin,
and provides structural support for all cells [74—76]. These components that constitute the ECM are
regulated mainly by ECM degrading enzymes such as matrix-metalloproteinases (MMPs), which
themselves are inhibited by tissue inhibitory metalloproteinases (TIMPs) [77,78]. Cardiac fibrosis
in diabetes is evident both as interstitial and perivascular [66,79] and relies predominantly on
deposition of collagen types I and 111 [77,78,80-83]. Indeed, in human cardiac biopsies, patients
with diabetes exhibit a marked increase in both left and right ventricular cardiac fibrosis [84,85]. In
rodent models of T1D and T2D, reduced MMPs and elevated TIMPs have been shown to increase
collagen deposition, resulting in LV stiffness and diastolic dysfunction (Table 1.1) [86].
Hyperglycaemia has been reported to directly contribute to collagen deposition in rats with T1D,
which is closely associated with the levels of glycated haemoglobin (% HbAlc, Table 1.1) [86]. In
vitro cultured fibroblasts isolated from T2D (db/db) mouse hearts exhibit decreased activation of
protein-kinase B (otherwise known as Akt) and subsequently increased nuclear factor kappa B
(NFxB) transcription, which suggests a role for inflammation T2D-induced cardiac fibrosis [87].
Advanced glycated end-products (AGEs) are also implicated in remodelling in the diabetic heart
[88-90]. AGEs are a group of heterogeneous compounds, such as proteins or lipids that become
glycated in the context of hyperglycaemia [88,91]. Rats with STZ-induced T1D exhibit increases
in AGEs, which are associated with greater collagen cross-linking and deposition in cardiac tissue,
associated with impaired diastolic function [80,92]. T1D patients also typically display elevated
circulating AGEs [92,93], although this is not described in clinical T2D. Despite acknowledging
the importance of cardiac fibrosis in diabetic heart disease, there still remains a significant gap in
our knowledge regarding induction and progression of fibrosis in the diabetic heart (as detailed in

our recent review included in the Appendix Section [76]).

1.2.5 ROS generation and oxidative stress

The development and progression of diabetes-induced HF is also associated with oxidative stress
and generation of ROS [94]. Endogenous oxidant species such as superoxide, hydrogen peroxide,
hydroxyl radicals and peroxynitrite are the major components contributing to the imbalance in
myocardial ROS, all of which are typically elevated in diabetes-induced HF [95-97]. Exogenous
hydroxyl radicals administered ex vivo to isolated mouse hearts reduces LV contractility by
modulating sarcoplasmic reticulum calcium handling [98]. Moreover, superoxide and peroxynitrite
have also been associated with pathological cardiomyocyte hypertrophy [95]. NADPH oxidase
(NOX) is a transmembrane protein on intracellular organelles that is a primary source of ROS in
cardiomyocytes [99] and is believed to catalyse the production of superoxide in diabetes
[21,100,101]. Specific genetic depletion of the Racl protein in cardiomyocytes has been reported
to attenuate myocardial fibrosis and cardiomyocyte hypertrophy in murine T1D-induced

cardiomyopathy via NOX-signalling [102]. Subunits of NOX including p22°"* and p47°"* are also
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elevated in experimental models of T1D and T2D [71,94]. Furthermore, supplementation of the
antioxidant coenzyme Q10 in mice with STZ-induced T1D [54] and db/db T2D mice [19] reduces
the diabetes-induced increase in p22P" and p47P"°x expression, and is associated with attenuated

diastolic dysfunction and reduced apoptosis. Despite showing efficacy in pre-clinical trials

[96,97,103-106], and safety in clinical trials [107], it remains to be determined if coenzyme Q10

achieves protection against diabetes-induced HF, or indeed, any form of CV disease in the clinic.

This is the case with most ROS-reducing agents; effective antioxidants are yet to be stringently

investigated in well-designed clinical trials in patients with diabetes and HF. Importantly, ROS

generation is also closely associated with inflammation and dysregulated immune cell activity, but

is less described in the context of diabetes-induced HF.

Table 1.1: Phenotypic summary of most commonly used mouse models for studying diabetes

Mouse Typeof BGL Body Cardiac Myocyte Myocyte Cardiac Oxidative References
models of  diabetes weight  function size apoptosis  fibrosis  stress

diabetes

STZ TiD 1 1 ! 1 1 1 1 [45,47-50]
STZ-HFD  T2D 1 N ! - - - 1 [5,53]
Ins2WT/C%sY  T1D 0 PN ! PN 0 0 PN [55,237]
Akita

Lepd- T2D 0 1 ! PN 0 PN 0 [19,55,87]
(db/db)

Lep®b- T2D 1 1 l — i — 1 [198-200]
(ob/ob)

HFD T2D 1 1 ! ND 1 1 1 [51,52]

T1D = type-1 diabetes, T2D = type-2 diabetes, BGL = blood glucose levels, HFD = high-fat diet.

ND, not yet determined; 1, increased; |, decreased; <>, unchanged.
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Established characteristics of the diabetic heart
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Figure 1.1: Classical characteristics contributing to diabetes-induced heart failure

Illustrates the aforementioned characteristics that contribute to pathological remodelling of the
diabetic heart. These highlight the multifactorial mechanisms that contribute to cardiac pathology
in diabetes: with myocyte hypertrophy and apoptosis, ROS generation and oxidative stress, cardiac
fibrosis, and systemic inflammation (further discussed in Section 1.3).
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1.3 The emerging role of leukocytes in diabetes and CV disease

1.3.1 Leukocytes

Whilst the role of inflammation in the pathogenesis of diabetes and HF has been broadly described
[108,109] less attention has been applied to the role of specific immune cells in this context.
Leukocytes are essential cellular mediators of immune responses, providing the host with protection
from invading pathogens. These are generally derived from bone marrow-derived stem-cell
haematopoiesis [110], however a range of tissue-specific (resident) leukocytes are also present in
low numbers in most tissues, originating from embryogenesis [111,112]. T1D and T2D are
associated with elevated circulating leukocyte levels in both animal models [113,114] and in the
clinic [115-119]. Furthermore, pro-inflammatory cytokines (primarily released from leukocytes)
such as interleukin (IL)-1B, IL-6 and TNFa are chronically elevated in T2D [118,120-122]. An
increased circulating leukocyte count is also an independent risk factor for CV disease [123-126].
Systemic leukocytes secrete various factors in clinical CV disease such as TGF-f, IL-1p, IL-6, CSF-
1and IFN [127-129]. Furthermore, leukocytes have been comprehensively studied in the setting of
atherosclerosis; typically migrating to fatty streaks within plaque obstructed vessels where they
contribute to advancement of atherosclerotic lesion development [130-135]. It is likely that
leukocytes are involved in the development and progression of diabetes and CV disease, however
the extent to which they exert their effects remain unclear. In this section, I discuss the current
knowledge regarding the role of leukocytes in both CV disease and diabetes in order to obtain a

detailed picture regarding their known role in disease.

1.3.2 Granulocytes

Granulocytes are leukocyte subtypes including neutrophils and mast cells, with characteristic
‘granules’, containing catalytic enzymes that are released upon infection and allergic reaction.
Neutrophils, a mature sub-type of the myeloid-granulocyte lineage, generally regulate the acute-
phase response of the innate immune system to stress and are implicated in diabetes and CV disease
[136]. Hyperglycaemia is associated with neutrophil dysfunction in diabetes [118,120-122].
Hyperglycaemia-driven neutrophil activation has been shown to impair wound healing in both T1D
and T2D mice [121], by undergoing a process known as deposition of ‘neutrophil extracellular
traps’ (NETosis) [137]. It is postulated that neutrophil dysfunction in diabetes contributes to
microvascular complications and leads to increased rates of limb amputation [138]. An important
mechanistic study in murine T1D, suggests that neutrophils release the SI00A8/9 heterodimer as a
response to hyperglycaemic stress [113]. The release of S100A8/9 from neutrophils increases
circulating pro-inflammatory Ly6C" monocytes through activation of AGE receptors (RAGE) on
liver Kupffer cells, which in turn stimulates haematopoiesis within the bone marrow, resulting in
monocytosis [113]. Neutrophilia is also commonly reported in the setting of atherosclerosis.
Hypercholesterolaemic ApoE~’ knockout (KO) mice susceptible to atherosclerosis in the absence
of diabetes demonstrated increased neutrophil degranulation and migration to vascular plaques

[132]. In the same study, the degree of atherosclerosis was reduced by repetitive intraperitoneal
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(i.p.) injections of the neutrophil-depleting antibody ‘1A8’ (which binds neutrophil-specific surface
protein Ly6G), highlighting their role in the pathogenesis of experimental atherosclerosis.
Neutrophils also play a critical role in myocardial infarction (MI) [139]. Post-infarct, neutrophils
are among the first immune cells to initiate adverse myocardial remodelling in ischemia-reperfusion
(/R)-induced MI [140]. Although some trials suggest neutrophils facilitate pathological cardiac
remodelling [141,142], there are conflicting reports regarding their function. Indeed, neutrophils
can also exhibit reparative properties in response to MI injury by communicating with macrophages,
which subsequently polarise toward a ‘pro-resolving’ phenotype [143]. While there is a clear
appreciation for a role of neutrophils in acute HF such as Ml, the role of neutrophils in chronic HF
development remains ambiguous. Furthermore, the role of neutrophils in clinical diabetes remains

unclear despite these cells being implicated in animal models of diabetes.

Mast cells are a structurally similar granulocyte-myeloid progenitor to neutrophils, however these
cells tend to reside exclusively within tissues [144,145]. Interestingly, mast cells are typically
associated with the allergic response, and are also implicated in HF [146,147]. The presence of
cardiac mast cells was first discovered in the 1950s [131], however studies in the early 1990’s
serendipitously implicated their role in the heart, suggesting that healthy patients can suffer from
M1 after wasp stings [148,149]. Although cardiac mast cells are present in low numbers in the heart,
they are particularly vulnerable to circulating mediators, such as chemokines, cytokines, and pro-
inflammatory monocytes [150,151]. Mast cells in CV disease are stimulated by several circulating
immune factors including IgE and 1gG antibodies, as well as the many circulating cytokines
(mentioned in Section 1.3.1) [152]. The mast cell secretome has been implicated in the development
of cardiac fibrosis and collagen deposition in pressure-overload mouse models, through chronic
release of TNFa, IL-1B, TGF-B, chymase and tryptase [152]. Mast cells also secrete renin,
contributing to Ang Il-induced hypertension and consequent cardiovascular abnormalities
[153,154]. These mediators are also reported to communicate with fibroblasts to initiate their
differentiation and activation [152]. Activated mast cells induce rat and human endothelial cell (EC)
apoptosis in vitro by releasing chymase and TNFa to inactivate pro-survival focal adhesion kinase
(FAK) signalling [155]. In a similar fashion, mast cell chymase release also induces apoptosis of
vascular smooth muscle cells in vitro, via disruption of NF-«kB signalling, FAK-inactivation, and
inhibition of Akt phosphorylation [156]. In vivo studies suggest a more complex involvement of
mast cells in cardiac pathology. Early rodent studies demonstrate that cardiac hypoxia can trigger
mast cell degranulation and concomitant leukocyte emigration in mesenteric arteries [157].
Furthermore, mast cells have the capacity to increase cardiac platelet-derived growth factor alpha
(PDGF-A) gene and protein expression in pressure-overload HF, increasing cardiac fibrosis and
contributing to atrial fibrillation [150]. Endothelial cell-derived C-type natriuretic peptide (CNP)
limits perivascular mast cell degranulation after I/R injury [158], highlighting the importance of
EC-mast cell communication. The role of mast cells in CV disease is still controversial, and their

role in the development of diabetes-induced HF is understudied. Comprehensive in vitro studies do
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suggest their role in CV disease, however further investigations in animal models are required.
Furthermore, detection methods for identifying mast cells in vivo are currently limited, making it

difficult to assess their physiological involvement in CV disease.

1.3.3 Monocytes and macrophages

Monocytes are a key patrolling hematopoietic cell population regulating cellular homeostasis, with
diabetes leading to monocytosis and dysregulated function [159,160]. Monocytes typically egress
from blood vessels into tissues, where they differentiate, and secrete factors specific to their local
environment [161]. There is mounting evidence that monocytosis occurs in both diabetic animal
models [113-115,119] and in diabetic patients [162,163]. Monocytes from patients with T1D [162]
and T2D [163] augment secretion of pro-inflammatory T-cell specific cytokines, increasing Tnl7
and Tul lymphocytes [163] to areas of local injury, highlighting the communication between both

adaptive and innate arms of the immune system.

Resident cardiac macrophages also play a pivotal role in regulating circulating leukocyte
extravasation, attracting effector cells such as monocytes, neutrophils and lymphocytes [164].
Increased macrophage abundance in the pancreatic islets has been linked to T2D in both rodents
[165] and humans [166]. More recently, using both multiphoton and electron microscopy,
Zinselmeyer et al. reported that mouse pancreatic macrophages phagocytose functional insulin-
containing vesicles released from pancreatic B-islets, while the islets themselves remain functional
[167]. These macrophages subsequently present immunogenic insulin peptides on their major
histocompatibility complex 2 (MHCII) antigens, for other patrolling leukocytes to detect. This
could, at least in part, explain pancreatic dysfunction in diabetes, however the driving factors
regulating insulin endocytosis into neighbouring macrophages remain understudied. While this
study may suggest a possible mechanism for global insulin resistance, no study to date has reported

this phenomenon in other organs.

Macrophages in the kidneys of T2D patients are increased in number [168], which has traditionally
been associated with renal failure [169,170]. Macrophage abundance is also prominent in adipose
tissue, most accumulating in visceral deposits in humans [171]. Current theories pertaining to
adipose tissue suggest that resident macrophages induce monocyte and granulocyte infiltration to
adipose and neighbouring tissues by secreting monocyte and granulocyte growth stimulating factors
(M and G-CSF respectively) as well as the predominant monocyte chemoattractant ‘C-C motif
ligand 2’ (CCL2/MCP-1) [172]. This may partially explain the low-grade systemic inflammation
that is evident in diabetes [173], particularly in obese patients with T2D [171].

Resident cardiac macrophages are also abundant in the healthy murine myocardium accounting for
approximately 10% of cardiac cell abundance [174]. Although resident cardiac macrophages are
considered to be quiescent at steady state, they become heavily involved in immune cell recruitment

and cardiac repair in CV disease [175]. Fate-mapping of murine macrophages post Ml suggests that
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circulating monocytes are recruited to the infarct, by releasing a number of pro-inflammatory,
chemotactic mediators [176]. Several studies however, suggest paradoxical roles of cardiac
macrophages in cardiac pathogenesis [177-180] and cardiac repair [181,182], which is similarly
reported in other tissues such as the adipose [114,171,172]. Resident macrophages have also been
associated with regulation of cardiac electrical conductance via communication with gap-junctions
in the atrioventricular node [183], which is consistent with earlier literature in humans, rabbits and
rats [180,184-186]. Moreover, monocyte-derived macrophages can also contribute to collagen
deposition by secreting cytokines including, but not limited to, TNFa, IL-1B, TGF-p and IL-6,

which in turn either directly or indirectly activate fibroblasts to promote ECM deposition [187].

Macrophages and monocytes can also accumulate in atherosclerotic plaques in the lead up to
coronary artery disease (CAD) by adhering to the vascular wall and exacerbating the vascular
plague [188]. Single-cell RNA sequencing (scRNAseq; discussed further in Section 1.4.1) of
atherosclerotic plaques from mice on a Western diet recently revealed numerous disparate clusters
of macrophages residing in atherosclerotic lesions, highlighting their heterogeneity in this
pathology [189]. Work from our laboratories using the same technique also suggests similar
heterogeneity of macrophages in the heart during Ang ll-induced hypertension (Jelenic M*, Dona
M.I* et al, unpublished). Although macrophages can be perceived an attractive therapeutic target,
these cells are not monolithic and form a complex cellular network relative to their environment.
Because of their plasticity and our lack of knowledge surrounding macrophage phenotypes and
function, it may be difficult to develop therapeutics that target pro-inflammatory macrophages
without simultaneously targeting anti-inflammatory macrophages. What remains clear is the
consistency in which monocytes and macrophages contribute to immunometabolic dysfunction in
a tissue specific manner, which exemplifies the importance of understanding macrophage function

in disease.

1.3.4 Lymphocytes

Lymphocytes include Natural Killer (NK) cells as well as T and B-cells, which also originate in the
bone marrow. Immature lymphocytes that travel to the thymus mature into T-lymphocytes, whilst
the remaining cells differentiate into B-lymphocytes in the spleen [190]. Lymphocytes are
systemically altered in human T1D and T2D [119], and have been widely studied particularly in
T1D due to their implication in autoimmune diseases [191]. An anti-inflammatory T-lymphocyte,
T-regulatory cells (Tregs) exhibit defective anti-inflammatory function in T1D [192,193], which is
recognised as a primary contribution to the demise of the pancreas and to other autoimmune
abnormalities [194-197]. B-cells in obese mouse models (Leptin ligand deficient ‘ob/ob’ [198-
200] and HFD-induced obese mice) facilitate cellular cross-talk with macrophages and T-cells,
resulting in markedly elevated pathogenic IgG antibodies [201]. Reversal of this was also achieved
in the same study by administration of anti-CD20, a B-cell depleting antibody [201]. Furthermore,

these authors report that elevated B-cell cytokine release is proportional to glucose intolerance in
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the ob/ob mouse, suggesting glucose handling is impaired by chronic B-cell activation. NK cells
are also implicated in obesity and possibly diabetes. NK cells are innate lymphocytes that carry out
cytotoxic actions against pathogens without previous antigen exposure [202]. In human childhood
obesity, increased lipid flux and consequent intracellular lipid accumulation in NK cells alters their
intracellular programming and reduces their effector function [202,203]. Although little evidence
exists in regards to diabetes, aberrant C-type lectin-like NKG2D signalling in murine T1D
[204,205] and in T1D-adolescents [206] has been reported, suggesting that hyperglycaemia may
also contribute to defective NK function [207,208]. Although this is yet to be characterised in T2D,
NK dysfunction is highly probable considering the range of comorbidities of T2D.

In CV disease, low systemic lymphocyte count in humans is used as a prognostic marker for acute
CV disease [209]. This was corroborated by a large-scale clinical trial ‘EVEREST” trial) indicating
an inverse correlation with lymphocyte count and all-cause mortality, CV mortality and
hospitalisation for HF in admitted patients with HFpEF [210]. However, there are conflicting
reports pertaining to clinical lymphocytopenia, depending on the disease context. Patients with
chronic or congestive HF (CHF) increase production of T-lymphocytes, particularly the CD4+ T
lymphocytes (T-helper 1; [Th1]) and Th17 phenotypes rather than anti-inflammatory T-regulatory
cells (Tregs) [211,212]. In the murine ischemic heart post-MI, Tregs become dysfunctional,
exhibiting deficient immunosuppression, anti-angiogenic properties and elevated pro-inflammatory
cytokine secretion [213]. Similarly, Ang Il-induced hypertension increases T-cell accumulation in
the aorta accompanied by elevated CCL2 expression, which is also attributed to monocyte migration
[212]. In the context of the diabetic heart, little is known about the specific role of lymphocytes.
Patients with concomitant CAD and T2D co-morbidities exhibit an elevated Thl cytokine profile
and reduced Th2 profile in peripheral blood [214]. Genetic knockdown of Ragl—resulting in loss
of mature lymphocytes—in STZ-induced murine diabetic cardiomyopathy [215] attenuates cardiac
fibrosis and improves cardiac function, implicating lymphocytes in the pathogenesis of diabetes-
induced cardiac remodelling [216]. Although broadly targeting lymphocytes in heart disease is an
unlikely therapeutic avenue, more specific analyses of their subtypes may provide valuable insights

into their specific role in cardiac pathology.

1.3.5 The specific role of leukocytes in diabetes-induced HF remains unknown

As discussed, much is known about the immune system in the setting of CV disease and diabetic
complications, however the specific role of leukocytes in the progression and development of HF
in diabetes remains understudied. There have been attempts at demonstrating individual roles of
immune cells such as macrophages [217] and mast cells [47] and other immune cells [109] in
diabetes-induced HF, as well as clinical association studies suggesting their involvement
[122,139,210,218]. However, it is becoming clear that understanding the role of the immune system

in the diabetic heart requires more comprehensive analysis in the context of the entire cardiac cell
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ecosystem, to gain a comprehensive picture of the primary cellular and molecular protagonists

leading to HF in diabetes.

1.4 Reappraising the cardiac cellular composition

In the last five years, there has been a paradigm shift regarding our knowledge of the cardiac cellular
composition, which has been catalysed by innovations in tissue flow cytometry and the inception
of single-cell transcriptomics (scRNAseq). The mammalian heart consists of a complex,
heterogeneous network of cells, which until recently have not been systematically validated [174].
Cardiomyocytes contribute to the majority of heart mass [219] and hence cardiac cell abundance
was historically considered to primarily constitute myocytes. Advances in tissue cytometry have
allowed for quantification of non-myocyte cell abundance in the heart, highlighting distinct cardiac
cellular diversity (Figure 1.2). The non-myocyte fraction of the heart is composed of endothelial
cells (ECs; ~64%), resident mesenchymal cells (RMCs; ~27%) and leukocytes (~9%), far
outweighing cardiomyocyte abundance [174]. In this study however, the disparate cardiac chambers
(LV, right ventricle [RV] and intraventricular septum [IVVC]) of the murine hearts were not assessed,
but rather pooled together. In addition, the atria were not considered providing an important gap in
knowledge yet to be answered. This is important given the bulk cardiac transcriptomic landscape
differs significantly between the anatomical regions of the heart [220], which is likely accompanied
by cellular composition changes. Nevertheless, enigmatic cell types such as pericytes, lymphatic
ECs (LECs), endocardial cells and NK cells are among the many cell types now detectable in the
heart using these modalities (Figure 1.2), highlighting their efficacy in detecting even rare cell
populations. Moreover, recent high-resolution proteomic approaches are providing additional
information regarding cellular alterations and translation of the cardiac transcriptome, given that
transcriptomic changes may not always reflect proteomic perturbations [221]. These improvements
in our knowledge of cardiac cellular abundance has facilitated identification of novel cardiac cells,
providing a framework for more comprehensive surveying of the heart, using techniques such as
ScRNAseq.

1.4.1 Single-cell RNA sequencing

More recently, a significant leap in our understanding of the heart has been supported by
technologies such as scRNAseq [222], enabling transcriptional profiling of individual cardiac cells
in unprecedented detail. Historically, the majority of transcriptional analyses of tissue systems,
including the heart, have been conducted under the assumption that these are a homogenous
collection of cells, resulting in less sensitive and possibly skewed data. Single-cell transcriptomics
is a recently established technology enabling high-resolution RNA sequencing of individual cellular
transcriptomes within a given tissue or cell preparation, providing mechanistic insights into the
cellular dynamics of a given tissue [223-225]. Information about tissue heterogeneity is critical for
applying techniques such as scRNAseq, to avoid oversampling of highly abundant cells, such as

cardiac endothelial cells. Successful implementation of techniques such as flow cytometry and
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scRNAseq provide important advancements toward understanding the molecular processes in

health and disease.

The cellular composition of the mammalian heart
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Figure 1.2: The cellular composition of the murine heart

(A) The murine heart (left) and its two major cellular components; (1) the non-myocyte fraction
and (2) the cardiomyocyte fraction. (B) Illustrates the non-myocyte cellular fraction only, showing
the disparate array of cell classes that exist within the murine myocardium. Abbreviations: DCs =
dendritic cells, VECs = vascular endothelial cells, LECs = lymphatic endothelial cells, SMCs =

smooth muscle cells.
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1.4.2 Single-cell RNA sequencing of the healthy murine myocardium

Skelly and colleagues [225] reported the one of the first single-cell transcriptomic analyses of
cardiac non-myocytes in healthy adult mouse hearts. Using the droplet-based, 10X Chromium
platform, scRNAseq of cardiac non-myocytes revealed a complex ensemble of cells and
communication networks in homeostasis [225]. Advancements in bioinformatic pipelines have also
allowed for inference of autocrine and paracrine inter-cellular communications in silico,
highlighting the importance of non-myocytes in maintaining cardiac homeostasis [226]. It was also
noted that fibroblasts were most highly enriched for transcripts corresponding to vessel trophic
factors, such as Vegf and Igfl [225]. Fibroblasts also actively secrete cytokines such as Csfl and
1134, which bind to CSF-1 receptors, regulating resident macrophage homeostasis [225] further
implying they play a role in maintaining the local cellular milieu. Other cells such as pericytes also
actively secrete a range of ligands including 1134, nerve growth factor (Ngf) and neurotrophin 3
(Ntf3), which support macrophage and neuron homeostasis [225,227,228]. Cell-specific sexual
dimorphisms between male and female hearts were also distinctly evident, which is unsurprising
considering male and female cardiac pathology differs in the clinic [229]. The granularity of such
data has resulted in increasing interest about the cardiac cellulome in the setting of disease,
considering the importance of non-myocyte cells in cardiac homeostasis. Moreover, SCRNAseq and
other next generation sequencing techniques, such as transposase-mediated analysis of open
chromatin regions (ATAC-Seq) [230] and high resolution proteomics [221] will provide additional
mechanistic insight into the cellular dynamics in disease.

1.4.3 Single-cell RNA sequencing of the diseased murine myocardium

Among the first studies to utilise SCRNAseq in cardiac pathology was reported in the context of Ml,
whereby cardiac cells were collected exclusively from the infarct area (or equivalent for sham
mice), including cardiomyocytes [231]. This study focused heavily on fibroblasts, suggesting that
cytoskeleton-associated protein-4 (CKAP4) is a primary regulator in fibroblast activation in Ml
relative to sham controls. This was further validated histologically in mouse and human heart
sections, whereby CKAP4 co-localises with common fibroblast markers such as platelet-derived
growth factor receptor (PDGFR) and alpha smooth muscle actin (ACTA2) [231]. Furthermore,
cardiomyocytes separate into 4 distinct clusters according to their genetic signature, suggesting
variability in myocyte phenotype and function. Of note, this study showed that a cardiomyocyte
subtype in close proximity to the epicardium highly expresses Myozenin-2 (Myoz2), which is
known to inhibit calcineurin-induced myocyte hypertrophy [232]. Although its biological relevance
is ambiguous, it suggests that cardiomyocytes may also display heterogeneity and that some
subtypes may be more susceptible to various stressors than others. A similar study also focused on
non-myocyte heterogeneity in the setting of MI, however isolated the entire non-myocyte fraction
of the murine heart, rather than the infarct area alone [233]. Cardiac macrophages in this study
displayed distinct differences in their genetic signature and abundance, skewing toward a ‘pro-
inflammatory” phenotype (Ccr2"F4/80"Ly6c2"H2-Aa™) 3-days post M1 [233]. Furthermore, these
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macrophages displayed heterogeneity in the form of 8 transcriptionally-distinct subtypes, which has
not previously described. Seven-days post M, the cardiac macrophage clusters are characterised
primarily by ‘M2-like’ phenotype (Ccr2"F4/80"H2-Aa"Ly6c2") as well as a distinct shift in
fibroblast phenotype, to a ‘myofibroblast-like’ phenotype [233]. Furthermore, two novel fibroblast
populations were identified; ‘Wnt-Fibroblasts’ (Pdgfra”Col1a1"Wif1") and Transitory-Fibroblasts
(Pdgfra™Col1al1"Cfh™) [233], which have also been recently identified by our lab in Ang ll-induced
cardiac dysfunction [234]. Sub-clustering and in silico trajectory analysis of all fibroblasts also
revealed that the majority of fibroblasts possess a distinctly different gene signature 3 days post-Ml
(transitory-like phenotype), the majority of which (~99%) are completely differentiated into
myofibroblast-like fibroblasts (Plac8"Cthrc1"Fn1™) on day 7 post-MI [233]. Interestingly, Wifl
encodes multiple ligands in fibroblasts and has been reported to drive cardiac fibrosis [235] while
concomitantly contributing to macrophage plasticity, angiogenesis and cardiac repair [236]. The
contradictory nature of these fibroblasts suggests that targeting this particular pathway may prove
difficult and potentially disrupt important signalling networks for cardiac homeostasis. Indeed,
scRNAseq analysis of the acutely insulted myocardium has provided important, novel information
regarding the cellular dynamics of Ml and cardiac wound healing. However, given that diabetes is
a chronic and progressive cardiac stressor, detailed analyses are still warranted in the setting of
chronic HF.

The aforementioned gap in knowledge was recently addressed in a murine model of chronic
hypertensive HF, whereby chronic Ang Il infusion yielded a number of novel and established gene
expression programs in the heart [234]. Of note, two transcriptionally distinct novel fibroblast
populations significantly upregulated in Ang II treated hearts, namely ‘Fibroblast-Cilp’ and
‘Fibroblast-Thbs4’. In line with the aforementioned study [233], ‘Wnt-Fibroblasts’ (alternatively
denoted as Wifl* fibroblasts in this study) were identified, however, were unaltered between
experimental groups. Interestingly, both Fibroblast-Cilp and Fibroblast-Thbs4 exclusively emerge
after Ang Il treatment, and do not actively express Acta2 — a ubiquitous myofibroblast and smooth
muscle cell marker. This was further confirmed histologically, whereby Acta2* fibrosis and Thbs4*
fibroblasts are distributed at different loci. This suggests that in chronic hypertensive HF, cardiac
fibrosis is not driven by myofibroblasts, but rather by new matrifibroblast-like cells, highly
expressing genes Cilp and Thbs4. It is also worth noting that (with the exclusion of Cilp and Thbs4
fibroblasts) cell-specific gene expression in this study is highly sexually dimorphic, suggesting that
sex should be considered a confounder when developing therapeutics. The findings from this study
contribute further knowledge regarding the molecular changes in the cardiac cellulome after chronic

Angll insult.

1.4.4 Transcriptomic profiling in the diabetic heart — current knowledge
To date, there are no studies that assess the cardiac transcriptome at the single-cell level, in the

context of T2D. Microarray bulk transcriptomic profiling of T1D (Akita™2"7®") male mouse
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hearts has shown significant increases in genes including fibroblast growth factor-12 (Fgfl2),
natriuretic peptide type-A (Nppa), thrombospondin type-1 (Thbsl) and angiopoietin-like-4
(Angptl4) [237]. Fgf12 and Thbs1 are genes endoding for proteins known to induce cardiac fibrosis
via various pathways [238,239], which is also evident histologically in this study [237]. Elevated
Nppa and other associated cardiac pro-hypertrophic genes were also histologically validated by
increases in cardiomyocyte size. Angptl4 is well documented in diabetes and obesity, regulating
glucose homeostasis [240,241], lipid metabolism [241,242] and insulin sensitivity [240,243]
throughout the body, however its role in the heart is still unclear. A recent transcriptomic study
using a similar methodology in db/db mice identified a number of up-regulated mitochondrial genes
such as Ucp3, Atpb and Pdk4 which are associated with altered cardiac lipid metabolism [244].
Interestingly, Angptl4 is also among the top genes significantly up-regulated in the db/db heart
[244], consistent with the Akita mouse heart [237]. These findings provide exciting insights into
the bulk transcriptomic changes in the diabetic heart. However, there remains an unmet need for
more high-resolution and cell-specific information in the diabetic heart. Utility of single-cell
technologies in this context will aim to fill this knowledge gap, in order to mechanistically

understand the transcriptomic catalysts driving diabetic heart disease.

1.5 Summary

Diabetes confers an increased risk of cardiovascular death and hospitalisation for HF. While
classical characteristics of cardiac failure in diabetes are established, the precise cellular and
molecular pathophysiology remains unresolved, resulting in difficulty treating this epidemic and its
complications. The immune system’s involvement in cardiovascular disease and diabetes is
becoming increasingly recognised, however the specific role of the immune system in initiation and
progression of diabetes-induced HF, remains unclear. Furthermore, considering that the cardiac
cellular and molecular composition has been characterised in homeostasis [174,225] and models of
CV disease [231,233,234,245], this has yet to be applied to the context of diabetes-induced cardiac
dysfunction. While there are some examples of bulk transcriptomic profiling of the heart in the
setting of diabetes [237,246], there is still an urgent demand for more detailed, cell-specific
analyses. As such, there remains a clear knowledge gap regarding the molecular and cellular
dynamics in diabetes-induced HF, which can be filled using single-cell technologies such as flow
cytometry and scRNAseq. This new era in cardiac research represents an exciting step forward,
which will allow for more comprehensive assessments of cellular and molecular abnormalities in

CV disease and hopefully aid in development of more targeted therapies.

1.6 Aims and Hypothesis

The overarching aims of this thesis were to (1) determine the differences in cardiac cellularity in
two mouse models of T2D, (2) to determine the cardiac single-cell transcriptome in the db/db mouse
model of T2D, and (3) to immunophenotype human blood from healthy and diabetic patients, to
better understand the understudied biochemical processes that may underlie diabetes-induced

cardiac dysfunction. For Chapter 3, | selected the STZ-HFD mouse model of diabetic
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cardiomyopathy for initial analysis of the cardiac cellular landscape due to its recent
characterisation and availability [53]. Pertaining to Chapter 4, due to the variability in cardiac
phenotype in the literature, I conducted a time-course experiment using db/db mice, in order to
determine the appropriate age in which this model exhibits cardiac dysfunction, to proceed with
single-cell transcriptomic analysis. In this thesis, | postulated that T2D would alter the cardiac
cellular and molecular landscape associated with cardiac functional impairment. In addition, |
propose that leukocytes will play a key role in cardiac remodelling in this context. Each specific

aim is briefly outlined below, in chapter format.

Chapter 2
General methodology relevant to all of the data in this dissertation.

Chapter 3
Aim 1: To determine the differences in the cardiac non-myocyte cellular landscape in a mouse

model of T2D-induced HF. Here, | have performed cardiac and systemic flow cytometry as well as
immunohistochemistry to decipher the key non-myocyte cells that are altered in a murine model of
T2D-induced HF [53].

Chapter 4
Aim 2: To determine the progressive alterations in cardiac cellularity in a time-course study, using

the db/db mouse model of T2D. Separate cohorts of db/db mice and their heterozygote control
counterparts (db/h) were monitored and subsequently euthanised at 10, 17 and 24-weeks of age.
Analogous to Chapter 2, | have performed cardiac and systemic flow cytometry at each of these
time points in separate cohorts, to determine the cellular shifts as a consequence of genetically
induced murine T2D.

Chapter 5
Aim 3: To interrogate the cardiac single-cell transcriptome (using SCRNAseq) of the db/db mouse

heart. Mice were euthanised at 17-weeks of age in this Aim. Here, | have identified a number of
transcriptional alterations that provide novel insights into the cell-specific molecular processes
contributing to T2D-induced cardiac dysfunction.

Chapter 6
Aim 4: To determine the cellular changes in human blood in patients with or without diabetes via a

preliminary clinical trial held at the Baker Heart and Diabetes Institute Diabetes Clinic. Considering
that diabetes typically elicits monocytosis and neutrophilia, I conducted a small clinical trial and
performed whole-blood flow cytometry capable of detecting circulating leukocyte proportions in
patients with T1D and T2D, as well as incorporation of appropriate ND controls. While | have
attempted to obtain adequate statistical power, recruitment for this study was halted due to the
COVID-19 pandemic. Hence, the data from this study is preliminary, due to unprecedented low n
values.

Chapter 7
General discussion: Here, | discuss the significance and broader picture of the findings from all the

studies within this thesis, and highlight the future directions for research in diabetes-induced heart

disease.
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Aim 1 - optimising and completing cardiac flow cytometry in STZ-HFD diabetic mice
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Figure 1.3: Illustrates the general experimental design of each Aim and also summarises major
results findings from each Aim. Abbreviations: sScCRNAseq = single-cell RNA sequencing, RBC =
red blood cell, STZ = streptozotocin, HFD = high-fat diet, T1D = type-1 diabetes, T2D = type-2
diabetes.

27



Chapter 2
General methodology

2.1 Experimental animals

All animal-related experiments were approved by the Alfred Research Alliance (ARA) Animal
Ethics Committee (Ethics approval numbers: E/1681/2016/B, E/1880/2019/B) and were performed
in accordance with the National Health and Medical Research Council of Australia (NHMRC).
Mice had access to food and water ad libitum and were housed at 22°C on a 12 hour light/dark

cycle.

2.2 Animal models of diabetes

2.2.1 STZ-HFD model of type-2 diabetes

Friend Virus B NIH (FVB/N/J) mice were sourced from the ARA Animal Services (provided in
three separate cohorts). Male 6-week-old FVB/N/J mice were randomly allocated into the non-
diabetic (ND, n = 7) citrate vehicle control group fed standard chow diet (12% energy intake from
lipids), or diabetes mellitus (diabetes, n = 19) which was induced by the combination of low-dose
streptozotocin (STZ; cat# AG-CN2-0046, AdipoGen Life Sciences, NSW, Australia) and fed a
high-fat-diet (HFD; SF04-001, Specialty Feeds, WA, Australia, 43% energy intake from lipids).
STZ was administered by three consecutive daily intraperitoneal (i.p.) injections (55mg/kg body
weight in 0.1mol/L citric acid vehicle, pH 4.5 [cat# 251275, Sigma-Aldrich, USA]). Mice
administered STZ were subsequently fed a HFD ad libitum for 26-weeks, as previously described
[53]. While on this occasion this STZ-HFD mice exhibited hyperglycaemia, monocytosis and
impaired glucose tolerance; | did not observe elevated fat mass (in grams or % body weight) or
insulin resistance, relative to our previous characterisation of this model [53]. As such, our
publication using this model (Chapter 3), | refer to this mouse model more broadly as ‘diabetes
mellitus’ (DM).

2.2.2 Lep®-/db/db model of type-2 diabetes

Male Lep®™™ mice (db/db) mice [247] ([B6.BKS(D)-Lepr®/J], stock #000697) were obtained from
The Jackson Laboratory (Bar Harbor ME, USA) in three separate cohorts (10, 17 and 24-weeks of
age at endpoint). Homozygous db/db mice (spontaneous autosomal recessive global knockout for
the leptin receptor) are observably obese at approximately 3-4 weeks of age, with concomitant
hyperglycaemia and hyperinsulinaemia. In addition, db/db mice are also polyphagic, polydipsic,
and polyuric. In order to confirm the severity of T2D at each time-point, | conducted a range of
physiological tests, further elucidated in Section 2.3.1. For flow cytometry experiments, n =
8/genotype unless otherwise stated. For scRNAseq experiments, n = 4 for db/db and db/h
heterozygote counterparts, unless otherwise stated. Mice had free access to food and water ad

libitum and were housed at 22°C on a 12-hour light/dark cycle.
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2.3 Experimental design

2.3.1 Aim 1: To determine the differences in the cardiac non-myocyte cellular landscape in
the STZ-HFD mouse model of T2D-induced heart failure.

Animal care and induction of diabetes is discussed in Section 2.2.1. Blood glucose levels were
measured fortnightly via saphenous vein bleeds using a glucometer (Accu-Chek® Performa I,
Roche Diagnostics, NSW, Australia). Intraperitoneal glucose and insulin tolerance tests were
conducted at endpoint (26-weeks of diabetes, in this model) to assess glucose clearance and insulin
resistance in vivo, as previously described [53]. Whole-body composition analysis was performed
at endpoint using an Echo-MRI™ 4-in-1 700 Analyser (EchoMRI, Houston, TX, USA) to assess
percentage fat mass and total lean mass. Percentage glycated haemoglobin (% HbA:c) was also
measured at endpoint to assess long-term blood glucose levels (Cobas b 101 POC system, Roche
Diagnostics, NSW, Australia). Echocardiography was conducted in mice under anaesthesia
(Ketamine/Xylazine/Atropine [KXA], 80/8/0.96mg/kg, i.p.) at 26-weeks post diabetes (32-weeks
of age), to assess the extent of cardiac dysfunction. Analysis was conducted at the Baker Heart and
Diabetes Institute and quality control was completed by technicians at the Preclinical Cardiology
Microsurgery & Imaging Platform (PCMIP). Mice were euthanised by administration of
Ketamine/Xylazine (85/8.5mg/kg, i.p.), followed by subsequent exsanguination. As previously
described [248], the thoracic cavity was exposed and right atrium was cut to allow for cardiac
perfusion through the left-ventricular apex, after which the heart was excised and ventricles were
used for flow cytometry. Age and sex-matched, fresh-frozen LV samples embedded in Optimal
Cutting Temperature (OCT, Tissue-Tek, Sakura Australia) compound were acquired from a
separate cohort of ND and diabetic mice for histological analysis. For further information, see the

methodology section in the publication within Chapter 3.

2.3.2 Aim 2: To assess the progressive cardiac cellular differences in the db/db mouse model
of T2D — a time-course study.

Analogous to section 2.3.1, a range of physiological tests were conducted prior to euthanasia. Blood
glucose measurements were performed fortnightly using a glucometer (Accu-Chek® Performa ll,
Roche Diagnostics). Percentage glycated haemoglobin (% HbA:c) was measured at endpoint to
assess long-term blood glucose handling (Cobas b 101 POC system, Roche Diagnostics).
Intraperitoneal insulin tolerance testing was performed at end-point to determine insulin sensitivity
in vivo. Whole-body composition analysis was performed at endpoint using an Echo-MRI™ 4-in-
1 700 Analyser (EchoMRI, Houston, TX, USA). Endpoint echocardiography measurements were
also performed to assess cardiac function in vivo, using a Phillips iE33 ultrasound machine with a
12-MHz sector transducer. For analysis, Doppler flow and tissue Doppler echocardiography were
acquired to measure diastolic function, while M-mode echocardiography was utilised for

assessment of systolic function.
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For flow cytometry experiments, the thoracic cavity was exposed and right atrium was cut to allow
for cardiac perfusion as described in Section 2.3.1. Following perfusion, cardiac ventricles (right &
left ventricle, intra-ventricular septum) were isolated and placed in SmL Eppendorf™ tubes with
3mL of ‘enzymatic digestion buffer’ (further detailed in Section 2.9). Cell suspensions from each
sample were individually filtered through a 70pM cell strainer into a 15mL tube containing 10mL
of phosphate buffered saline (PBS). Samples were then centrifuged at 200xg for 15-minutes without
brakes to clear unwanted debris. The supernatant was then aspirated and cell pellets were
resuspended in 200ul of 2% ‘HBSS buffer’, before staining with a specific antibody panel for flow

cytometry. Cardiac non-myocyte cells were identified using the specific antibody panel (Table 2.2).

2.3.3 Aim 3: To interrogate the single-cell cardiac transcriptome using single-cell RNA
sequencing in the dbdb mouse model of T2D-induced heart failure.

All animal related physiological tests were conducted as described in Section 2.3.1. For single-cell
RNA sequencing, hearts were prepared following a previously detailed cardiac cell isolation
protocol [249], with slight modifications (see Section 2.9 for more specific information regarding
this Aim). Briefly, after successful heart digestion, cardiac single cell suspensions were collected
for antibody/viability-dye staining and subsequent fluorescence-activated cell sorting (FACS), as
described previously [225,234]. FACS sorted non-myocyte cardiac cells were manually counted
prior to single-cell transcriptomic library preparation on the 10X Chromium console (10X
Genomics). Following cell capture and lysis within oil droplets, cDNA was synthesised and
amplified for 12 cycles according to manufacturer’s instructions (10X Genomics). Amplified cDNA
was used to construct Illumina sequencing libraries that were each sequenced on one lane (per
genotype) of an lllumina NovaSeq 6000. Sequencing data was processed by Cell Ranger pipeline
version 5.0.0 (10X Genomics), prior to subsequent bioinformatic analyses in R Studio (further
described in Section 2.10).

2.3.4 Aim 4: To assess the differences in circulating leukocytes from human blood in patients
with diabetes: a preliminary clinical trial.

Blood samples were collected from elective patients diagnosed with T1D or T2D, referred from the
Diabetes Clinical Research Laboratory within the Baker Heart and Diabetes Institute. Healthy non-
diabetic (ND) controls were also recruited. Upon recruitment (see Chapter 6 for further information
on recruitment and consent), whole blood flow cytometry was performed to detect an array of
disparate leukocytes (See Table 2.1). Blood collection tubes (10mlI EDTA Vacutainer) were labelled
with a unique study identifier (‘BIT-number’) to ensure adequate blinding of diabetic and non-
diabetic samples. Subsequently, blood was collected in 10ml EDTA Vacutainer tubes by
investigators with an approved phlebotomy accreditation (Mr. Charles Cohen, Ms. Erin Boyle, Mr.
Michael Rechtman), and placed in secondary zip-locked, sealed bags provided by Baker
investigators (Mr. Charles Cohen, Dr. Miles De Blasio). Upon collection of whole blood, samples

were double-blinded with randomly generated numbers (conducted by Dr. Darnel Prakoso), such
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that experimental samples were unknown to the investigator performing experiments (Mr. Charles
Cohen).

Table 2.1: Human blood flow cytometry antibody panel

Cell type identified Primary Clone Conjugate/fluorophore
Pan B-cell CD19 RA3-6B2 BD Horizon BV650
Dead cells DAPI - -

Neutrophil CD15 W6D3 BD Horizon BV421
Monocyte/neutrophil CD16 3G8 PE/Cy5

Monocyte CD14 63D3 APC

Pan leukocyte CD45 2D1 APC/Cy7

Pan T-Cell CD3 OKT3 PE

Th cells CD4 OKT4 PE/Cy7

Tc cells CD8a RPA-T8 PerCP/Cy5.5
Antigen presenting cells HLA-DR G46-6 BUV395

Lists the antibody cocktail utilised for whole blood flow cytometry. Nine antibodies and 1 dye
(DAPI) were used in this study to detect a range of leukocytes listed in column 1.

2.4 Animal monitoring

Regardless of the diabetic mouse models utilised in this project, diabetic mice require daily
monitoring to ensure optimal health and wellbeing. Daily monitoring checks include (but are not
limited to) observing classic murine symptoms of discomfort or stress; such as piloerection,
hunched posture, reduced movement and/or social interaction. Both mouse models of diabetes
include symptoms such as polyuria, which requires additional, fluid absorbing bedding in each cage
(Pure-o’ Cel®, ScottPharma Solutions Inc., MA, USA). Furthermore, both mouse models also
typically exhibit polydipsia and polyphagia, hence food and water was changed daily. In the event
that a mouse displayed any adverse events, or lost more than 5% of their body weight, animals were
placed under more rigorous supervision. Aside from frequent observation, any animals fitting the
aforementioned criteria received mashed chow (dependent on their diet), water-soaked cotton wool
and were placed on a heat pad to ensure they recover as quickly as possible. If an animal did not
improve, early euthanasia was performed with approval from the Alfred Alliance Animal Facility

Veterinarian staff.
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2.5 Blood glucose monitoring and HbA1c measurement

Blood glucose levels were measured fortnightly via saphenous vein bleeds using a glucometer
(Accu-Chek® Performa Il, Roche Diagnostics, NSW, Australia). For STZ-HFD mice, blood
glucose was first measured two weeks post induction of diabetes. For db/db mice, blood glucose
was measured upon animal arrival. For both cohorts, mice were restrained inside a 50mL centrifuge
tube containing breathing holes. Subsequently, the rear right leg was fully extended and fur was
parted using Vaseline petroleum jelly (Unilever, Rotterdam, Netherlands), such that the saphenous
vein was clearly visible. A 30-gauge needle was then used to puncture the vein, after which exposed
blood was aspirated with a glucose strip attached to the glucometer (Accu-Chek® Performa I,
Roche Diagnostics, NSW, Australia). Once blood glucose was successfully measured and
documented, pressure was applied to the wound with a sterile gauze swab for approximately one
minute to stop any bleeding. At endpoint, HbAi. was measured to assess long-term blood glucose
handling (information pertaining to animal euthanasia further discussed in Section 2.6).
Approximately 2uL of whole blood was pipetted onto a commercially available HbAxc microfluidic
cassette and loaded into the hardware system for analysis (Cobas b 101 POC system, Roche, Basel,
Switzerland). Acquired measurements were recorded as % HbA ..

2.6 Animal euthanasia and tissue collection

All mice used in this thesis were euthanised with high-dose ketamine/xylazine/atropine (KXA;
85:8.5:1mg/kg, i.p.), following subsequent exsanguination via cardiac puncture. For more
information regarding cardiac perfusion and cardiac flow cytometry, see Section 2.7. In addition,
the upper mid portion (~1mm thickness) of the LV, RV and intra-ventricular septum (IVC) was
sliced using a 3D-printed apparatus to guide blades in a consistent manner (Figure 2.1). Sliced heart
portions were embedded in OCT compound and stored at -80°C for immunohistochemical analysis.
Once hearts were perfused and excised for flow cytometry and histology, tissues were collected for

storage and further analysis.

For Aim 1, dissected tissues included; liver, spleen and tibias (right: for measurement to correct to
organ weights [mm], left: flow cytometry). These tissues were all stored at -80°C for any impending
analyses. For Aim 2, tissues excised included; kidneys, fat deposits (separated by loci), pancreas,
lungs, gastrocnemius muscle, liver, spleen and tibias. Tissues stored at -80°C included; right kidney,
spleen, liver, gastrocnemius, and pancreas. Small portions of the pancreas, liver and the left kidney
were fixed in 10% neutral buffered formalin (NBF; Labserv, Pronalys Chemicals, Scoresby,
Australia), and paraffin-embedded (conducted by Gribbles Pathology, VIC, Australia) for any

relevant histological analysis.
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|
Figure 2.1: Illustrates the technique used to obtain similar regions of the heart for histological

analysis. Left: 3D-printed apparatus used for guiding blades, with remaining heart sample for flow
cytometry. Right: LV, RV and IVC sliced and embedded in OCT for storage at -80°C.

2.7 Cardiac flow cytometry

For flow cytometry experiments, the thoracic cavity was exposed and right atria was cut to allow
for cardiac perfusion (perfusate = PBS supplemented with 0.9mM CaCl,, 200mM KCI) as described
previously [248]. Hearts were perfused via 30G hypodermic needles attached to a peristaltic pump
at a rate of 4mL/min (Cole Palmer, IL, USA) for ~5 minutes, or until the blood within the liver had
cleared sufficiently. Following perfusion, cardiac ventricles (right & left ventricle, intra-ventricular
septum) were isolated and placed in SmL Eppendorf™ tubes with 3mL of ‘enzymatic digestion
buffer’ (2mg/mL collagenase IV [Worthington Biochemical Corporation], 1.2U/mL dispase Il
[Sigma-Aldrich] in PBS supplemented with 0.9mmol/L CaCl,). To facilitate digestion, the tissue
and enzymatic digestion buffer were incubated at 37°C for 45 minutes and triturated at 15-minute
intervals during incubation. Next, cell suspensions from each sample were individually filtered
through a 70uM cell strainer into a 15mL tube containing 10mL of PBS (supplemented with
0.9mmol/L CaCl,). Samples were then centrifuged at 200xg for 15-minutes with centrifuge brakes
deactivated, for debris clearance. The supernatant was aspirated and cell pellets were resuspended
in 200pl of 2% FCS/HBSS buffer, before staining with a specific antibody panel for flow cytometry
(listed below in Table 2.2 and described in [174,250]). Cardiac non-myocyte cells were identified
using the specific antibody panel, after which the heart was excised and ventricles were used for
flow cytometry.

2.8 Flow cytometry of whole blood, spleen and bone marrow

Whole blood was obtained by cardiac puncture at endpoint and stained using a leukocyte-specific
antibody panel (Table 2.3). Bone marrow from the left tibia was flushed using PBS without Mg2*
and Ca2* into 50mL centrifuge tubes. Spleens were manually dissociated and passed through a
35uM filter into 50mL centrifuge tubes to obtain a single cell suspension as previously described
[113]. Blood, spleen and bone marrow were then subjected to red blood cell (RBC) lysis for 15

minutes at 4°C using an ammonium chloride based commercial lysis buffer (1X dilution, 555899,
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Becton Dickinson, USA). After RBC lysis, the remaining stained cells were washed twice in ‘Fx
buffer’ (1 X HBSS [Gibco™, NY, USA], 2% FCS). Between each wash, cells were centrifuged at

400xg for 5 minutes at 4°C. Cells were then resuspended in 200ul of Fx buffer containing 4',6-
diamidino-2-phenylindole (DAPI [0.1pg/mL]); and filtered through 35puM mesh into 5mL
polystyrene round-bottom tubes (352052, Falcon®, NY, USA) for flow cytometry.

Table 2.2 — Flow cytometry antibody panel utilised in myocardium from mice

Antibody Target/Dye Cat # Company Clone Staining pattern
CD31 740879 BD Biosciences 390 Endothelial cells
I-A/I-E (MHCII) 743876 BD Biosciences  2G9 B-cells, macrophages
CD11b 564443 BD Biosciences  M1/70 Myeloid cells
CD64 (a & b alloantigens) 740622 BD Biosciences ?/341 Macrophages
CD146 (Mcam) 740827 BD Biosciences ME-9F1  Mural cells
Ly6C 128012 Biolegend HK1.4 Monocytes
CD59a 130-104-105 Miltenyi Biotec ~REA287  Schwann cells
Ly6G 127648 Biolegend 1A8 Granulocytes
NK1.1 108716 Biolegend PK136 Natural Killer cells
CD39 143806 Biolegend Duha59  Smooth muscle cells
CD90.2 105320 Invitrogen 30-H12  T-cells
CD45 557659 BD Biosciences  30-F11  Pan leukocytes
SYTOX™ Green Dead Cell Stain 534860 Invitrogen N/A Dead cells/uclear

1 3 T™ 3 . .
eBioscience™ Calcein Blue AM 65-0855-39  Invitrogen N/A Metabolically active

Viability Dye

cells

Antibody cocktail utilised for flow cytometry of cardiac ventricles. 12 antibodies and 2 dyes
(SYTOX green and Calcein blue) were used in this study to detect an array of cardiac non-myocytes.
Note: cell types in column 5 are the identifiable cardiac non-myocyte cells and may not apply in
different tissue contexts. For more detailed information regarding flow cytometry gating strategies

and cellular identification, Chapter 3 (Additional file 1: Figure 2).
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Table 2.3 — Flow cytometry antibody panel utilised in whole blood from mice

Antibody Target/Dye Cat # Company Clone Staining pattern
DAPI D9542-5MG  Sigma-Aldrich N/A Dead cells
CD45R/B220 103241 BD Biosciences RA3-6B2 B-cells

CD3e 11-0033-81  BD Biosciences ~ 500A2 T-cells

Grl (Ly6G/LY6C) 552003 BD Biosciences ~ RB6-8C5 '[:l";urlfgﬁfs&
CD115 135506 BD Biosciences AFS98 Monocytes

CD4 116016 BD Biosciences RM4-4 CD4* T-cells
CD8 126612 BD Biosciences ~ YTS156.7.7  CD8" T-cells
CD45 557659 BD Biosciences ~ 30-F11 Pan leukocytes

Lists the antibody cocktail utilised for whole blood flow cytometry. 7 antibodies and 1 dye (DAPI)
were used in this study to detect a range of leukocytes. Note: cell types in column 5 are the
identifiable cells for the purpose of this study and may not apply in different contexts. For more
detailed information regarding flow cytometry gating strategies and cellular identification, see
Chapter 3 (Additional file 1: Figure 2).

2.9 Cardiac single-cell RNA sequencing

For single-cell RNA sequencing (SCRNAseq) cardiac non-myocytes were prepared using a novel
cardiac cell isolation protocol [251]. After euthanasia, the thoracic cavity was opened and the
inferior vena cava was ligated, before injecting 7mL of cold ‘EDTA buffer’ [249,251] into the right
ventricle for perfusion. Following perfusion, the atria were clamped using a haemostat and the heart
was gently cut away from the thoracic cavity with curved Walton scissors. The hearts were
subsequently cut away from the thoracic cavity taking care to keep the ventricles and atria intact.
With the hearts clamped, the haemostat was then attached to a magnetic, 3D-printed platform such
that the apex of each heart was facing up-ward (Figure 2.2) [251]. Next, a 30G hypodermic needle
attached to a peristaltic pump (Cole Palmer, IL, USA) was inserted into the left-ventricular chamber,
and allowed to perfuse EDTA buffer at 6mL/min for ~5 minutes. Once the heart had ‘cleared’, the
perfusion rate was reduced to 4mL/min and the perfusate was changed to enzymatic digestion buffer

[249,251], for ~15 minutes. All buffers were maintained at 37°C throughout the perfusion process.

After successful heart digestion, cardiac ventricles were excised (including the intra-ventricular
septum) and gently dissociated with forceps before placing the tissue into 2mL of enzymatic
digestion buffer and incubated for 10-minutes at 37°C. During incubation, the cell suspensions were
triturated twice using sterilised Pasteur pipettes to ensure uniform tissue digestion. Next, digested
cell suspensions were passed through a 177uM filter into a 15mL tube containing SmL of cold ‘stop
buffer [249,251]. Cardiac myocytes and debris were pelleted by conducting three 1-minute
centrifugation spins at 50xg (4°C). The supernatant (cardiac non-myocyte fraction) was collected
for antibody/viability-dye staining and consequent fluorescence-activated cell sorting (FACS) as
described previously [225,234]. Live (SYTOX™ Green’), metabolically active (Vybrant™
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DyeCycle™ Ruby*) non-myocyte cardiac cells were sorted by endothelial cells (CD31%),
leukocytes (CD45%), and resident mesenchymal cells (CD31CD45) for cell counting.

Each major non-myocyte cell population were manually counted using a haemocytometer and were
mixed (ECs; ~10%, RMCs and leukocytes; ~90%) and used for single cell transcriptomic library
preparation on the 10X Chromium system. Approximately 12,000 cells were loaded into each well
(lane 1: pooled db/db non-myocytes [n=4], lane 2: pooled db/h non-myocytes [n=3]) and processed
using the Chromium Single Cell 3* v2 chemistry reagent kit (10X Genomics). Individual cells were
captured and lysed within the 10X controller, after which cDNA was synthesised and amplified for
a total of 12 cycles (as previously reported [234]). Amplified cDNA within encapsulated within
single-cells were then sequenced on an Illumina NovaSeq 6000 system.

Figure 2.2: Illustrates the high-throughput cardiac perfusion technique as described in Section 2.9.
Left: concomitant perfusion of 8 mouse hearts as described. Right: zoomed view of a single
clamped, perfused heart. Figure adapted from Mclellan et al (2020), Circulation; 142:1448-1463
[234].
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2.10 In silico analysis of single-cell RNA-sequencing data

Sequencing data was processed by Cell Ranger software version 5.0.0 (10X Genomics) prior to
subsequent analysis. Raw sequencing data was deconvolved using Seurat suite version 3.2.0
pipeline. This pipeline converts Illumina basecall files to fastq formatted files, which aligns the
sequencing reads to the reference Mus Musculus (mm210) transcriptome, and quantified the
expression of transcripts within each cell. Analyses of processed sScCRNAseq data were then carried
out in R studio version 4.1 using the Seurat suite. Pre-processing of ScRNAseq data was conducted
as previously described [234]. This yielded a total of 9,316 cardiac hon-myocyte cells. Clustering
of cells was primarily depicted via t-distributed stochastic neighbour embedding (tSNE) projection,
which reduces highly complex data to two dimensions for interpretation. Cell types were annotated
by querying established cell marker genes as described previously [225,234] and by considering the

top-5 most highly-expressed genes in each cell cluster (of the top 1,000 most highly variable genes).

2.10.1 Differential gene expression analysis

Differential expression analysis was performed to identify differentially expressed (DE) genes
between groups per cell type manner. Genes that have non-zero expression in >10% of cells in at
least one of the experimental groups were considered in this analysis. The DE gene testing method
‘MASTcpmDetRate’ was used to identify DE genes between groups. This test is a modification of
‘MAST’ [252], considering cellular detection rate as a covariate, which has been successfully
performed in a benchmark study for detecting differential expression from scRNA-seq [253]. To
determine statistical significance of DE genes between experimental groups, the uncorrected P
value threshold was set at < 0.01.

2.10.2 Gene ontology analysis
Gene Ontology (GO) enrichment analysis was performed using the ‘enrichGO’ function within the
‘clusterProfiler’ R package version 3.12.0 [254]. All GO analyses presented were mapped to

reference genomes retrieved from http://geneontology.org. Enrichment analysis of GO Biological

Process terms (GO-BP) was calculated by mapping our list of differentially expressed genes
(uncorrected P value < 0.01) to the default background gene list for Mus Musculus, with minimum
and maximum gene set sizes 10 and 500, respectively. Systematic similarities between GO terms
were calculated using the ‘simplify’ function within the clusterProfiler R package. The GO-BP
terms that had semantic similarity higher than the specific cut-off point of 0.7 were considered as
redundant GO-BP terms and thus discarded from analysis. The Benjamini-Hochberg adjusted P
value cut-off of 0.05 was used to determine statistically significant GO-BP terms (‘GO-BP’
abbreviated to ‘GO terms’ in Chapter 5). Of the statistically significant GO-BP terms identified in

our analysis, more specific information was derived (further discussed in Chapter 5).

2.10.3 Ligand-receptor intercellular communication analysis
Intercellular communication between cardiac non-myocytes were inferred in silico, by obtaining

mouse orthologs of human ligand-receptor pairs [255] from the ‘BioMart’ database (v.86), using
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the biomaRt R package, as previously described [225]. If a detected ligand or receptor had a ‘non-
zero expression’ value in more than 20% of cells in a given cell population, they were denoted as
an ‘expressed’ ligand or receptor. To infer the cell-cell communication networks, I linked expressed
ligands with their cognate receptors between and within major cell populations. The Circlize R
package [256] was used to visualise the putative intercellular communication network in the db/db
heart. The total number of communication signals transmitted and received by a certain cell
population was also quantified (see Chapter 5).

2.10.4 Incorporation of bulk RNA-sequencing data

To validate our cardiac non-myocyte scRNAseq findings, | incorporated DE genes acquired from
two additional, publically available bulk RNA sequencing (bulk RNA-seq) datasets [237,246] into
our DE gene list and developed a proportional Venn diagram, using R packages, RVenn (v1.10),
Euller (v6.10), VennDiagram (v1.6.20) and Venneuler (v1.1-0). DE genes from all datasets were
filtered by P value (P < 0.01 for bulk RNA-seq, P < 0.001 for scRNAseq data). Common
differentially expressed genes were identified using the ‘overlap’ function within RVenn.
Differentially expressed gene lists were obtained and data was visualised using Venneuler.
Subsequently, GO analysis (described in Section 2.10.2) was performed on each overlapping gene
list derived from this analysis to produce biologically relevant pathways specific to each set of

overlapping genes. For more information, see Chapter 5.

2.11 Immunofluorescence staining and confocal microscopy

In order to validate flow cytometric and scRNAseq data, | conducted immunofluorescence staining
of fresh-frozen tissue embedded in OCT compound (as described in Figure 2.1). Heart sections
were cut at 10um on a cryostat (CM1950, Leica Biosystems), for histological staining. Briefly,
frozen sections were incubated in 4% paraformaldehyde (PFA) for 10-minutes, before washing the
tissue in Tris-EDTA solution (100mM Tris, 10mM EDTA) for 5-minutes. Fixed heart sections were
then blocked (2% goat serum, 0.1% Triton, 0.05% Tween, 0.05% sodium azide in PBS) then
subsequently washed in PBS-T (PBS supplemented with 0.5% Triton). After three consecutive
washes, primary antibodies were added and allowed to incubate at room temperature for 2 hours.
After incubation, three PBS-T washes were conducted prior to addition of specific secondary
antibodies attached with a given fluorophore. Secondary antibodies were incubated for 1 hour at
room temperature and washed twice in PBS-T. Primary and secondary antibodies vary in epitope
target, species, clone and dilution depending on the study (see each Chapter for more information).
Subsequently, sections were washed for 5 minutes in 4',6-diamidino-2-phenylindole (DAPI
[0.1ug/mL]) to detect total nuclei in each sample. Slides were then dried and cover-slipped using
Mowiol solution (containing 1,4-diazabicyclo-[2,2,2]-octane [DABCO; 2.5%])[257]. Prepared
immunofluorescence cardiac micrographs were acquired at a 20X objective and tiled (3x3 fields of

view unless otherwise stated) on a Nikon A1R confocal laser scanning microscope.
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2.12 Cardiac Oil-red O staining

Oil-red O compound (ORO [C2H24N4QO], Sigma Aldrich) was used to assess the content of neutral
cardiac lipids [258]. First, the ORO stock solution was prepared, containing 2.5g of ORO dissolved
in 400mL of 99% isopropyl alcohol. The ORO stock solution was mixed for 2-hours using a
magnetic stirrer to ensure the solution was thoroughly mixed. The ORO stock solution was
consequently diluted in distilled water (1.5 parts ORO, 1 part distilled water) and left for 10 minutes
at room temperature. The diluted ORO solution was then filtered twice through separate 45um
filters (Sartorius, Goettingen, Germany), to ensure no residual precipitates were present. Next,
frozen cardiac sections (10um thickness) were brought to room temperature. Using a hydrophobic
barrier PAP pen (H-400, Vectorlabs, California, USA) a small hydrophobic chamber was traced
around the section. Concomitantly, 200ul of filtered ORO solution was added to the section and
allowed to incubate at room temperature for 5 minutes. All stained slides were then rinsed with
distilled water for 30 minutes. Shortly after, slides were dried and cover-slipped, using Mowiol
solution as the mounting medium. Stained, whole cardiac sections were imaged the following day,
using a bright field scanning microscope (Aperio Scanscope AT Turbo, Monash Histology
Platform) for analysis. Acquired images of cardiac cross-sections were exported to ImageJ for
quantification of cardiac lipids, as previously described [258].

2.13 Body composition analysis

Body composition analysis was conducted using an EchoMRI™ 4-in-1 700 Analyser (EchoMRI,
TX, USA) to quantify fat and lean mass, as well as free and total body water. All mice (Aim 1 and
2) were weighed prior to analysis. Animals were then gently guided into a specific plastic enclosure
and inserted into the EchoMRI instrument for analysis. After each run (~30 seconds), mice were

removed from the enclosure and placed in a fresh cage with their respective litter mates.

2.14 Intraperitoneal glucose (IPGTT) and insulin (IPITT) tolerance testing

At study endpoint, mice from Aim 1 underwent both an IPGTT and IPITT to assess glucose
clearance and insulin sensitivity. Mice from Aim 2 only underwent an IPITT to determine the
degree of insulin resistance. For both IPGTT and IPITT testing, animals were fasted for 5 hours

before obtaining their fasting blood glucose levels, using the aforementioned glucometer.

2141 IPGTT

After fasting blood glucose was taken (time 0), a single glucose bolus was administered i.p. to each
mouse to assess the clearance rate of exogenous glucose (25% glucose [4ul/g], Baxter, Viaflex®).
Blood glucose was then measured at 15-minute intervals in the first hour post bolus. Additional

blood glucose measurements were taken at 120 and 150 minutes.

2142 IPITT
The IPITT was conducted in a similar manner to the IPGTT above. Mice were fasted and their

resting blood glucose was measured. However in this instance, a bolus of insulin was administered
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via i.p. injection, to observe the changes is blood glucose over the same period of time. Insulin was
diluted in isotonic saline (Humalog®, 10ul of 100U/ml; 3mL of saline) and injected i.p. at a dose
of 0.3mg/kg. Synonymously, blood glucose was measured at 15-minute intervals in the first hour
and also at 120 and 150 minutes post bolus. Mice were carefully monitored during this experiment,
to assess the likelihood of a hypoglycaemic event (<2mmol/mol). As an additional precaution, a
ImL syringe was filled with 25% glucose solution for i.p. injection to assist in recovery of any
apparent hypoglycaemic event.

2.15 Echocardiography for cardiac LV function in vivo

Echocardiography was conducted in mice (from Aims 1 and 2) under anaesthesia
(Ketamine/Xylazine/Atropine [KXA], 80/8/0.96mg/Kkg, i.p.) at endpoint, with assistance from the
Baker Heart and Diabetes Institute Preclinical Cardiology Microsurgery & Imaging Platform
(PCMIP). A Philips iE33 ultrasound machine with a 15-MHz linear-array and 12MHz sector
transducer (North Ryde, Australia) was used for all animals to assess the degree of cardiac
functional impairment in vivo. Before acquisition, mice were anaesthetised and their thoracic area
was shaved, after which ultrasound transmission gel was added to assist in optimal visualisation of

raw echocardiography data.

2.15.1 Doppler echocardiography for diastolic function

Doppler flow echocardiography was used to assess cardiac transmitral flow velocity in each phase
of diastole (Figure 2.3). The early phase (E wave) and the late atrial phase (A wave) of diastole
were measured to determine the E:A ratio - an established measurement of LV diastolic function
(Figure 2.3A) [17,18]. Other measurements of diastole were also measured including deceleration
time (DT), isovolumic relaxation time (IVRT) and heart rate (HR; anaesthetised HR, Figure 2.3A).
In a similar manner, tissue Doppler echocardiography was performed to examine the tissue motion
of the mitral annulus. Peak mitral velocities were obtained from raw echocardiography traces and
measured as indicated in Figure 2.3B (early phase = ¢’, late atrial phase = a’ wave). The ¢’:a’ and

E/e’ ratios were calculated and used as additional measures to assess diastolic function.

2.15.2 M-Mode echocardiography for systolic function

M-Mode echocardiography was used to measure any alterations in wall thicknesses between
experimental mouse cohorts, and to determine any aberrances in systolic function (Figure 2.3C).
M-mode derived measurements include; anterior (AWd) and posterior (PWd) wall thicknesses, left
ventricular end-diastolic dimension (LVEDD), left ventricular end-systolic dimension (LVESD).
Fractional shortening (FS) was also calculated (% FS = 100 x [LVEDD-LVESD] / LVEDD) as an
index of LV systolic function. All echocardiographic analysis was blinded to the investigator under

the supervision of the Baker Heart and Diabetes Institute PCMIP.
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Figure 2.3: Representative echocardiography images including method of parameter measurement.
E = blood flow during early phase of diastole, A = late atrial phase of diastole, ¢’ = early mitral
valve velocity during diastole, a’ = late mitral valve velocity during diastole, IVRT = isovolumic
relaxation time, DT = deceleration time, AWd = anterior wall dimension, LVEDD = LV end-
diastolic dimension, PWd = posterior wall dimension, LVESD = LV end-systolic dimension.
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2.16 Statistical analyses

With the exception of Chapter 5 and 6, all data is presented as mean * standard error of the mean
(SEM), where ‘n’ represents the total number of animals per group. To mitigate batch effects,
cardiac flow cytometry data was normalised to the mean of the ND values within each batch, such
that the mean of each ND cell type was normalised to 1. Additionally, spanning-tree progression
analysis for density-normalized events (SPADE; Cytobank Premium®©, CA, USA) was conducted
to validate the orthogonal flow cytometry gating strategies. SPADE is an algorithm that aids data
visualisation of multi-parametric flow cytometry data, by clustering phenotypically similar cells
determined by antibody affinity to its antigen (Figure 2.4). Node size corresponds to cellular
abundance, node colour dictates the fold change from control (in this instance, comparing the mean
proportions of db/h and db/db cell types), and node distance represents cellular phenotypic
similarity (Figure 2.4). Live, metabolically active cells (SYTOX™ Green’, Calcein Blue*) from
cardiac flow cytometry were concatenated and uploaded to Cytobank for SPADE analysis. For all
SPADE analysis, between 100 — 200 target nodes were deemed sufficient for cellular identification
and the event down-sampling target was set at 50%. Whole-blood flow cytometry data was
normalised to total white-blood cell count, obtained from a Sysmex XS-1000i Hematology
Analyzer, then subsequently batch normalised. Nuclei enumerated from immunofluorescence
micrographs were quantified by QuPath software (v0.2.3), using the cell count function to quantify
positive nuclei within each different fluorescent channel. Raw echocardiography traces were
analysed using RadiAnt DICOM viewer software (v2020.2), after which quantification was
performed in accordance with the PCMIP guidelines. All data (with exception of SCRNAseq data)
was illustrated and analysed statistically using GraphPad Prism (v8.1.2). Comparison of
experimental groups was conducted using an unpaired t-test, whereby statistical significance was
determined as P < 0.05. For more information regarding statistical analysis of sScRNAseq data, see
Section 2.10.
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Figure 2.4: Identification of cell types from flow cytometry via SPADE dendrogram clustering
This image highlights the utility of SPADE for unbiased clustering and identification of cell types
by antibody-antigen binding affinity. (A) Each SPADE in this image is identical, however each
different SPADE has been heat-mapped according to a given antibody used in this experiment (only
4 have been shown for simplicity). CD45" nodes represent leukocytes, CD31* nodes characterise
endothelial cells, CD11b* nodes identify myeloid cells and Ly6G™* nodes — granulocytes (which are
both unsurprisingly within the leukocyte cluster). This allows for identification of all detectable
cells within entire non-myocyte fraction of the heart, which is depicted in (B). Annotated SPADE,
presented as proportional log(% total ratio of live metabolically active cells). For this example, only
100 target nodes have been shown for pragmatic purposes.
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Chapter 3
Determining the differences in cardiac cellularity in an
established murine model of diabetic heart failure

3.1 Integrative commentary

This study makes an important new contribution to our understanding of how diabetes alters the
cardiac cellular landscape. Using the STZ-HFD mouse model of diabetes, | found that resident
mesenchymal cells in the heart were expanded with significantly elevated levels of fibroblasts and
decreased levels of smooth muscle cells. | also document changes in the hematopoietic system, with
systemic monocytosis and cellular alterations within the bone-marrow niche. This is the first study
to compressively assess alterations in cardiac hon-myocytes in parallel and offers a framework for

understanding the cardiac cellular changes accompanying diabetes-induced diastolic dysfunction.

3.2 Declarations for Thesis chapter 3

This chapter has been published in Cardiovascular Diabetology and has adhered to all necessary
guidelines for peer review. Therefore, this chapter is shown in within this thesis in PDF format,
however this open access publication also includes the DOI for further information. The
supplementary material is attached in this thesis, after the main manuscript (Additional file 1).
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Abstract

Background: Diabetes is associated with a significantly elevated risk of cardiovascular disease and its specific
pathophysiology remains unclear. Recent studies have changed our understanding of cardiac cellularity, with cellular
changes accompanying diabetes yet to be examined in detail. This study aims to characterise the changes in the
cardiac cellular landscape in murine diabetes to identify potential cellular protagonists in the diabetic heart.
Methods: Diabetes was induced in male FVB/N mice by low-dose streptozotocin and a high-fat diet for 26-weeks.
Cardiac function was measured by echocardiography at endpoint. Flow cytometry was performed on cardiac ven-
tricles as well as blood, spleen, and bone-marrow at endpoint from non-diabetic and diabetic mice. To validate flow
cytometry results, immunofluorescence staining was conducted on left-ventricles of age-matched mice.

Results: Mice with diabetes exhibited hyperglycaemia and impaired glucose tolerance at endpoint. Echocardiogra-
phy revealed reduced E:A and e"a'ratios in diabetic mice indicating diastalic dysfunction. Systolic function was not
different between the experimental groups. Detailed examination of cardiac cellularity found resident mesenchy-
mal cells (RMCs) were elevated as a result of diabetes, due to a marked increase in cardiac fibroblasts, while smooth
muscle cells were reduced in proportion. Moreaver, we found increased levels of LyaC" monocytes in both the heart
and in the blood. Consistent with this, the proportion of bone-marrow haematopoietic stem cells were increased in
diabetic mice.

Conclusions: Murine diabetes results in distinct changes in cardiac cellularity. These changes—in particular
increased levels of fibroblasts—offer a framework for understanding how cardiac cellularity changes in diabetes. The
results also point to new cellular mechanisms in this context, which may further aid in development of pharmaco-
therapies to allay the progression of cardiomyopathy associated with diabetes.

Keywords: Cardiac cellularity, Diabetes, Flow cytometry, Echocardiography, Fibroblast
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Diabetes is associated with a significantly elevated
risk of cardiovascular death and hospitalisation for
heart failure (HF) [4, 5]. However, there remains no spe-
cific treatment for HF or its development in individuals
with diabetes. HF in diabetes is often accompanied by
impaired cardiac output, cardiac fibrosis, cardiomyocyte
hypertrophy, cell death, and oxidative stress [6]. Diabetes
also involves chronic and systemic inflammation [7, 8]
with monocytosis and neutrophilia [7-9]. Despite exten-
sive efforts to characterise diabetes-induced HF, inherent
cellular mechanisms underpinning cardiac dysfunction
in diabetes remain to be ascertained.

The mammalian heart consists of a diverse range
of cell types [10]. Cardiac non-myocytes—comprised
of endothelial cells (ECs), resident mesenchymal cells
(RMCs) and leukocytes—outnumber myocytes, and are
critical for maintaining homeostasis of the heart [10, 11].
While a number of recent studies have provided valua-
ble new insights into the disparate roles of non-myocyte
cells in cardiac homeostasis [10, 12, 13] and pathologi-
cal remodelling [14-16], the cellular dynamics of non-
myocytes during development of diabetes-induced heart
failure remains unexplored. Using a recently published
murine model of diabetes-induced cardiomyopathy [17],
this study aimed to determine the difference in cardiac
non-myocyte cellular proportions compared to non-
diabetic mice. Here, we show that experimental diabe-
tes impacts multiple cellular compartments in the heart,
providing a framework for understanding the cellular
dynamics and mechanisms driving development of dia-
betes-induced heart failure.

Research design and methods

Animal experiments

All animal-related experiments were approved by the
Alfred Research Alliance (ARA) Animal Ethics Commit-
tee (Ethics number: E/1681/2016/B) and were performed
in accordance with the National Health and Medical
Research Council of Australia. FVB/N mice were sourced
from the ARA Animal Services (provided in three sepa-
rate cohorts). Mice had access to food and water ad libi-
tum and were housed at 22 °C on a 12 h light/dark cycle.
Male 6-week-old FVB/N mice were randomly allocated
into the non-diabetic (ND, n=7) citrate vehicle control
group fed standard chow diet, or diabetes mellitus (dia-
betes, n=19) which was induced by the combination of
low-dose streptozotocin (STZ; cat# AG-CN2-0046, Adi-
poGen Life Sciences, NSW, Australia) and high-fat-diet
(HFD; SF04-001, Specialty Feeds, WA, Australia, 43%
total calculated digestible energy from lipids). STZ was
administered by three consecutive daily intraperitoneal
(i.p.) injections (55 mg/kg body weight in 0.1 mol/L cit-
ric acid vehicle, pH 4.5 [cat# 251275, Sigma-Aldrich,
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USA]). Mice administered STZ were subsequently fed
a HFD ad libitum for 26-weeks, as previously described
[17]. Blood glucose levels were measured fortnightly via
saphenous vein bleeds using a glucometer (Accu-Chek®™
Performa II, Roche Diagnostics, NSW, Australia). Intra-
peritoneal glucose and insulin tolerance tests were con-
ducted at endpoint (26-weeks of diabetes) to assess
glucose clearance and insulin resistance, as previously
described [17]. Whole-body composition analysis was
performed at endpoint using an Echo-MRI™ 4-in-1 700
Analyser (EchoMRI, Houston, TX, USA) to assess per-
centage fat mass and total lean mass. Percentage glycated
haemoglobin (% HbA, ) was also measured at endpoint
to assess long-term blood glucose levels (Cobas b 101
POC system, Roche Diagnostics, NSW, Australia). Mice
were euthanised by administration of Ketamine/Xylazine
(85/8.5 mg/kg, ip.) and subsequent cardiac exsanguina-
tion. As previously described [10-12], the thoracic cavity
was exposed and right atrium was cut to allow for cardiac
perfusion through the left-ventricular apex (PBS, 0.9 mM
CaCl,, 200 mM KCI), after which the heart was excised
and ventricles were used for flow cytometry.

Echocardiography

Echocardiography was conducted in mice under
anaesthesia (Ketamine/Xylazine/Atropine [KXA],
80/8/0.96 mg/kg, i.p.) at 26-weeks post diabetes (32-
weeks of age) using a Philips iE33 ultrasound machine
with a 15-MHz linear-array transducer. Analysis was
conducted at the Baker Heart and Diabetes Institute and
quality control was completed by technicians at the Pre-
clinical Cardiology Microsurgery & Imaging Platform
(PCMIP). Doppler flow echocardiography was used to
assess cardiac transmitral flow velocity in each phase
of diastole, where the early phase (E wave) and the late
phase (A wave) were measured to determine the E:A
ratio. Similarly, tissue Doppler was performed to examine
the tissue motion of the mitral annulus (early phase=e,
late phase=a' wave). M-mode echocardiography was
conducted to assess left ventricle (LV) systolic function.
Variables obtained from M-mode analysis included LV
end-diastolic dimension (LVEDD) and LV end-systolic
dimension (LVESD) to calculate fractional shortening

(%FS=[(LVEDD-LVESD)/LVEDD] x 100).

Flow cytometry

Blood, spleen and bone marrow

Whole blood was obtained by cardiac puncture at end-
point and stained using a leukocyte-specific antibody
panel (Additional file 1: Table S4). Bone marrow from
the tibia and femur were flushed using PBS without
Mg?" and Ca* into 50 mL centrifuge tubes. Spleens
were manually dissociated and passed through a 35 uM
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filter into 50 mL centrifuge tubes to obtain a single cell
suspension as previously described [7]. Blood, spleen
and bone marrow were then subjected to red blood cell
(RBC) lysis for 15 min at 4 °C using an ammonium chlo-
ride based commercial lysis buffer (1X dilution, 555899,
Becton Dickinson, USA). After RBC lysis, the remain-
ing stained cells were washed twice in ‘Fx buffer’ (1 X
HBSS [Gibco™, NY, USA], 2% FCS). Between each wash,
cells were centrifuged at 400 x ¢ for 5 min at 4 °C. Cells
were then resuspended in 200 pl of Fx buffer contain-
ing 4,6-diamidino-2-phenylindole (DAPI [0.1 pg/mL]);
and filtered through 35 uM mesh into 5 ml polystyrene
round-bottom tubes (352052, Falcon®, NY, USA) for flow
cytometry. Gating strategies for each of the above cell
suspensions are provided in Additional file 1: Figures S3—
S5. For normalisation of flow cytometry data, 20 pl of
blood was used to measure total white blood cell count
using a Sysmex XS-1000i Hematology Analyzer.

Heart

High-dimensional flow-cytometry was performed on
cardiac ventricles (comprising the LV, ventricular septum
and right ventricle) from ND and mice with diabetes. Fol-
lowing perfusion, hearts were minced using curved scis-
sors (14077-09, Walton, USA) as previously described
[10], and transferred to 5 ml microfuge tubes for enzy-
matic digestion at 37 “C (2 mg/mL collagenase type IV
[LS004188, Worthington Biochem, NJ, USA], 1 mg/
mlL Dispase 1I [04942078001, Roche, NSW/, Australia] in
0.9 mM CaCl, in PBS). Cardiac non-myocyte cells were
triturated three times at 15-min intervals using a Pas-
teur pipette to mechanically aid enzymatic digestion for a
total of 45 min. Digested non-myocyte cardiac cells were
then filtered through 75 pM nylon mesh into a 15 mL
tube containing 10 mL of cold PBS (0.9 mM CaCl,) and
subjected to centrifugation (200 g, 15 min, 4 "C—no
breaks) for debris clearance. The majority of the super-
natant was aspirated and the remaining volume (~1 mL)
was washed with a further 1 mL of Fx buffer supple-
mented with 0.9 mM CaCl,. Cells were pelleted at 400 x g
(4 min, 4 °C) and resuspended in 200 pul of Fx Buffer with
Ca** to yield the single cell suspension of non-myocyte
cardiac cells. Cells were then stained using the antibody
panel designed for examining the non-myocyte frac-
tion of the heart (Additional file 1: Table S5). Cells were
strained through a 35 pm filter and flow cytometry was
performed on a BD LSR Fortessa” X-20 Special Order
system located at the Baker Heart and Diabetes Institute.

Histological analysis

Age and sex-matched, fresh-frozen LV samples embed-
ded in Optimal Cutting Temperature (OCT) compound
were acquired from a separate cohort of ND and mice
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with diabetes [17] for histological analysis. LV sections
were cut (10 pm) on a cryostat (CM1950, Leica Biosys-
tems) for staining (ND: n=11, diabetes: n=11). LV sec-
tions were co-stained with GATA4 (1:100, 14-9980-80,
eBioScience'™, Invitrogen, Australia) and PCM1 (1:100,
19856-1-AP, ProteinTech Group, USA) antibodies to
delineate the cell abundance of RMCs (PCM1~GATA4"
cells) as recently reported [12]. Serial sections were
stained with DACHI1 (1:100, 10914-1-AP, ProteinTech,
USA) to quantify EC abundance [10, 12]. All immuno-
fluorescence sections were counterstained with DAPI
to identify total cell nuclei. Immunofluorescence micro-
graphs of each LV sample were acquired at a 20X objec-
tive and tiled (3x3 fields of view) on a Nikon AIR
confocal laser scanning microscope. Quantified values
of immunofluorescence signal were normalised to total
nuclei (DAPIT).

Statistical analysis

Flow cytometry data was analysed using FlowJo (v10.7.1)
software. Raw cardiac flow cytometry data was normal-
ised to the mean of the ND values within each batch,
such that the mean of each ND cell type is equal to 1. Raw
blood flow cytometry data was normalised to total white-
blood cell count obtained from the hematology analyser,
then subsequently batch normalised as aforementioned.
Immunofluorescence micrographs were analysed by
QuPath software (v0.2.3), using the cell count function
to quantify nuclei. Echocardiography data was analysed
using RadiAnt DICOM viewer software (v2020.2), after
which quantification was performed in accordance with
the PCMIP guidelines. All data was illustrated and ana-
lysed statistically using GraphPad Prism (v8.1.2). Com-
parison of experimental groups was conducted using
an unpaired f-test, whereby statistical significance was
determined as P<0.05.

Results

The STZ-HFD model recapitulates primary features

of diabetes

The presence of diabetes was confirmed by a range of
physiological tests prior to euthanasia. Consistent with
our previous report [17], mice with diabetes exhibited
significantly elevated blood glucose at endpoint (Addi-
tional file 1: Table S1). This was corroborated by meas-
urement of glycated haemoglobin (% HbA, ) at endpoint,
which was significantly increased in mice with diabetes
(P<0.0001; Additional file 1: Table S1). In this study how-
ever, mice exhibiting diabetes did not gain more weight
than their ND counterparts (Additional file 1: Table S1).
This was recapitulated by the EchoMRI body compo-
sition analysis, showing no differences in lean or fat
mass (Additional file 1: Table S1) between experimental
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groups. Impaired glucose tolerance was evident in mice
with diabetes, indicating reduced clearing efficiency of
systemic glucose, presented as the area under the curve
(AUC, P<0.0001, Additional file 1: Table S1). In contrast,
there was no difference in the AUC from the insulin tol-
erance test between ND and mice with diabetes (Addi-
tional file 1: Table S1).

STZ-HFD mice exhibit LV diastolic dysfunction,

but not systolic dysfunction

Echocardiography measurements of LV diastolic and sys-
tolic function were recorded in vivo, to determine the
degree of cardiac functional impairment in mice with
diabetes relative to their ND counterparts. Pulsed-wave
Doppler echocardiography was conducted to measure
mitral blood flow velocity during the early (E-wave) and
late (A-wave) filling phases of diastole (Additional file 1:
Fig. S1A). Heart rate (HR) tended to be elevated in mice
with diabetes, but this did not reach statistical signifi-
cance (P=0.07; Additional file 1: Figure S1B). Although
no differences were detected in the peak E wave (Addi-
tional file 1: Figure S1C), the peak A wave velocity was
significantly elevated in mice with diabetes compared to
ND mice (P<0.05; Additional file 1: Figure S1D). Conse-
quently, a significant reduction in E:A ratio (a hallmark
feature of diastolic dysfunction) was observed in diabetic
hearts vs. ND (P<0.05 Additional file 1: Figure S1E).
There were no differences in other measurements of dias-
tolic function including deceleration time or isovolumic
relaxation time (IVRT) between experimental groups
(Additional file 1: Figure S1F, G, respectively).

To accompany transmitral blood flow, tissue Doppler
echocardiography was used to assess the velocity of the
mitral valve itself in each phase of diastole (¢’=-early
phase, a' late phase, Additional file 1: Figure S1IH-L).
Although the peak e’ velocity was only modestly reduced
(P=0.054, Additional file 1: Figure S1I) and the peak a’
velocity exhibited a minor increase (P=0.072, Additional
file 1: Figure S1]), the e':a’ ratio was significantly lower
in mice with diabetes compared to ND mice (P<0.05,
Additional file 1: Figure S1K). There were no detectable
changes in the E:e’ ratio between cohorts (Additional
file 1: Figure S1L).

M-Mode echocardiography was also performed to
assess the difference in ventricular wall thickness and
systolic function in mice with diabetes. The anterior wall
thickness at diastole (AWd), LV end-diastolic dimen-
sion (LVEDD) and posterior wall thickness at diastole
(PWd) were not different between groups (Additional
file 1: Table S2). Interestingly, fractional shortening (%
ES) was significantly elevated in mice with diabetes com-
pared with ND mice (P<0.05; Additional file 1: Table 52),
consistent with a recent report in spontaneously type-1
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diabetic (T1D) Akita mice [18]. Importantly however,
diastolic dysfunction was observed in the absence of sys-
tolic dysfunction.

Diabetes alters the cardiac non-myocyte cellular
composition

To assess differences in cardiac cellularity associated
with diabetes-induced HF, we performed flow cytometric
analysis of murine cardiac ventricles at study endpoint.
Examination of viable single-cells (see Additional file 1:
Figure S2A) revealed significant differences in endothelial
cell (EC) and resident mesenchymal cell (RMC) propor-
tions (0.26-fold decrease, twofold increase, respectively),
indicating that diabetes alters the relative levels of car-
diac non-myocyte cells (Fig. 1A, B). Conversely, leuko-
cytes were at similar levels in ND and mice with diabetes
(Fig. 1A, B).

Next, we sought to validate the proportional shifts in
EC and RMC populations in diabetes observed by flow
cytometry, with immunohistochemical analysis (Fig. 1C,
D). To achieve this, we stained left ventricular sections
of both cohorts with an antibody cocktail of GATA4
and PCM1 (Fig. 1C) or DACHI1 (Fig. 1D), which we
have previously employed to quantify proportions of
RMCs and ECs [12]. These analyses revealed that RMC
(PCM1~GATA4") cell counts were significantly ele-
vated in diabetic heart sections compared to ND coun-
terparts (P<0.05, Fig. 1C). Using the same approach
for ECs, serial sections stained with DACHI1 indicated
no differences in EC abundance between experimental
groups (Fig. 1D), suggesting that the proportional differ-
ence observed by flow cytometry is due to the increased
RMCs [10].

Considering the proportion of RMCs were markedly
elevated in the diabetic heart, a range of RMC subtypes
were investigated from the initial RMC gate (Additional
file 1: Fig.S2). Fibroblasts were significantly increased in
diabetic hearts compared to ND (2.36-fold, P<0.0001,
Fig. 2B). In contrast, the proportion of smooth muscle
cells (SMCs), were reduced in the diabetic cohort com-
pared to ND controls (0.27-fold, P<0.05, Fig. 2B). No
major changes were observed in total mural cells, peri-
cyte or Schwann cell populations (Fig. 2B).

While we did not detect any changes in total resident
leukocyte proportions in diabetic mouse hearts com-
pared to ND (Fig. 1B), diabetes has been previously
associated with cardiac inflammation and systemic
monocytosis [7, 19, 20]. To develop an overview of leu-
kocyte diversity and abundance in diabetic hearts, we
identified an array of leukocytes including myeloid and
lymphoid cell populations and their subsets (Fig. 3A).
There were no differences in cardiac leukocyte subsets
between cohorts, except Ly6C" monocytes, which were
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Circulating Ly6C" monocytes are elevated in diabetes

To confirm systemic monocytosis, we quantified cir-
culating leukocytes and their broad subtypes by flow
cytometry. As shown previously [7], monocytes, particu-
larly the LyEnChi subset, were significantly elevated in the
blood of mice with diabetes (2.2-fold, 2.3-fold, respec-
tively; P<0.05 for both; Fig. 4B). Numbers of circulating
neutrophils and Ly6C'® monocytes were also marginally
elevated in diabetic mice compared to their ND counter-
parts (P=0.09, P=0.054 respectively; Fig. 4B,). By con-
trast, numbers of circulating lymphocytes (B and T-cells)
did not differ between cohorts (Fig. 4C).

Systemic monocytosis likely occurs via extramedullary
myelopoiesis

To identify the potential sources of the observed mono-
cytosis in this model, we performed flow cytometry of
the bone marrow and spleen. Within the bone mar-
row, LSKs (haematopoietic stem and progenitor cells;
[Lin~Scal*cKit™]) were significantly increased in mice
with diabetes (1.8-fold, P<0.01, Fig. 5A). However,

bone-marrow derived common myeloid progenitors
(CMP) and granulocyte-myeloid progenitors (GMP) were
not different between experimental groups (Fig. 5A).
Monocytes (both Ly6C" and Ly6C*) were significantly
increased in the spleen in mice with diabetes compared
to their ND controls (1.7-fold, 1.3-fold respectively,
P<0.05, Fig. 5B). These data suggest that the increased
proportion of bone-marrow LSKs could be influencing
these cells to mobilise to the spleen to undergo extramed-
ullary myelopoiesis (Fig. 5C).

Discussion

The relationship between diabetes and HF remains poorly
understood. Diabetes-associated cardiac remodelling—
encompassing myocyte hypertrophy, fibrosis, oxidative
stress and apoptosis [21] is well established. However,
how the cardiac non-myocyte networks change in diabe-
tes and contribute to this remodelling is unclear. Using a
recently characterised mouse model of diabetes-induced
cardiomyopathy [17], we aimed to determine how dia-
betes affects cardiac non-myocyte cell proportions and
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abundance, to develop a framework for future mechanis-
tic studies to consider. We revealed that with diabetes-
associated diastolic dysfunction, proportions of cardiac
fibroblasts are significantly increased in the myocardium.
We also noted increased levels of Ly6C" monocytes and
decreased levels of SMCs in diabetic hearts.
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Numerous studies have implicated cardiac fibroblasts
in diabetic cardiomyopathy, however their precise role
in diabetes in vivo is still unknown. Cardiac fibroblasts
are the primary cell type involved in deposition of extra-
cellular matrix (ECM) in both states of acute injury or
chronic stress [14, 15]. However, in these contexts, fibro-
blast gene expression and phenotype are distinct [22].
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For example, in myocardial infarction (MI), fibroblasts
rapidly differentiate into activated fibroblasts and myofi-
broblasts—both well-established drivers of cardiac ECM
deposition [23]. Conversely, we have recently reported
that myofibroblasts are absent during the development of
chronic fibrosis in angiotensin II-induced cardiac remod-
elling [14]. Observations from the present study reveal
that fibroblasts are the predominant non-myocyte cell
type most dramatically affected by diabetes—suggest-
ing an important role for fibroblasts in the development
of diabetes-induced HF. Indeed, chronic hyperglycaemia
is known to up-regulate various pro-fibrotic genes in the
diabetic heart as a whole, including Collal, Postn, Timp-
2 and Cen2 [17, 24, 25]. Furthermore, diabetes is asso-
ciated with fibroblast-to-myofibroblast differentiation
and ECM deposition [26, 27]. However, further research
such as single-cell sequencing or targeted cell depletion
experiments are needed to further elucidate the precise
role of the cardiac fibroblast in diabetes and the regula-
tory mechanisms that drive these changes.

In the current study, we also observed an increase in
monocyte numbers in the heart in diabetic mice, which
is likely the result of increased systemic inflammation.
In the non-injured heart, circulating leukocytes, such
as monocytes primarily reside in the vascular lumens
of cardiac capillaries [28], therefore reflecting changes
occurring in the circulation. Systemic monocytosis is
reported in both T1D and insulin resistant obese mice
(i.e. leptin mutant ob/ob mice and diet-induced obese
mice) [7, 8]. Consistent with systemic inflammation, the
diabetic heart exhibits upregulation of pro-inflammatory
cytokines such as TNFa, MCP-1 and IL-1f [29-31]. Cor-
responding to the monocytosis, we also noted increased
progenitor cells and splenic monocytes—the major site
of secondary myelopoiesis [32]. Monocytosis is a well-
established feature of diabetes and obesity/insulin resist-
ance [33, 34]. However, in this model we only detected a
significant increase in haematopoietic stem and progeni-
tor cells (HSPCs), but not common myeloid progenitors
(CMPs) or granulocyte—macrophage progenitors (GMPs)
in the bone marrow. Given HSPCs can migrate to sec-
ondary myelopoietic sites, such as the spleen, to increase
monocyte numbers [35-37], our findings suggest that
this may be the primary mode of monocytosis observed
in our model (Fig. 5C).

In contrast to the diabetes-induced increases in car-
diac fibroblasts and monocyte numbers, we observed a
decrease in SMC proportions. This was unexpected given
hyperglycaemia has previously been associated with inhi-
bition of aortic vascular SMC apoptosis in T1D patients,
and in STZ-induced T1D mice [38, 39]. Conversely, met-
abolic syndrome and hypercholesterolaemia are both
associated with increased apoptosis in aortic VSMCs of
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mice and humans [33, 34]. Therefore, the precise mecha-
nism leading to the reduction in SMC proportions in the
hearts of STZ-HFD mice warrants further investigation.
Although there are a number of studies examining the
role of individual cardiac cell types in diabetes, to our
knowledge this is the first study to consider the entire
cardiac non-myocyte network to understand differences
in tissue cellularity. While novel technologies such as sin-
gle-cell RNA sequencing have been successfully applied
to tissues such as the pancreas [35, 36, 40], kidney [41,
42] and liver [43] in diabetes, detailed interrogation of
the cellular heterogeneity in these tissue systems are lack-
ing in this context. This study invites future research to
consider cellular plasticity in diabetes to better under-
stand the development of its associated pathologies.

Study limitations

While this study provides a basis for providing new
understanding of the cardiac cellular dynamics in the
context of diabetes, a number of limitations are note-
worthy. First, cardiomyocytes were not considered
in this study, as they are too large in diameter to pass
through the flow cytometer available in our laboratories.
Although cardiomyocytes are detectable by histology
(PCM1TGATA4™" cells), they are often multi-nucleated,
thus counting nuclei abundance is unlikely to yield accu-
rate information. Furthermore, we did not measure
morphological changes in cardiomyocyte size or depo-
sition of myocardial fibrosis, despite there being no dif-
ferences in our previous characterisation of this model
[17]. Second, we only examined male mice in our study.
Given that cardiac pathology is sex-specific in mice [44,
45] and in humans [46], cardiac cellular composition and
gene expression are sexually-dimorphic [12, 14]. Future
work should examine the impact of biological sex in
the development of diabetic cardiomyopathy. Third, the
STZ-HFD model used in this study did not yield a pop-
ulation of mice with elevated fat mass and body weight
as expected [47]. Adiposity and obesity are important
comorbidities contributing to pathology in experimental
and clinical type-2 diabetes (T2D) [48, 49], albeit obesity
is not essential for development of T2D [48, 49]. Impor-
tantly however, in this study mice with diabetes exhibited
hyperglycaemia, impaired glucose tolerance and LV dias-
tolic dysfunction, which are clinically relevant features
of HF associated with diabetes. Furthermore, we were
unable to ascertain whether the observed differences are
attributed to the combination of STZ and HFD, or one
of these individual insults. Future work using this model
should consider the effect of STZ and HFD alone in addi-
tion to the combination of STZ-HFD to delineate the role
of both factors in the development of diabetic HF. Lastly,
this study did not consider how circulating populations
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of cells such as mesenchymal stem cells may contrib-
ute to the cardiac RMC compartment. Future work will
consider whether resident or circulating cell populations
drive the expansion of fibroblasts in the diabetic heart.

Conclusion

Here we have profiled the differences in the cardiac non-
myocyte network, observing that the cellular landscape
of the heart changes in a murine model of diabetes. By
quantifying proportional shifts in a wide array of cell
types simultaneously, these results offer a framework for
understanding the cellular mechanisms that may drive
pathological remodelling of the heart during the devel-
opment of diabetes-induced HF. Future research will
determine the precise cellular and molecular mecha-
nisms that drive increased fibroblast numbers and the
impact of this for development of diabetic cardiomyo-
pathy. Targeting the molecular pathways that drive these
non-myocyte cellular changes may offer new therapeutic
avenues to address the cardiac complications associated
with diabetes.
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Supplementary Table 1 — Physiological endpoint characteristics of STZ-HFD-induced murine diabetes

Parameters ND DM

n 7 19

Blood glucose (mmol/mol) 8.5+0.2 22.9+£0.5"""
HbA1lc (%) 3.840.2 6.940.5™
Body Weight (g) 33.340.9 33.320.9

Fat mass (g) 8.48+2.0 7.51£3.9
Lean mass (g) 26.7+1.9 26.7+£1.9
Glucose tolerance (AUC) 2396+163 4654128
Insulin tolerance (AUC) 471429 540480

Physiological parameters measured to assess the degree of diabetes-mellitus (DM) in STZ-HFD treated mice at
endpoint. Data presented as mean + SEM and analysed using an unpaired t-test. Statistical significance was
assumed at P <0.05, ** P < 0.01, ¥¥¥* P <(.0001. AUC = area under the curve, DM = diabetes mellitus.

Supplementary Table 2 — Endpoint M-Mode echocardiography for assessing cardiac systolic function in

murine diabetes

Parameters ND DM

n 7 19

Heart rate (bpm) 390+33 414+£16
AWd (mm) 0.7340.04 0.76+0.03
LVEDD (mm) 4.08+0.08 4.07£0.07
PWd (mm) 0.75+0.05 0.79+0.02
LVESD (mm) 2.8640.06 2.6+0.08
Fractional shortening (%) 29.8+1.35 36.1£1.47*

Data presented as mean + SEM and analysed using an unpaired t-test. Statistical significance was assumed at P
<0.05. AWd; anterior wall diastolic thickness, LVEDD; LV end diastolic dimension, PWd; posterior wall

diastolic thickness. DM = diabetes mellitus.

Supplementary Table 3 — Organ weights

Organ ND DM

n 7 19

Tibial length (mm) 18.1+0.1 18.1+0.1
Heart weight (mg) 130.2+£3.3 154.2+£9.0
Liver weight (g) 1.50.05 2.141.1%*
Spleen weight (mg) 99.5+3.6 121.748.5
Heart weight/tibial length 7.2+0.2 7.9+0.2
Liver weight/tibial length 84.7+2.7 107.743.8%*
Spleen weight/tibial length 5.5+0.2 7.240.5

Represents the raw organ weights and weights relative to tibia length. Data are presented as mean +

SEM and analysed by unpaired t-test. * P < 0.05.
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Supplementary Table 4 — Flow cytometry antibody panel utilised in whole blood from mice

Antibody Target/Dye Cat # Company Clone Staining pattern

DAPI D9542-5MG  Sigma-Aldrich N/A Dead cells

CD45R/B220 103241 BD Biosciences ~ RA3-6B2  B-cells

CD3e 11-0033-81  BD Biosciences 500A2 T-cells

Grl (Ly6G/Ly6C) 552093 BD Biosciences ~ RB6-8C5 ~ Monocytes & Neutrophils
CD115 135506 BD Biosciences ~ AFS98 Monocytes

CD4 116016 BD Biosciences RM4-4 CD4" T-cells

CDS8 126612 BD Biosciences YTS156.7.7 CD8* T-cells

CD45 557659 BD Biosciences 30-F11 Pan leukocytes

Lists the antibody cocktail utilised for whole blood flow cytometry. 7 antibodies and 1 dye (DAPI) were used in
this study to detect a range of leukocytes. Note: cell types in column 5 are the identifiable cells for the purpose
of this study and may not apply in different contexts. For more detailed information regarding flow cytometry
gating strategies and cellular identification, see Supplementary Figure 3.

Supplementary Table 5 — Flow cytometry antibody panel utilised in myocardium from mice

Antibody Target/Dye Cat # Company Clone  Staining pattern
CD31 740879 BD Biosciences 390 Endothelial cells
I-A/I-E (MHCII) 743876 BD Biosciences  2G9 B-cells, macrophages
CD11b 564443 BD Biosciences M1/70  Myeloid cells

CD64 (a & b alloantigens) 740622 BD Biosciences 37 Macrophages
CD146 (Mcam) 740827 BD Biosciences ME-9F1 Mural cells
eBioscience™ Calcein Blue AM Viability Dye  65-0855-39  Invitrogen N/A xﬁ?bdlcaﬂy active
Ly6C 128012 Biolegend HK14  Monocytes

CD539a 130-104-105 Miltenyi Biotec ~REA287 Schwann cells
Ly6G 127648 Biolegend 1A8 Granulocytes
NKI.1 108716 Biolegend PK136  Natural killer cells
CD39 143806 Biolegend Duha59  Smooth muscle cells
SYTOX™ Green Dead Cell Stain S$34860 Invitrogen N/A Dead cells

CDY90.2 105320 Invitrogen 30-H12  T-cells

CD45 557659 BD Biosciences  30-F11  Pan leukocytes

Lists the antibody cocktail utilised for flow cytometry of cardiac ventricles. 12 antibodies and 2 dyes (SYTOX
green and Calcein blue) were used in this study to detect an array of cardiac non-myocytes. Note: cell types in
column 5 are the identifiable cells for the purpose of this study and may not apply in different contexts. For
more detailed information regarding flow cytometry gating strategies and cellular identification, see

Supplementary Figure 2.
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Supplementary Figure 1: (A) Representative images of transmitral annular blood flow via Doppler
echocardiography. Quantified Doppler flow; (B) Anaesthetised heart rate (HR), (C) peak E-wave velocity, (D) A-
wave velocity (E) E:A ratio, (F) deceleration time (DT) and (G) isovolumic relaxation time (IVRT). (H) Shows
representative images for tissue Doppler echocardiography, quantified in figures I-L. (I) Peak e' velocity
(P=0.054), (J) peak a' velocity (P = 0.072), (K) ¢"a' ratio, (L) E:¢' ratio. ND = non-diabetic, DM = diabetes
mellitus. Data presented as mean + SEM and individual data points, and analysed using an unpaired t-test.
Statistical significance was assumed at P <0.05.
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Supplementary Figure 2: Flow cytometry gating strategies — Heart

A) Illustrates the gating strategies used for identification of cardiac non-myocyte cell populations. Single, intact
cells are first identified by the FSC-A/FSC-H gate. Next, cells are deemed ‘live and metabolically active’ by
gating all SYTOX Calcein' events as indicated. Live, metabolically active cells were then identified based on
their cell clustering to each respective antibody (listed on the x and y-axes). ECs = Endothelial cells, RMCs =
Resident mesenchymal cells, Leuks = Leukocytes, Undefined = Undefined cells, Macs = Macrophages, MHCIT"/
= MHCII""* macrophages, Fibros = Fibroblasts, Mural = Mural cells, SMCs = Smooth Muscle Cells, Schwann =
Schwann cells, FSC-A = forward scatter area, FSC-W = forward scatter width, FSC-H = forward scatter height.
B) Depicts the total number of live. metabolically active cells acquired per sample (from flow cytometry), split
by treatment (ND = non-diabetic, DM = diabetes mellitus. Data is presented as individual values. Each line
indicates the median. 7 = NS (Student’s unpaired #-test).
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Supplementary Figure 3 — Flow cytometry gating strategies - Blood

Ilustrates the gating strategies used for identification of circulating leukocyte populations. Single, intact cells are
first identified by the FSC-A/FSC-H gate. Live cells were identified as DAPI (4',6-diamidino-2-phenylindole),
after which cells are assigned as described in Supplementary Figure 2. FSC-A = forward scatter arca, FSC-W =
forward scatter width, FSC-H = forward scatter height.
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Supplementary Figure 4 —Flow cytometry gating strategies — Bone marrow

Tllustrates the gating strategics used for identification of bone marrow progenitors. Lin- = lincage negative,
HSPC = haematopoietic stem cell, LSK = lineage” cKit" cells, FSC-H = forward scatter height. Lineage cocktail
=CD3, CD19, CD2, B220, TER119, CD11b. Gr-1. CD8, CD4.
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Supplementary Figure 5 — Flow cytometry gating strategies — Spleen

Ilustrates the gating strategies used for identification of splenic monocytes. SSC-A = side scatter area.

Supplementary Figure 6 — Histological identification of resident mesenchymal cells

Representative micrograph of murine left-ventricle stained with PCM1 and GATA4 antibodies. counter-stained
with DAPI. Monochrome images (left) indicate the positive signals acquired for nuclei enumeration. Each
channel is then merged and displayed in colour (right).
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Supplementary Figure 7 — Histological identification of endothelial cells

Representative micrograph of murine left-ventricle stained with DACH1 and counter-stained with DAPIL.
Monochrome images (left) indicate the positive signals acquired for nuclei enumeration. Both channels are then
merged and displayed in colour (right).
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Supplementary Figure 8 — Chronic hyperglycaemia is evident in diabetic mice throughout study duration

Hyperglycaemia was first detected 2-weeks after the commencement of STZ-HFD administration. and remains
elevated until endpoint (measured fortnightly). Data is presented as mean = SEM., Statistical significance was
determined by a repeated measures ANOVA using a Tukey’s multiple comparison post-hoc test. **P < 0.01,
#HEP < 0,001, F#EEP < 0,0001,



Chapter 4
Exploring the progressive differences in cardiac cellular
composition in the db/db model of type-2 diabetes

4.1 Introduction

As discussed in the previous Chapter, type-2 diabetes (T2D) results in an increased risk of heart
failure (HF) hospitalisation and mortality [260,261], accompanied by a number of cardiac
morphological, cellular and molecular alterations [5,19,53,66]. Moreover, the development of T2D-
induced HF represents a chronic, progressive phenotype of pathological cardiac remodelling [262].
As discussed in Chapter 3, the contribution of cardiac hon-myocyte cells in the context of diabetes-
induced cardiac dysfunction in toto remains understudied. Numerous mouse models of diabetes-
induced HF exist, with many recapitulating the key characteristics of diabetes associated cardiac
dysfunction [53,55,263-265].

Our group have previously characterised the functional and morphological alterations [53], and the
non-myocyte cardiac cellular composition [5], in the STZ-HFD model of T2D, with diabetes
inducing a fibrogenic, pro-inflammatory cardiac environment. However, these mice did not gain
excessive weight - a common comorbidity of T2D. The leptin receptor deficient db/db mouse model
(B6.BKS[D]-Lepr®/J) is among the most commonly used rodent models that accurately
recapitulates the T2D phenotype. This mouse model displays overt obesity, hyperglycaemia,
hyperlipidaemia, hypercholesterolaemia and insulin resistance, all of which are relevant features of
clinical T2D [247,266,267]. Building on the findings from Chapter 3, | selected the clinically
relevant db/db mouse model of T2D to perform cardiac flow cytometry analogous to the STZ-HFD
model. In addition, given that cardiac remodelling in T2D is chronic and progressive, | conducted
a time-course study using cardiac flow cytometry, to assess the temporal cellular changes in this
context. To date, there have been no studies assessing the progressive cellular changes in the cardiac

cellular landscape in T2D-induced HF.

As such, three separate cohorts of male db/db mice and their heterozygote non-diabetic littermates
(db/h) were aged to 10, 17 and 24-weeks of age for analysis. These time-points were chosen based
on previous, unpublished preliminary work from our group, suggesting that commencement of
cardiac dysfunction in db/db mice occurs at approximately 17-weeks of age. Analogous to Chapter
3, cardiac and whole blood flow cytometry were performed in each of these cohorts to determine
the cellular shifts at different stages of T2D. Similarly to Chapter 3, a range of physiological tests
were performed, including echocardiography to determine the degree of cardiac dysfunction in
db/db mice. Importantly, detailed investigation of cardiac cellular heterogeneity in this context is

warranted for application of novel technologies such as single-cell transcriptomics (Chapter 5).
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4.2 Methodology

For a detailed description of this methodology, see Chapter 2, Section 2.7. All animal-related
experiments were approved by the Alfred Research Alliance (ARA) Animal Ethics Committee
(Ethics number: E/1880/2019/B) and were performed in accordance with the National Health and
Medical Research Council of Australia guidelines. Male db/db mice ([B6.BKS(D)-Lepr®/J], stock
#000697) [13] and their heterozygous non-diabetic littermates (db/h) were obtained from The
Jackson Laboratory (Bar Harbor ME, USA). Mice were underwent physiological assessment at each
time point (10, 17, 24-weeks of age), after which euthanasia was performed (as described in Chapter
2, Section 2.6) to allow for tissue preparation and cardiac flow cytometry (n = 8/group unless
otherwise stated). Due to diabetic complications, mortality was higher in the 24-week old db/db
cohort (with 2 premature db/db deaths), reducing the statistical power for some of our analyses.
Raw cardiac flow cytometry data was processed using FlowJo (v10.5.3), where conventional gating
strategies were performed as previously reported (Figure 4.1) [5,234,250]. Quantification of flow
cytometry data was analysed statistically and illustrated using GraphPad Prism (v8.1.2), from raw
flow cytometry data. To simplify visualisation of flow cytometry data, spanning-tree progression
analysis for density-normalized events (SPADE; Cytobank Premium®©, CA, USA) was conducted.
Live, metabolically active cells (SYTOX™ Green’, Calcein Blue®) acquired from cardiac flow
cytometry were merged into experimental groups (db/db, db/h) and uploaded to Cytobank for
SPADE analysis. Pertaining to SPADE analyses, between 100 — 200 target nodes were chosen and
the down-sampled events target was set at 50%. For more information regarding SPADE analysis,
see Chapter 2, Section 2.16 and Figure 2.3.
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Figure 4.1: Conventional gating strategies for identification of cardiac non-myocyte cells.
Single cells are first identified by the FSC-A/FSC-H gate. Next, cells are deemed ‘live and
metabolically active’ by gating all SYTOX-Calcein+ events as indicated. Live, metabolically active
cells were then identified based on their cell clustering to each respective antibody (listed on the x
and y-axes). ECs = Endothelial cells, RMCs = Resident mesenchymal cells, Leuks = Leukocytes,
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4.3 Results

4.3.1 The systemic characteristics of db/db mice recapitulate features of clinical T2D

Each cohort of male db/db and db/h mice were culled at each respective endpoint for further analysis
(Figure 4.2A). To confirm the T2D phenotype, a range of physiological tests were conducted upon
euthanasia. All db/db mice exhibited hyperglycaemia as shown by elevated of glycated
haemoglobin (% HbALc) at each time-point, relative to their db/h control counterparts (Figure 4.2B,
P < 0.001). In contrast to the model used in Chapter 3, db/db mice gained excessive weight at each
time-point relative to db/h mice (Figure 4.2C, P < 0.01). Moreover, db/db mice displayed increased
percentage fat mass (relative to total body weight) at each time-point, detected by EchoMRI body
composition analysis (Figure 4.2D, P <0.0001). Interestingly, lean mass (g) calculated by EchoMRI
analysis was significantly reduced in db/db mice relative to db/h mice, at each time-point (Figure
4.2E,P <0.01).

4.3.2 Cardiac dysfunction is evident in db/db mice in vivo

4.3.2.1 Pulsed-wave mitral Doppler echocardiography

Each mouse cohort also underwent echocardiography in vivo just prior to euthanasia, to assess the
degree of cardiac functional impairment in db/db mice, relative to db/h controls. Pulsed-wave
Doppler echocardiography was performed to determine mitral blood flow velocity in the early (E-
wave) and late (A-wave) phase of diastole (Figure 4.3A-F). Anaesthetised heart rate (HR) was not
different between experimental groups at any time-point (Figure 4.3A). Similarly, both the peak E-
wave and peak A-wave were unaltered between experimental cohorts at each time point (Figure
4.3B-C). Consequently, there was no difference in the E/A ratio between experimental groups at
any time-point (Figure 4.3D), contrary to findings from Chapter 3. Isovolumic relaxation time
(IVRT) was unaltered between db/db and db/h mice at each time-point (Figure 4.3E). While
deceleration time (DT) was also not different between experimental groups at 10-weeks and 17-
weeks of age, DT increased in 24-week old db/db mice relative to controls (Figure 4.3F, P < 0.05).
While unchanged at 10 and 24-weeks of age, the peak e’ velocity was significantly decreased at 17-
weeks of age in db/db mice (Figure 4.3G, P < 0.01). The peak a’ velocity was unchanged at all
time-points between experimental groups (Figure 4.3H). There were no statistically significant
differences in the e’/a’ ratio between experimental groups, despite a tendency for a reduced e’/a’
ratio at 17 and 24-weeks (Figure 4.3l, both P = 0.08). The E/e' ratio was unchanged in 10 and 24-
week old mice, however was significantly increased in db/db mice relative to db/h controls at 17
weeks of age (Figure 4.3J, P < 0.01).

4.3.2.2 M-mode echocardiography

In addition to mitral flow velocity, M-Mode echocardiogrpahy was performed to infer any
differences in ventricular wall thickness and chamber size between db/db and db/h mice. The
cardiac anterior wall diastolic dimension (AWd) was unchanged between experimental groups, at

every time-point (Figure 4.4A). The posterior wall diastolic dimension (PWd) was also not different
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between experimental groups, at each time-point (Figure 4.4B). LV end-diastolic dimension
(LVEDD) was significantly decreased at 17-weeks of age in db/db mice, but unaltered at 10 and
24-weeks of age between experimental groups (Figure 4.4C, P < 0.01). The LV end-systolic
dimension (LVESD) was significantly decreased in db/db mice at 10 and 17-weeks of age, but
unchanged at 24-weeks of age (Figure 4.4D, P < 0.01). Interestingly, percentage fractional
shortening (% FS) was significantly increased in db/db mice at 17 and 24-weeks of age (P < 0.05),
but unaltered in db/db mice at 10-weeks of age.
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Figure 4.2: Systemic characteristics of db/db mice recapitulate clinical characteristics of T2D
(A) Schematic illustrating the experimental outline of the study. (B) The percentage of glycated
haemoglobin (HbA1c) in T2D mice compared to ND mice at each time-point. (C) Body weight
(grams) of T2D mice relative to their ND counterparts at each time-point. (D) Percentage fat derived
from EchoMRI body composition analysis in T2D mice compared to ND mice. (E) Lean mass
(grams) of T2D mice relative to their ND counterparts. ND, = non-diabetic (db/h) T2D = type-2
diabetes (db/db). Data presented as mean + SEM and individual data points. Statistical significance
was achieved by an unpaired Student’s t-test at each age for each cohort. * P < 0.05, ** P < 0.01,
*** P <0.001, *** P <0.0001.
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Figure 4.3: Doppler transmitral annular valve and blood flow in db/h and db/db mice
Doppler flow echocardiography acquiring mitral blood flow yielded; (A) anaesthetised heart rate
(HR), (B) peak E-wave velocity (C) peak A-wave, (D) E/A ratio, (E) isovolumic relaxation time
(IVRT) and (F) deceleration time. Mitral valve velocity obtained from tissue Doppler
echocardiography generated; (G) the peak e’ (H) the peak a’ velocity, as well as the (I) e’/a’ ratio.
(J) E/e’ ratio. Measurement of echocardiography parameters is highlighted in Chapter 2, Section
2.15. ND, = non-diabetic (db/h) T2D = type-2 diabetes (db/db). Data presented as mean + SEM and
individual data points. Statistical significance was achieved by an unpaired Student’s t-test
comparing db/h vs. db/db at each time-point. * P < 0.05, ** P < 0.01.
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each time-point. * P < 0.05, ** P < 0.01. *** P <0.001, **** P <0.0001. ND = non-diabetic (db/h),

T2D = type-2 diabetes (db/db).
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4.3.3 Profiling the circulating leukocytes in db/h and db/db mice

Considering that T2D typically induces monocytosis and neutrophilia [113,114], | conducted flow
cytometry on whole blood to measure the proportions of disparate circulating immune cells. At the
10-week time-point, there were no major differences in any circulating myeloid (Figure 4.5A) or
lymphoid (Figure 4.5B) leukocytes between db/db or db/h mice. In 17-week old db/db mice
however, monocytes were significantly elevated relative to db/h controls (Figure 4.5C, P < 0.05),
which included both Ly6C" and Ly6C'" monocyte subtypes (Figure 4.5C, P < 0.05). Neutrophil
numbers were also significantly higher in db/db mice at this time-point relative to control mice
(Figure 4.5C, P < 0.05), whereas there were no statistical differences in any lymphoid leukocyte
cell type at this time-point (Figure 4.5D). At 24-weeks of age, there were no apparent alterations in
circulating leukocytes, despite myeloid cells trending upward (Figure 4.5D-E, P = NS). This could
be attributed, at least in part, to the lower animal numbers in the 24-week old db/db cohort (Section
4.2). In parallel, 1 next profiled the cardiac non-myocyte cellular landscape at each respective time-
point by cardiac flow cytometry, to determine the cardiac cellular response to such systemic

aberrances.
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Figure 4.4: Circulating leukocytes in whole blood in db/db and db/h mice at each time-point

(A) Circulating myeloid leukocytes and (B) lymphocytes in db/h and db/db mice at 10-weeks of
age (n = 8/group). (C) Circulating myeloid cells and (D) lymphocytes at 17-weeks of age in db/db
mice (n = 6) and db/h mice (n = 7). (E) Myeloid and (F) lymphoid leukocytes in db/db mice (n =
4) and db/h mice (n = 6). Data is presented as mean £ SEM and individual data points. Statistical
significance was achieved by an unpaired Student’s t-test comparing db/h vs. db/db at each time-

point. * P < 0.05, ** P < 0.01. ND = non-diabetic (db/h), T2D = type-2 diabetes (db/db).
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4.3.4 The cardiac cellular composition of 10-week old db/h and db/db mice

To assess the effect of T2D on the murine cardiac cellular landscape in 10-week old mice, cardiac
flow cytometry was performed on db/db and db/h mice, yielding viable non-myocyte cells. Live,
metabolically active cells were manually gated (illustrated in Figure 4.1) and quantified as
previously mentioned (Section 4.2). SPADE analysis of live, metabolically active cells was utilised
to visualise the key differences in the non-myocyte cellular landscape between db/db and db/h
control mice (Figure 4.6A). While vascular ECs (VECs) were unaltered, lymphatic ECs (LECs)
were significantly reduced in db/db mice, relative to db/h controls (Figure 4.6B, P < 0.001). In
contrast, endocardial cells were significantly elevated in the db/db myocardium at 10-weeks of age,
compared to db/h controls (Figure 4.6B, P < 0.05). Within the resident mesenchymal cell (RMC)
compartment, there were no major differences in cell proportions, with the exception of pericytes,
which were significantly reduced in db/db hearts (Figure 4.6C). Within the leukocyte compartment,
all leukocytes of the myeloid lineage were significantly reduced in the db/db myocardium, including
macrophages, granulocytes and monocytes (Figure 4.6D, P < 0.001). Cardiac lymphocytes,
however, were unaltered in the db/db heart (Figure 4.6D).

4.3.5 The cardiac cellular composition of 17-week old db/h and db/db mice

I next sought to determine the differences in cardiac cellularity in db/db relative to db/h mice at 17-
weeks of age, considering that this time-point exhibits the greatest degree of cardiac functional
impairment (as demonstrated in Figure 4.3-4.4). VEC, LEC, and endocardial cell levels did not
differ between experimental groups (Figure 4.7B). Within the RMC compartment, | noted a
significant increase in fibroblast and smooth muscle cell (SMC) numbers (Figure 4.7C, P < 0.05).
Moreover, consistent with findings from 10-week old mice, pericytes were significantly reduced in
db/db hearts (Figure 4.7C, P < 0.01). Of the cardiac leukocytes, resident macrophages were
modestly reduced (P = 0.06, Figure 4.7D), which was likely driven by the attenuation of MHCIIM
macrophages (P < 0.05, Figure 4.7D). Conversely, MHCII" macrophage numbers were
significantly augmented (P < 0.01, Figure 4.7D), possibly suggesting a switch in resident
macrophage phenotype. In addition, Ly6C" monocytes were significantly elevated in db/db hearts,
compared to their non-diabetic counterparts (Figure 4.7D, P < 0.05).
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Figure 4.6: The cardiac cellular landscape in 10-weeks old db/h and db/db mice

(A) Ratiometric SPADE dendrogram, reflecting differences in the non-myocyte cellular landscape at 10-weeks of T2D. Heat mapping indicates the fold
difference in db/db hearts relative to db/h hearts (100 target nodes, 50% down sampling). Manually gated and quantified data and are displayed in B, C and
D. (B) Cardiac endothelial cell (EC) subsets; vascular ECs (VECs) lymphatic ECs (LECs) and endocardial cells. (C) Resident mesenchymal cell (RMC)
subsets; including fibroblasts (Fibros.), mural cells (Mural), pericytes, Schwann cells and smooth muscle cells (SMCs). (D) Cardiac leukocytes including;
macrophages (Macs), MHCII""© macrophages, granulocytes (Gran.), B-cells, T-cells, NK-cells and Ly6C" monocytes (Ly6C"). Data is presented as mean
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Figure 4.7: The cardiac cellular landscape of db/db mice at 17-weeks of age

(A) Ratiometric SPADE dendrogram, reflecting differences in the non-myocyte cellular landscape at 17-weeks of T2D. Heat mapping indicates the fold
difference in db/db hearts relative to db/h hearts (200 target nodes, 50% down sampling). Proportions of viable cells were manually gated and quantified
and are displayed in B,C,D. (B) Cardiac ECs, including; vascular ECs (VECs) lymphatic ECs (LECs) and endocardial cells (Endo.). (C) Resident
mesenchymal cells (RMCs); including fibroblasts (Fibros.), mural cells (Mural), pericytes, Schwann cells and smooth muscle cells (SMCs). (D) Cardiac
leukocytes including; macrophages (Macs), MHCII""° macrophages (MHCI1"), granulocytes (Gran.), B-cells, T-cells, NK cells and Ly6C" monocytes
(Ly6C™). Data is presented as mean + SEM and individual data points. Statistical significance was achieved by an unpaired Student’s t-test comparing db/h

vs. db/db. * P < 0.05, ** P < 0.01. ND = non-diabetic (db/h); n =7, T2D = type-2 diabetes (db/db); n =7
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4.3.6 The cardiac cellular composition of 24-week old db/h and db/db mice

Given the distinct alterations in cardiac cellularity in db/db mice at 17-weeks of age, | again
performed cardiac flow cytometry, in 24-week old db/db mice and their db/h controls, to observe
the extent of the cellular changes with chronic diabetes. EC subset levels did not differ between
experimental groups (Figure 4.8B). Similarly, within the RMC niche, | noted no statistically
significant differences between experimental groups, despite a minor increase in Schwann cell
levels with diabetes (Figure 4.8C, P = 0.054). Finally, of cardiac leukocytes, Ly6C" monocytes
were significantly reduced in the db/db myocardium (Figure 4.8D, P < 0.05). There were no other
differences detected in other leukocyte subtypes (Figure 4.8D). These data were interesting, as |
expected more robust differences in cardiac cellularity, considering their age and cardiac
dysfunction. Indeed, this cohort of db/db mice had a smaller sample size due to increased mortality,
which reduced the statistical power of the data. Furthermore, | postulate that most cellular changes
may have occurred prior to this time-point, and that the cardiac dysfunction is likely attributed to

perturbed cardiomyocyte function.
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Figure 4.8: The cardiac cellular landscape of db/db mice at 24-weeks of age

(A) Ratiometric SPADE dendrogram, reflecting differences in the non-myocyte cellular landscape at 24-weeks of T2D. Heat mapping indicates the fold
difference in db/db hearts relative to db/h hearts (100 target nodes, 50% down sampling). Proportions of viable cells were manually gated and quantified
and are displayed in B,C,D. (B) Comprises cardiac ECs including, vascular ECs (VECs) lymphatic ECs (LECs) and endocardial cells (Endo.). (C) Resident
mesenchymal cells (RMCs), including fibroblasts (Fibros.), mural cells (Mural), pericytes, Schwann cells and smooth muscle cells (SMCs). (D) Cardiac
leukocytes including; macrophages (Macs), MHCII""° macrophages (MHCI1"/), granulocytes (Gran.), B-cells, T-cells, NK cells and Ly6C" monocytes
(Ly6C™). Data is presented as mean = SEM and individual data points. Statistical significance was achieved by an unpaired Student’s t-test comparing db/h
vs. db/db at each time-point. * P < 0.05, ND = non-diabetic (db/h); n =8, T2D = type-2 diabetes (db/db); n = 6.
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4.4 Discussion

While T2D and HF are strongly associated, the mechanisms driving cardiac dysfunction are still
unclear. The diabetic heart phenotype has been characterised by augmented fibrosis, cardiomyocyte
apoptosis and hypertrophy, as well as oxidative stress and inflammation [262]. In this thesis, | have
also reported alterations in the non-myocyte cellular landscape in an alternate model of T2D-
induced HF (Chapter 3), underscoring the importance of fibroblast expansion and systemic
monocytosis in this context [5]. However, the temporal alterations in cardiac cellularity are yet to
be described in murine T2D. Using the genetically-modified db/db mouse model of T2D [247], |
highlight a number of non-myocyte cellular changes at each time-point analysed. Furthermore, |
note 17-week old db/db mice exhibit similar non-myocyte cellular changes relative to the STZ-HFD
model (Chapter 3), which were also accompanied by cardiac dysfunction. I reveal that 10-week old
db/db hearts primarily undergo loss of cardiac myeloid leukocytes, accompanied by vascular
remodelling. In addition, in 17-week old db/db mice | observed increased fibroblast and Ly6C"
monocyte levels, also accompanied by similar differences in vascular cells. Surprisingly, there were
no major cardiac non-myocyte cellular differences at 24-weeks of age, with the exception of a
reduction in Ly6C" monocytes. Importantly, alterations in the cardiac non-myocyte cellular
landscape are age-dependent and influenced by the array of circulating stressors that comprise T2D.

4.4.1 Systemic characteristics in male db/db mice recapitulate clinical features of T2D

Male db/db mice recapitulate key features of human T2D, corroborating the validity of this model
to study T2D [247,263]. Indeed, all db/db mice in this study exhibited chronic hyperglycaemia
indicated by significantly augmented HbAlc levels [268]. Distinct from the mouse model in
Chapter 3, body weight was significantly elevated in db/db mice, accompanied by a marked increase
in percentage fat mass and attenuated lean mass relative to body weight. This was unsurprising,
although important — considering a major comorbidity of T2D is obesity, which in turn is associated

with insulin resistance [43].

Moreover, both HF and obesity are associated with chronic, systemic inflammation [269]. In this
study, db/db mice displayed significant monocytosis and neutrophilia at 17-weeks of age, despite
no indication of this in db/db mice at 10 or 24-weeks of age. Inflammation is a known contributor
of HF in humans, as highlighted in the CANTOS trial, demonstrating that pharmacological
inhibition of IL-1f prevents hospitalisation for HF [270]. Moreover, clinical T2D is also associated
with low-grade systemic inflammation, characterised by elevated circulating pro-inflammatory
cytokine levels [271,272]. This is also consistent with murine models of T1D, obesity and T2D,
which display systemic monocytosis and neutrophilia, driven by haematopoiesis [5,113,273].
Consistent with previous clinical and pre-clinical studies, | implicate systemic inflammation as a

likely driver of impaired cardiac function in murine T2D.
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4.4.2 Cardiac dysfunction is most evident in 17-week old db/db mice

A key characteristic of T2D-induced HF is diastolic dysfunction, which was only evident in 17-
week old db/db mice. These mice display a cardiac phenotype similar to clinical cardiomyopathy
in patients with obesity and T2D [274,275], indicated by impaired cardiac filling capacity in
diastole. Insights from echocardiography studies in patients with diabetes document left-ventricular
(LV) diastolic dysfunction, inferred by reduced E/A and e’/a’ ratios as well as an augmented E/e’
ratio [276,277]. Other important measurements of impaired transmitral LV filling in diabetes
include prolonged DT and IVRT [277] (Chapter 1, Section 1.2.1), although these were not altered

in the present study, except for an increase in DT in 24-week old db/db mice.

Similar degrees of cardiac dysfunction have been documented in other animal models of diabetes.
STZ-induced T1D mice typically display reduced E/A and e’/a’ ratios accompanied by prolonged
DT and IVRT [264,278]. The combination of STZ and high-fat diet (HFD) in mice also induces
similar patterns of cardiac dysfunction, as described in Chapter 3 and previously reported [53].
While cardiac dysfunction in db/db mice has been reported, echocardiographic parameters in these
studies are variable. Conventional echocardiographic analysis of db/db mice at 12, 24 and 30-weeks
of age all display a reduced E/A ratio, with no alterations in DT, IVRT, nor any systolic parameters
[279]. In contrast, a more recent study reported no difference in E/A ratios in 8-week and 24-week
old db/db mice, but display a reduced e’/a’ ratio and an increased E/e’ ratio at 24-weeks of age
[263]. While reports regarding cardiac dysfunction in db/db mice are variable, here, | note increased
LV filling pressure in 17-week old db/db mice inferred from an elevated E/e’ ratio, which is the
preferred echocardiographic parameter for determining diastolic dysfunction [280]. No other time-

point displayed any detectable degree of cardiac dysfunction.

M-mode echocardiography of LV diastolic and systolic chamber size and wall thickness also
indicated reduced LVEDD and LVESD measurements, accompanied by an increase in % FS in 10
and 17-week old db/db mice. These reductions in LV end systolic and diastolic diameters in db/db
mice, accompanied by increased fractional shortening are characteristic of concentric cardiac
hypertrophy. Concentric cardiac hypertrophy is typically induced by hypertension [281], which is
also an established characteristic of the db/db mouse [56,263]. This is important considering
perturbed LV filling pressure in diabetes is not usually isolated and can occur concomitantly with
variable degrees of systolic dysfunction [274]. This may suggest that male db/db mice initially
undergo a compensatory increase in cardiac contractility in the face of impaired diastole, prior to

development of overt HF.

Collectively, 1 demonstrate that 17-week old db/db mice exhibit the greatest degree of cardiac
dysfunction in this study, suggesting that this is the optimal time-point to investigate cardiac
remodelling in this model. Moreover, | postulate that db/db mice at this time-point exhibit early-

onset diastolic dysfunction with concomitant HFpEF, which was inferred by an increase in
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fractional shortening. It is however, important to note that cellular and molecular changes in the

diabetic myocardium are likely to precede cardiac morphological and functional changes.

4.4.3 The differences in cardiac cellularity in db/h and db/db mice are age-dependent

Considering parallel investigation of non-myocyte cells is understudied in the diabetic heart, cardiac
flow cytometry was performed at the three different time-points (10, 17 and 24 weeks of age) to
determine the progressive differences in cardiac cellularity that may contribute to cardiac
dysfunction in this context. Cell-specific analyses in the context of diabetes have traditionally
focused on cardiomyocyte, EC and fibroblast signalling and function in vitro (discussed in Section
4.1). In our previous publication, we note an increase in fibroblast and Ly6C" monocyte levels,
accompanied by a decrease in SMCs in the STZ-HFD model of diabetic cardiomyopathy [5]. Here,
I observed a number of consistent cellular alterations in the db/db myocardium at 17-weeks of age,
namely an increase in fibroblasts and Ly6C" monocytes. We also observed a number of unique
cellular changes in the db/db heart at this time-point, characterised by decreased pericytes and
MHCII" macrophage levels, and elevated SMCs and MHCII'" macrophages. Importantly, these
alterations occurring at 17-weeks of T2D exist in the presence of cardiac dysfunction, which is
comparable to Chapter 3. However, it is also vital to consider the alterations that may occur before

the onset of cardiac dysfunction.

Within the cohort of 10-week old db/db mice, | observed cellular changes associated with lymphatic
dysfunction. Indeed, LECs decrease in proportion in the db/db myocardium at this time-point.
Impaired lymphatic function is a common feature of metabolic diseases, such as T2D [282,283].
Lymphatic vessel barrier permeability is compromised in 20-week old db/db mice in vivo,
accompanied by attenuated nitric oxide (NO) signalling [284] — an established abnormality in the
diabetic heart [66]. Consistently, mice fed a HFD also display lymphatic leakiness, accompanied
by reduced lymphatic vessel density in vivo [285]. In contrast, patients with T2D display enhanced
lymphatic vessel density in the dermis dictated by LEC proliferation, suggesting lymphangiogenesis
[286]. While the literature pertaining to LECs is mixed, reduced levels of LECs at 10-weeks of

db/db-induced T2D may suggest commencement of cardiac lymphatic dysfunction.

I also noted an increase in endocardial cells in db/db mice at 10-weeks of age, which could be
induced by a number of factors. Endocardial cells form the innermost layers of the heart chamber
wall and contribute to a vast array of physiological functions. Moreover, endocardial cells display
distinct heterogeneity and are capable of differentiating into a vast array of cardiac cells during
development and possibly in disease [287,288]. Initial histological analysis of diabetic hamster
hearts suggested that endocardial cells undergo a series of cellular morphological changes, with
evidence of endoplasmic reticulum dysfunction and sub-endocardial expansion [289]. Endocardial
cell shape and arrangement is also impaired in the face of haemodynamic abnormalities such as
shear stress [290]. Moreover, mounting evidence suggests that endocardial cells undergo cellular

trans-differentiation into mesenchymal cells in response to certain stimuli, such as hyperglycaemia
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and TGF-p signalling [287]. Hence, endocardial trans-differentiation could explain the increase in
RMC levels in both STZ-HFD and db/db-induced cardiomyopathy, although is yet to be
comprehensively elucidated in the diabetic heart.

Perhaps the most surprising finding in 10-week old db/db hearts was a significant reduction in
cardiac myeloid, but not lymphoid leukocytes. In contrast, CV and metabolic disease typically
display increased leukocyte levels, which generally originate from within the bone marrow prior to
release into the circulation [291] (Chapter 1, Section 1.3). Cardiac myeloid leukocytes are the
primary interstitial non-myocyte cells responsible for undergoing phagocytosis and clearing excess
debris within a given tissue [292]. There are no studies to date that report loss of cardiac myeloid
leukocytes; however, there are concurrent variables to consider in the db/db heart. First, do/db mice
generally exhibit cardiomyocyte hypertrophy [19,263], which could in turn reduce the proportion
of leukocytes by reducing the interstitial area in which they reside. In addition, db/db mice
consistently display elevated circulating lipids and cholesterol, in addition to hyperglycaemia [247].
Given the severely obese phenotype of db/db mice, myeloid leukocyte loss in this context could be
explained by the accumulation of lipid-laden macrophages, which are commonly described in
atherosclerosis [135]. However, hyperglycaemia alone tends to provoke a pro-inflammatory
response by macrophages, promoting pro-inflammatory cytokine release and leukocyte chemotaxis
[293,294]. This finding was unexpected and has not been previously reported, making interpretation
difficult. However, future work should consider myeloid leukocyte dynamics in diabetic heart
disease, using techniques such as lineage tracing (further elaborated in Chapter 7) to empirically

determine the cogency of this paradigm.

In addition to myeloid cell loss, cardiac pericytes were attenuated in both 10-week and 17-week old
db/db mice, suggesting pericyte dysfunction and possible death. Pericytes are a ubiquitous vessel-
associated mural cell subset responsible for maintaining vascular integrity by supporting EC and
SMC function [295]. Impaired pericyte function is associated with the pathogenesis of
microvascular disease including retinopathy, nephropathy, neuropathy and peripheral artery disease
in patients with T2D [296,297]. Pericyte loss is most widely characterised in diabetic retinopathy
and is associated with local vascular dysfunction [298]. In the early stages of human diabetic
retinopathy, hyperglycaemia perturbs pericyte function, induced by inflammation, ROS generation
and apoptosis [299,300]. Pericyte apoptosis in diabetic patients is correlated with augmented
mitogen-activated protein kinase (MAPK) and protein kinase C (PKC) signalling [301]. As vascular
dysfunction progresses in the diabetic retina, hypoxia induces vasculogenesis and
neovascularisation as an endogenous compensatory mechanism to improve blood flow [299-302].
Similar reports have been documented in other diabetic complications including nephropathy and
neuropathy, which are associated with similar mechanisms [297]. More recent histological
examination of human diabetic myocardial explants report pericyte loss, coinciding with impaired

contractility of myocardial biopsies ex vivo [303]. While the literature pertaining to cardiac
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pericytes in diabetes is limited, loss of myocardial pericytes may allude to cardiac vascular

remodelling in diabetic heart.

Corroborating this, | also observed increased proportions of SMCs in 17-week old db/db mice. This
is contrary to our findings from the previous Chapter. As discussed in Chapter 3, the literature
pertaining to SMC behaviour in diabetes-induced HF is unclear. Hyperglycaemia alone inhibits the
initiation of SMC apoptosis via PKC and B-cell lymphoma 2 (Bcl-2) signalling [304-306].
However, in rodent models of hypercholesterolaemia and atherosclerosis, SMCs undergo apoptosis
and dysregulated proliferation, accompanied by increased leukocyte chemotaxis [307,308].
Because T2D induces both hyperglycaemia and hypercholesterolaemia, the precise role and
contribution of each comorbidity on SMC function is yet to be distinguished.

Consistent with the previous Chapter, 17-week old db/db mice had elevated cardiac fibroblast and
Ly6C" monocyte numbers. Fibroblast expansion is generally indicative of cardiac fibrosis, which
is consistent with the commencement of cardiac dysfunction at this time-point. Fibroblast
accumulation is often indicative of fibrogenesis and ECM remodelling [309], with different cardiac
stressors resulting in disparate types of cardiac fibrosis [76]. For example, cardiac fibroblasts in
murine myocardial infarction (MI) rapidly differentiate into myofibroblasts [233,245], resulting in
replacement fibrosis and scar formation [76]. In contrast, angiotensin Il-induced HF in mice is
associated with diffuse fibrosis within the interstitial and perivascular spaces, dictated by
augmented novel fibroblast levels [234]. While fibroblast heterogeneity and function is yet to be
assessed in T2D in vivo, diabetes-induced cardiac fibrosis is typically interstitial and perivascular,
representing cardiac remodelling similar to angiotensin Il-induced HF. Analogous to Chapter 3,
increased monocyte levels in the diabetic heart were accompanied by systemic monocytosis,
exclusively in 17-week old db/db mice. While | was unable to determine the source of monocytosis
in this study, a recent report has confirmed that monocytosis in db/db mice originates from enhanced
haematopoiesis and splenic myelopoiesis prior to mobilisation of monocytes into the circulation
[310]. These results underscore the importance of leukocyte dysregulation and systemic

inflammation in diabetes-induced HF, as an additional consideration for future research in this field.

The resident cardiac macrophage phenotype in the myocardium of 17-week old db/db mice was
also altered, characterised by a reduction in MHCII" macrophages, and an increase in MHCII'"
macrophages. Considering the plasticity of resident macrophages [188] and the presence of
systemic monocytosis and inflammation, | postulate that local cardiac macrophages are actively
changing their phenotype in response to the inflammatory environment, providing a basis for future
studies to interrogate. In contrast, reports pertaining to the diabetic heart implicate macrophages in
pathogenic cardiac inflammation, suggesting that macrophages stimulate the release of pro-
inflammatory cytokines and chemokines [179,278,311,312]. Certainly, in the context of acute CV
stress such as MI, cardiac macrophages enhance chemotaxis and induce inflammation [233,245].

However, cardiac macrophages can also play cardioprotective roles in homeostasis and disease by
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various means, including the release of key trophic factors, such as interleukin 34 (IL34) and colony
stimulating factor 1 (CSF1) [161,164,187,225,313]. Hence, it remains to be definitively determined
if macrophages play a protective, or pathogenic role in the diabetic heart.

Surprisingly, there were no cardiac non-myocyte cellular alterations in 24-week old db/db mice
relative to db/h controls, with the exception of reduced myocardial monocytes. Given the cellular
changes observed at 17-weeks of age, | anticipated that db/db mice would exhibit an exaggerated
pathogenic cellular response relative to 17-week old mice. Furthermore, 24-week old db/db mice
still display some characteristics of cardiac dysfunction, despite the lack of cellular changes. It could
be postulated that all non-myocyte cellular alterations have ceased, and cardiomyocyte dysfunction
is the primary driver of their impaired cardiac function. However, this set of data is difficult to
interpret, given their higher mortality rate at 24-weeks of age, which may compromise the statistical
power of this cohort.

4.4.4 Study Limitations

While this study provides novel insights into the development of T2D-induced HF, a number of
limitations are notable. First, the 24-week mouse cohort was likely subject to survival bias. Of the
24-week old db/db mice, we incurred two deaths due to severe diabetic complications. This, at least
in part, could explain the lack of difference in the measured parameters in db/db mice of this age.

Second, it is important to consider the confounding effect of global leptin receptor truncation in the
development and pathogenesis of HF in db/db mice. A number of studies suggest that leptin
signalling is essential for cardiomyocyte function. Disruption of leptin signalling is sufficient to
induce cardiac hypertrophy in mice independent of body weight, suggesting leptin or its
components have a direct anti-hypertrophic effect [314]. Moreover, cardiomyocyte-specific leptin
receptor depletion worsens myocyte hypertrophy, contractile function and survival, while leptin

repletion reverses these effects [315].

Third, I did not measure the degree of insulin resistance of db/db mice in this study. It is however,
well established that insulin resistance is evident in db/db mice [247,267,316]. While no assays
relevant to insulin resistance were conducted in this cohort of mice, there is transcriptomic evidence

implicating insulin resistance in 17-week old db/db mice (further discussed in Chapter 5).

Fourth, as aforementioned, systolic function appeared to be greater in db/db mice relative to db/h
mice, determined by echocardiography analysis. However, as discussed (Chapter 1, Section 1.2),
numerous echocardiography parameters are load-dependent. Indeed, db/db mice tend to display an
augmented end-diastolic pressure volume relationship (EDPVR) [317], suggesting that readings
from db/db mouse echocardiograms may be confounded by myocardial preload. This may also
explain why a clear process of functional pathogenesis was not clearly identified. Nevertheless, this
limitation poses an important future direction for future work using these technologies, to more

accurately assess cardiac dysfunction in murine T2D (further discussed in Section 4.4.5).
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Fifth, 1 also acknowledge that the sole use of male mice in this study, as well as the lack of
cardiomyocyte analysis are significant limitations, consistent with our limitations in Chapter 3.
Cardiac pathology is sex-specific in mice and humans [229,250,263,318]. As such, future work
should incorporate female mice to decipher any apparent sexual dimorphisms in the context of
diabetic HF. In addition, exclusion of myocytes from analysis in Chapter 3 and 4 was unavoidable,
as the cytometric approaches utilised preclude larger cells from analysis. This limitation applies to
most high-throughput single-cell technologies, due to their reliance on microfluidic systems that
are often too small in diameter to fit larger, potentially hypertrophic cells. Importantly, the focus of
these studies was to characterise the non-myocyte differences, as there are numerous studies

characterising cardiomyocyte abnormalities (Chapter 1, Section 1.2.2, 1.2.3).

Lastly, while outside the scope of this dissertation, it is important to consider the role of other
systemic organs in the pathogenesis of heart disease elicited from T2D. Indeed, diabetes is the
leading cause of renal failure, which can have a number of off-target effects, on multiple organ
systems [319]. Specifically, the kidney releases a myriad of molecular mediators in the face of
hyperglycaemia, including hormones and cytokines, leading to vascular and cardiac dysfunction
[320,321]. Moreover, haemodynamic perturbations resulting from global renal damage further
exacerbate cardiovascular damage [322]. While | did not investigate diabetes-associated renal
aberrances in this thesis, investigation of the cardio-renal axis using these methodologies poses an

exciting future direction.

4.4.5 Future considerations studying mouse models of diabetic heart disease

While db/db mice displayed cardiac dysfunction most prominently at 17-weeks of age, it is
important to discuss the suitability of each model used in this thesis, for studying diabetic heart
disease. Of note, STZ-HFD treated mice (Chapter 3) appeared to exhibit more pronounced diastolic
dysfunction relative to db/db mice, with perturbations in peak A wave velocity, E/A, e’/a’ ratios. In
contrast, db/db mice (at any age) did not display overt alterations in mitral flow velocity, although
17-week old db/db mice displayed reduced passive ventricular filling (peak ¢’ wave). The reduction
in passive ventricular filling in this cohort of db/db mice was also accompanied by an augmented
ratio of passive LV filling relative to myocardial relaxation — the preferred load-independent
measure of diastolic dysfunction [33]. While STZ-HFD mice tend to display more conspicuous
diastolic dysfunction, these parameters may be confounded by myocardial load, which should be
hemodynamically assessed in future studies. Interestingly, both murine models of T2D showed
enhanced systolic function. Both STZ and HFD treatment alone can display altered LV
haemodynamic measurements in mice, including increases in EDVPR and Tau [323,324], which
are associated with increased LV pressure and artefactual increases in fractional shortening [325].
The same has been observed in db/db mice, whereby end-diastolic pressure is increased and arterial
elastance is reduced [326], signifying augmented preload and attenuated afterload, respectively

[325]. Therefore, 17-week old db/db mice are the recommended model for studying the emergence
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of diastolic dysfunction in murine T2D, given the load-independent detection of diastolic
dysfunction at 17-weeks of age. It is thus critically important that future work examining cardiac
function in T2D mice considers the haemodynamic aberrances in these models, to more accurately
assess the degree of cardiac functional impairment.

4.4.6 Additional strategies to address the mechanisms dictating altered cardiac cellularity

The common cardiac cellular alterations in both STZ-HFD and db/db mice primarily involve
increased fibroblast and monocyte levels, which warrant further robust, cell-specific analyses to
specifically address the mechanisms inducing these changes. For instance, introducing fibrogenic
stimuli to isolated cultures of cardiac fibroblasts harvested from diabetic mice is an informative
approach to determine the basic mechanisms that may induce fibroblast expansion. This has been
performed in db/db mice, whereby fibroblast stimulation with TGF-f3 does not elicit fibroblast
differentiation, but rather is associated with development of matricellular-like cells [263]. While
TGF-B is inhibited by cartilage intermediate layer protein (CILP), acting as a negative feedback
loop [327], Cilp has been associated with the development of chronic cardiac fibrosis [234]. Thus,
it would be interesting to investigate the dual role of TGF-p and CILP in vitro to determine if this
feedback loop is governing the expansion of cardiac fibroblasts in the diabetic heart. Similarly, in
vivo approaches using fibroblast-specific transgenic mice, such as the PDGFRa®™ mouse line
[328], would be a useful tool for tracking fibroblast fate, activation and dynamics of expanding
cardiac fibroblasts over time in mice with diabetes. Specifically, tissue-specific Cre-lox conditional
knock-down of fibrogenic genes such as Cilp or Tgfp! are viable options for interrogating the
mechanisms inducing fibroblast hyperplasia in diabetic mice. The same can be described for

monocytes and macrophages, which is further discussed in Section 5.4.8.

In addition, while this study design yielded insights into the temporal pathogenesis of cardiac
dysfunction in T2D, each time-point was comprised of a different cohort of animals, providing
difficulty assessing time as a variable. If performing additional time-course experiments, future
studies are encouraged to adopt a ‘paired’ experimental approach, whereby the same mice are
followed-up over a given time period using non-invasive assessments. For example, by performing
a prospective cardiac MRI study, temporal perturbations in matched cohorts of mice would provide
more robust insights relating to cardiac dysfunction in this context. Further, it would also be
pertinent to investigate cardiac fibrosis levels via basic histology—such as Masson’s Trichrome—
to determine when fibrosis contributes to functional impairments in this context. Although it is also
worth noting that these studies present with their own limitations, primarily relating to premature
euthanasia. Notwithstanding, use of cell-specific experimental techniques and improvement of
experimental design to consider temporal changes will further aid in determining the mechanisms

dictating cellular composition changes identified in this thesis.
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4.5 Conclusions

Taken together, this study highlights the age-dependent, cellular changes that contribute to cardiac
dysfunction in the db/db mouse model of T2D. Early cellular changes in the db/db heart are dictated
by significant reductions in LECs, pericytes, and all cardiac myeloid cells, accompanied by an
increase in endocardial cells. In 17-week old db/db mice, fibroblasts, SMCs and Ly6C" monocytes
are augmented, while pericytes remain reduced relative to db/h control mice. Moreover,
macrophage polarisation is altered in the db/db myocardium, with attenuated levels of MHCIIM
macrophages and elevated MHCII" macrophages. There were no major differences in cardiac
cellularity in db/db mice at 24-weeks of age. Importantly, 17-week old db/db mice exhibit consistent
cellular differences in accompanied by cardiac dysfunction, relative to the STZ-HFD mouse model
used in the previous Chapter. This study encourages future research to consider cardiac cellular
composition in diabetes-induced HF, particularly when applying other single-cell technologies such

as single-cell RNA sequencing.
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Chapter 5

Single-cell transcriptomic analysis of the T2D mouse heart

5.1 Introduction

Considering that the diabetic heart undergoes numerous non-myocyte cellular changes, | next
sought to investigate any transcriptomic alterations within individual non-myocytes, which may be
driving the observed cellular changes. To achieve this, | performed cardiac single-cell RNA
sequencing (scRNAseq) in a separate, age-matched cohort, of db/db mice and their db/h littermates.
Single-cell transcriptomics allows for inference of cellular diversity and phenotypic states in tissue
systems, by examining an array of individual cell transcriptomes. High-throughput scRNAseq of
multiple cells is typically achieved by ‘droplet-based’ sequencing [329], whereby cells within a
single-cell suspension are encapsulated in reagent filled oil droplets. This yields isolated, cell-

specific cDNA, which is subsequently amplified and sequenced prior to in silico data analysis [222].

In recent years, sSCRNAseq has provided unprecedented detail regarding the phenotypes and
circuitry of disparate cardiac cell types. For example, recent studies have identified novel players
in cardiac fibrosis and ECM maintenance [76]. In acute cardiac injury (MI), emergence of
protagonists such as macrophages and myofibroblasts dictate the initiation and progression of
cardiac remodelling [233,245]. However, in chronic Angll-induced HF, cardiac scRNAseq revealed
that fibrosis induction is not facilitated by myofibroblasts, but rather induced by other novel
fibrogenic fibroblasts, such as ‘Fibroblast-Cilp” and ‘Fibroblast-Thbs4’ [234]. Moreover, a recent
study also highlighted the importance of transcriptional regulator ‘MEOXI1"’ in activated cardiac
fibroblasts in MI, suggesting it alters fibroblast plasticity by acting as a ‘switch’ initiating the
expression of fibrogenic genes [330]. Similar methodologies have been applied to healthy human
donor hearts [331,332], providing useful insights into cellular and molecular dynamics relative to
findings from various rodent models in both health and disease [225,233,234,245]. However,
scRNAseq technology is yet to be applied to study the impact of diabetes on the heart, providing a
distinct gap in our knowledge regarding the molecular underpinnings that govern cardiac

dysfunction in this context.

To address this, ScCRNAseq was performed on db/db and db/h mouse hearts at 17-weeks-of-age, to
develop a comprehensive cardiac cellular atlas in experimental T2D associated with the appropriate
degree of cardiac dysfunction (Chapter 4, Figure 4.2-3). In this Chapter, | identify a concerted
diabetes-induced response for cardiac remodelling and infer possible mechanisms for the cellular
changes described in Chapter 4. Activation of unexpected gene expression programs, as well as
those corresponding to well-established pathways associated with the phenotype of the diabetic
heart, were identified. | also observed cellular changes in the db/db heart that corroborate the
cytometric findings from the Chapter 3 and 4. Moreover, | incorporate our current dataset with two,

publicly available bulk RNA sequencing datasets to determine common molecular pathways in the
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diabetic heart. These findings provide a robust framework for future studies to consider, and may
aid in identifying new therapeutic avenues to address the cardiac complications associated with

diabetes.

5.2 Research Design and Methods

For a detailed description of this methodology, see Section 2.9 and 2.10 within Chapter 2 of this
thesis. All animal-related experiments were approved by the Alfred Research Alliance (ARA)
Animal Ethics Committee (Ethics number: E/1880/2019/B) and were performed in accordance with
the National Health and Medical Research Council of Australia (NH&MRC) guidelines. Male
db/db mice ([B6.BKS(D)-Lepr<®>/J], stock #000697) [247] and their heterozygous non-diabetic
controls (db/h) were obtained from The Jackson Laboratory (Bar Harbor ME, USA). Mice were
monitored until 17-weeks of age, after which euthanasia was performed (as described; Chapter 2,
Section 2.9) to allow for tissue preparation and sScRNAseq (n = 4/group). In this project, utility of 4
animals per group was deemed sufficient to regress out the effects of statistical outliers, based on
previous studies [225,234]. One mouse was excluded from analysis when performing tissue
preparation for scRNAseq, due to insufficient perfusion and digestion. As such, the updated n values
for this Aim were, db/h = 3, db/db = 4. Single-cell suspensions of non-myocyte cells were pooled
together by genotype. Cells were then manually counted using a haemocytometer (as described in
Chapter 2) and subsequently underwent library preparation as performed previously [234]. For
information pertaining to in silico analyses, see Chapter 2, Section 2.10. Regarding dataset
integration analysis (Chapter 2, Section 2.10.4), external datasets were obtained from the Gene
Expression Omnibus (GEO) repository (‘Akita’ dataset identifier: GSE66577. Bulk RNAseq db/db
dataset identifier: GSE36875).

5.3 Results

5.3.1 Single-cell transcriptomic profiling reveals extensive heterogeneity of non-myocytes

To examine the cell-specific, transcriptomic changes that occur in the diabetic heart, SCcRNAseq
was performed on db/h and db/db mouse hearts to develop a comprehensive atlas of the cardiac
cellulome. Cardiac non-myocyte sSCRNAseq and histology was conducted in db/db and db/h mice
at 17-weeks of age, in parallel with the cohort from the previous Chapter. Bioinformatic analysis of
raw scRNAseq data revealed a distinct array of non-myocyte cell types in both db/db and db/h mice
(9,316 individual cells Figure 5.1B). Cell types were annotated by querying typical cellular marker
genes and by considering the top-5 most distinct genes in each cell cluster (Figure 5.1C, Chapter 2
Section 2.10). The non-myocyte cells within the dataset were then systematically identified by
guerying gene expression for fibroblasts (Pdgfra, Collal), pericytes (Vin, Kcnj8), endothelial cells
(ECs; Peacaml, Ly6cl1), smooth muscle cells (SMCs; Myhl1, Acta2), endocardial cells (H19,
Tmem108), epicardial cells (Upk3b, Kr19), and a number of immune cells (including macrophages,
B-cells, T-cells, eosinophils/basophils, NK-cells, DC-like cells and granulocytes (Figure 5.1B-C).

In silico clustering parameters identified eight fibroblast subsets (Figure 5.1B). Reflecting the
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increase in fibroblasts determined in the previous chapter using flow cytometry, here, | found a
relative increase in total fibroblasts in db/db mouse hearts compared to db/h mice (Chapter 4 Figure
4.6; Chapter 5 Figure 5.5-5.8). Other cell types rarely described in the heart also included y3T-cells
(Terg-C1, Cd3g) NK-cells (Klrk1, Nkg7), and Schwann cells (Kcnal, Gfra3).

5.3.2 Cardiac differential gene expression indicates cell-specific and broad transcriptomic
patterns

Next, | sought to identify the top 10 differentially expressed genes in each cell type in db/db hearts
relative to their db/h counterparts (described in Chapter 2, Section 2.10.1). While the top 3 Gene
Ontology (GO) terms associated with up-regulated genes in the db/db heart suggest highly cell-
specific gene expression patterns in T2D, down-regulated gene expression patterns represent a
global concerted effort for protein folding (Figure 5.2C-D). Among the many differentially
expressed genes in the db/db heart, up-regulated genes included Angptl4 (fibroblasts), Ccr2
(macrophages), Cntrl (T-cells), Ncbp3 (Pericytes) and Ppary (ECs), displayed in Figure 5.2A. Gene
expression for mitogen-activated protein kinase (MAPK) related proteins were also exclusively
increased in db/db fibroblasts, including Egfr and Ackapl2 (Figure 5.2A). GO analysis of up-
regulated genes (Figure 5.2A) revealed a complex array of cell-specific biological processes,
including cell migration (ECs), angiogenesis (ECs), regulation of small GTPases (lymphatics,
endocardial, pericytes, fibroblasts, epicardial cells) and WNT protein signalling (endocardial,
fibroblasts; Figure 5.2C). Of the differentially expressed genes that were down-regulated (Figure
5.2B), genes of note included Hspala/b, Hspa5, Hspa8, Hspel, Hsph1, which were all significantly
reduced in a number of cardiac non-myocyte cell types (Figure 5.2D). In addition, genes encoding
for anti-inflammatory complement proteins Clgb, Clqgc were significantly down-regulated in
macrophages and DC-like cells. GO analysis of the top down-regulated genes (Figure 5.2B)
indicated a combined effort by nearly all cardiac non-myocyte cells to orchestrate protein folding

and to regulate the unfolded protein response (Figure 5.2D).
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Figure 5.1: Analysis of the T2D (db/db) mouse heart cellulome

(A) Schematic indicating the analyses conducted on the db/db and db/h mouse hearts. Single-cell
RNA sequencing was performed in 17-week old male db/db (n=4) and db/h (n=3) mouse hearts.
Flow cytometry and echocardiography (previously discussed in Chapter 4) and histology and were
also performed, in a separate cohort of age-matched db/db mice with their respective db/h control
counterparts (n = 8/group). (B) Merged t-SNE projection of all captured cardiac, non-myocyte cells
analysed in db/h and db/db mice. (C) Dot plot illustrating the top-5 most highly expressed genes
within each cell cluster. Dot size indicates the relative proportions of cells expressing a given gene
and dot colour indicates the relative average expression level.
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5.3.3 Cardiac non-myocytes increase ligand and receptor expression in a cell-specific
manner

To profile deeper into the single cell transcriptomic profile of the diabetic heart, | investigated the
intercellular communication by mapping genes encoding for ligands and their cognate receptors
expressed by major cell populations (Figure 5.3). To illustrate this, a chord plot was developed to
visualise the overall cell-cell communication in db/db hearts (Figure 5.3A). Quantification of the
total number of connections in db/h and db/db mice for each broad non-myocyte cell type, suggests
that numerous cell types increase their cell-cell communication (Figure 5.3B). To gain further
insight into the biological relevance of the augmented cellular cross-talk, | mapped the top 3 GO
terms for up-regulated and down-regulated receptors and ligands in each broad non-myocyte cell
type (Figure 5.3C&D, respectively). GO terms enriched in up-regulated genes corresponding to
receptors, indicated positive regulation of the MAPK cascade in fibroblasts (Figure 5.3C). Key
genes corresponding to MAPK regulation in fibroblasts included the insulin receptor Insr, MAPK
cell-surface receptor Egfr, and MAPK transcriptional regulator Notch2 [333]. In addition, GO terms
related to up-regulated receptors in ECs were associated with increased cell migration, chemotaxis,
angiogenesis and vasculogenesis (Figure 5.3C); suggesting mobilisation of circulating cells is
facilitated by ECs in the diabetic heart. Among the many genes regulating these terms, were
vascular endothelial growth factor (VEGF) receptor encoded by Kdr, cell-surface ligand transporter
Cd36, cell-surface adhesion molecule CD31, and VEGF-related cell-surface protein encoded by
Nrpl [334].
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Figure 5.2: Differentially expressed genes in the db/db heart
(A) Dot plot illustrating the top 10 up-regulated genes in db/db hearts relative to db/h counterparts.
(B) Down-regulated gene expression patterns within db/db hearts relative to db/h counterparts. Dot
colour is relative to the average expression within each cell cluster. Dot size indicates fold change
(red = increased, blue = decreased) in db/db non-myocyte cells relative to db/h control cells. Black
points within the centre of coloured dots indicate a statistical difference in gene expression in db/db
hearts relative to db/h controls (uncorrected P<0.001). The Sankey plot illustrates the top-3 gene
ontology (GO) terms for up-regulated genes (C) and down-regulated genes (D) in each cell type
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Consistent with up-regulated receptors, GO terms enriched in up-regulated genes corresponding to
ligands in fibroblasts indicated angiogenesis and extracellular matrix (ECM) organisation (Figure
5.3D). In this context, genes associated with angiogenesis included lipoprotein lipase (LPL)
inhibitor Angptl4 [240], anti-inflammatory cell adhesion molecule Anxal [335] and transforming
growth factor-beta (TGF-B) growth factor super-family member Bmp4 [336]. In addition, genes
corresponding to ECM organisation primarily comprised collagen genes, including Coll4al,
Collal, Col4a5, Col5a2, and Col5a3 [337]. Analogous to genes encoding their receptors, genes for
up-regulated ligands in ECs are also associated with increased chemotaxis and cell migration
(Figure 5.3D). Genes associated with these GO terms included chemokine ligand Cxcl12 [338],
VEGF-related growth factor Pdgfb [334] and mast cell growth factor Kitl [339]. Interestingly, genes
encoding receptors and ligands in lymphatic ECs (LECs) are associated with negative chemotaxis
GO terms, with genes such as endothelin receptor type-B Ednrb [340] as well as semaphorin
encoding genes including Sema3a and Sema6a, which have recently implicated in atherosclerosis
[341]. GO terms encompassing downregulated genes encoding ligands and receptors in the db/db
heart were most evident in fibroblasts, macrophages and LECs (Figure 5.3E-F). GO terms relating
to downregulated genes encoding receptors implicate a role for endocytosis and positive regulation
of MAPK signalling (Figure 5.3E). Down-regulated genes encoding for receptors in fibroblasts
linked with positive regulation of MAPK signalling (Figure 5.3E) include MHC class Il-related
cell-surface molecules Cd74 and Cd81 [342,343] as well as cell-surface tyrosine-kinase protein Ret
[344]. Down-regulated receptor encoding genes contributing to endocytosis in fibroblasts included
Cd81, chemokine receptor Ackr3 [345] and cell-surface protein Cd63 [346].

Additionally, macrophages down-regulated ligand gene expression related to leukocyte
proliferation and myeloid leukocyte differentiation (Figure 5.3E). Among the downregulated genes
corresponding to receptors in macrophages, genes regulating the aforementioned processes
included Cd74, Cd81 and macrophage growth factor Csflr [225]. Of the down-regulated genes
corresponding to ligands, fibroblasts further implicate a role for endocytosis (Figure 5.3F). Genes
associated with fibroblast endocytosis included cholesterol receptors Apoe, Lpl [347,348] and
compliment protein 3 C3 [164], alluding to extracellular lipid and cholesterol influx. Additionally,
in LECs, downregulated genes pertaining to ligands in the db/db heart were also associated with
chemotaxis and leukocyte migration (Figure 5.3F). Genes of note in this context included Anxal,
chaperone protein Calr [349] and adhesion cell-surface molecule Cd34 [350]. Macrophage gene
expression also contributes to receptors for chemotaxis, with genes downregulated including cell-
surface receptor App [351], chemokine ligand Ccl4 [352] and cytokine ligand I11b [353].
Furthermore, macrophage ligands also regulate ERK1&2 signalling (Figure 5.3F), with similar
genes downregulated including App, Ccl4 and additional chemokine Ccl7 [354]. Together,
increased leukocyte trafficking, augmented ligands for ECM remodelling and fibroblast
endocytosis may suggest that cells are responding to circulating factors such as hyperglycaemia and

hyperlipidaemia — key characteristics of the db/db mouse model of T2D.
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Figure 5.3: Intercellular communication is increased in the T2D (db/db) heart
(A) Chord plot illustrating cell-cell communications between cardiac cell types. (Continued).
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Figure 5.3 continued: (B) Quantified chord plot showing increased intercellular communication
most cardiac cell types in db/db hearts. GO terms enriched in genes corresponding to up-regulated
receptors (C) and to up-regulated ligands (D) in db/db hearts relative to db/h controls. GO terms
enriched in genes corresponding to down-regulated receptors (E) and to down-regulated ligands (F)
in db/db hearts relative to db/h controls.

5.3.4 Identifying key genes that regulate cardiac lipid accumulation

Given the severely obese phenotype of db/db mice, and transcriptomic markers suggesting stress
from circulating factors (such as hyperlipidaemia), histological analysis and further in silico
analyses were conducted to determine the extent of cardiac lipotoxicity. First, to determine the
presence of excess lipids in the db/db heart, frozen cardiac cross-sections (left ventricle [LV], intra-
ventricular septum [IVS], right ventricle [RV]) were histologically stained with Oil Red O, as
previously described [258] (Figure 5.4A). Enumeration of lipid droplets in micrographs of entire
cardiac cross-sections indicated significantly augmented lipid content in the myocardium of db/db
hearts, confirming dysregulation of lipid homeostasis (P < 0.0001, Figure 5.4B). | next sought to
determine the gene expression patterns associated with the increased myocardial lipid content, by
filtering our previously generated GO term list (see Chapter 2 Section 2.10.2) for lipid-related GO
terms. Of the up-regulated genes in the db/db heart, GO terms related to lipid processing were most
highly enriched in fibroblasts and macrophages (Figure 5.4C). Up-regulated genes of note in
fibroblasts corresponding to this GO term included MAPK cell-surface receptor Egfr, secreted
factor Angptl4 and low density lipoprotein (LDL) receptor Ldlr. Similarly, in macrophages, up-
regulated genes related to lipid processing included Ldlr, as well as Cd36 and Anxal, among others.
Within ECs, up-regulated genes involved in lipid metabolism included Ppary, Cd36 and Fltl: a
gene encoding a member of the vascular endothelial growth factor (VEGF) receptor family [334].
Down-regulated genes were also linked to lipid-related GO terms, albeit this was only evident in a
subpopulation of macrophages (Figure 5.4D). Downregulated genes of note in this instance
included critical reverse cholesterol transporters Abcal and Cd36, as well as oxidised LDL
cholesterol scavenger receptor Cxcl16, which may suggest intracellular cholesterol accumulation in
macrophages. These data underscore the importance lipotoxicity as a key characteristic of murine
T2D-induced HF, with novel gene expression patterns regulating excess lipid deposition. However,
I also note a number of cellular changes, consistent with previous findings discussed in Chapter 3

and 4. In particular, increased fibroblast numbers and a shift in macrophage heterogeneity.
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Figure 5.4: Lipotoxicity in the db/db heart is associated with cell-specific gene expression patterns

(A) Micrograph of an entire heart ventricle cross-section stained with Oil-red O (ORO), with adjacent representative images for db/h and db/db mice. (B)
Enumerated ORO droplets indicating lipid accumulation in the db/db heart. (C) Up-regulated genes in db/db hearts mapped to GO terms corresponding to
lipid processing (D) Downregulated genes in db/db hearts, mapped to lipid processing GO terms. Macl = Macrophage subset 1. Fibro.1 = Fibroblast subset
1. EC1 = Endothelial cell subset 1. p.adjust = adjusted P value for GO analysis. Micrograph scale bar = 50um. **** P < 0.0001.
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5.3.5 Revealing the expanding fibroblast subsets in the T2D (db/db) heart

While the quantity of fibrogenic collagen ligands released from db/db fibroblasts increase (Figure
5.3D), the top-3 GO terms were not enriched in up-regulated genes encoding ECM remodelling
(Figure 5.2C), suggesting that other factors might be dictating fibroblast expansion (Figure 5.5). In
order to better understand what genes distinguish expanding fibroblasts in murine T2D, fibroblasts
from db/db hearts were isolated from other cells types in silico, to perform more detailed analyses.
To confirm their cellular phenotype, | queried typical fibroblast markers, such as Collal and
Col8al (Figure 5.5B). Notably, some fibroblast subtypes were associated with pro-fibrogenic
genes, such as transcriptional fibroblast regulator Meox1, Postn and Ccn2 (Figure 5.5B). | also
identify novel fibroblast sub-types recently reported [233,234], including Fibroblast-Wifl
(Fibroblast6) and Fibroblast-Cilp (Fibroblast3). In addition, | observed an increase in specific
fibroblast subtypes in the db/db heart relative to their db/h counterparts (Figure 5.5C-D). Of the 8
transcriptionally distinct fibroblast subtypes, Fibroblastl, Fibroblast2 and Fibroblast3 were
increased, with no major differences in other fibroblast levels (Figure 5.5D). To gain further insight,
GO analysis was performed exclusively on the expanding fibroblast subtypes, to delineate potential

drivers of this expansion.

5.3.6 Expanding fibroblasts do not exhibit transcriptomic signatures related to fibrosis

In silico isolation of cardiac fibroblasts exclusively from db/db mice allowed for more detailed
analysis to be performed in the fibroblast subtypes of interest. In order to determine what gene
expression programs may be altering fibroblast levels in the db/db heart, | obtained the top marker
genes in each fibroblast cluster (described in Chapter 2.10), then mapped these to the top 20 GO
terms, to yield biologically relevant information for each expanding fibroblast subtype (Figure 5.6).
Surprisingly, GO terms associated with the gene list from the Fibroblastl cluster indicate no
transcriptional evidence to suggest ECM organisation or fibrosis (Figure 5.6A, adjusted P value
[‘p.adjust’] = NS) despite increasing in number (Figure 5.5D). Indeed, GO terms associated with
gene expression in Fibroblast2 cells also indicated no transcriptional patterns suggesting ECM
remodelling of the db/db heart (Figure 5.6B, p.adjust = NS). Lastly, GO terms pertaining to
Fibroblast3 gene expression were also not associated with ECM remodelling and do not suggest
they contribute to cardiac fibrosis (Figure 5.6C, p.adjust = NS). It is important to note that while
other GO terms are present in these fibroblast clusters, none of these clusters yielded statistically

significant GO terms, determined by the adjusted P value (Figure 5.6).
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Figure 5.5: Fibroblast sub-setting identifies fibrogenic and expanding fibroblasts in T2D

(A) tSNE projection depicting all cells considered in our analysis, coloured by detected fibroblast
subtypes. (B) Violin-plot indicating common fibroblast markers and known fibrogenic genes in
each fibroblast cluster. (C) tSNE projection of fibroblasts isolated in silico, in db/h and db/db mouse
hearts. (D) Drumstick plot enumerating the cell number within each fibroblast cluster.
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Figure 5.6: Expanding fibroblasts do not exhibit typical characteristics of ECM remodelling
(A) The top-20 GO terms enriched in genes from Fibroblastl compared to gene lists from other
fibroblast subtypes. The x-axis indicates the number of genes mapped to a given GO term, which
are displayed on the y-axis. The bar colour indicates the adjusted P value (‘p.adjust’) from in silico
GO enrichment analysis. (B) GO terms mapped from Fibroblast2 relative to all other fibroblast
subtypes. There were no more than 7 GO terms associated with the gene expression patterns in
Fibroblast2. (C) Top 20 GO terms enriched in genes in Fibroblast3 compared to all other fibroblasts
as described in A and B. Statistical significance of GO terms was achieved by conducting a
Benjamini-Hochberg correction as described in Chapter 2 (Section 2.10.2).
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5.3.7 Identification and comparison of cardiac macrophage subtypes in db/h and db/db mice
Using a similar approach, I isolated cardiac macrophages from db/h mice in silico, to decipher any

relevant gene expression patterns that govern the apparent alteration in the cardiac macrophage
polarisation (Figure 5.7, Chapter 4; Figure 4.6D). A total of 3 transcriptionally distinct macrophages
were identified in our analysis (Figure 5.7A). To confirm their phenotype, cells were mapped to
common macrophage marker genes (Figure 5.7B). Indeed, the cells exhibit typical macrophage
marker genes, such as Csflr, Mrcl and H2-Abl (which encodes for the MHC Il protein). After in
silico isolation of macrophages, these cells were split by genotype, for further analysis (Figure
5.7C). While all macrophages generally decrease in number in this analysis, | noted a substantial
loss of Macrophage3 (Figure 5.7B). This is further depicted in Figure 5.7C, illustrating the extent
of the loss of this macrophage subtype, relative to other macrophage subtypes.

5.3.8 Macrophage subtype 3 exhibits a reduced capability to perform reverse cholesterol
transport

Analogous to Section 5.4.7, GO enrichment analysis was performed on each macrophage cluster to
determine any gene expression patterns that were linked with the substantial loss in Macrophage3
(Figure 5.7). First, | performed GO analysis of genes that were more highly expressed in
Macrophage3 (Figure 5.8A). Interestingly, there were no statistically significant GO terms within
this macrophage cluster, nor did any GO terms suggest a possible mechanism for cell loss (Figure
5.8B). Conversely, when | performed GO analysis from genes that were more highly expressed in
Macrophagel and 2, compared to genes within Macrophage3, | noted a number of significant GO
terms, including response to external stimulus, defence response, and importantly, transport (Figure
5.8B). Among genes that were more highly expressed in Macrophagel and 2, were those that
corresponded to reverse cholesterol transport receptors (Figure 5.8C). However, virtually no
transcripts for these genes were detected in Macrophage3 cells (Figure 5.8C). Given that db/db mice
exhibit systemic hypercholesterolaemia [355], the lack of intrinsic cellular machinery to expel
excess intracellular cholesterol offers a potential mechanism for the loss of the macrophage 3

subpopulation.
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Figure 5.7: A subset of cardiac resident macrophages are lost in db/db hearts

(A) tSNE projection depicting all cells considered in our analysis, coloured by macrophage
subtypes. (B) Violin-plot mapping established macrophage markers and confirming the
macrophage cellular phenotype (C) tSNE projection of macrophages isolated in silico, in db/h and
db/db mouse hearts. (D) Drumstick plot enumerating the cell number within each macrophage
cluster from this analysis.
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(A) Lists the top 20 GO terms enriched in genes from Macrophage3 compared to gene lists from
the other two macrophage subtypes. The x-axis indicates the number of genes mapped to a given
GO term, which themselves are displayed on the y-axis. The bar colour indicates the adjusted P
value (‘p.adjust’) from in silico GO enrichment analysis. (B) Top 20 GO terms enriched in genes
from Macrophagel and 2, compared to Macrophage3. (C) Violin plot considering all db/h
macrophages, mapped to expression of key reverse cholesterol efflux genes. Statistical significance
of GO terms was achieved by conducting a Benjamini-Hochberg correction as described in Chapter
2 (Section 2.10.2). Note: this figure only presents macrophages from db/h mice.
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5.3.9 Identifying common molecular pathways in the diabetic heart

To determine common mechanisms driving the pathological remodelling of the heart in disparate
diabetes models | compared differentially expressed gene lists generated from our scRNAseq
pipeline, with those from cardiac bulk RNAseq datasets from unaffiliated studies [237,246] (Figure
5.9A). Datasets were obtained from the Gene Expression Omnibus (GEO) repository (‘Akita’
dataset identifier: GSE66577, bulk RNAseq db/db dataset identifier: GSE36875). GO terms
associated with the 23 overlapping genes in all three datasets underscores the importance of
angiogenesis, ECM regulation and lipid metabolism in the diabetic heart (Figure 5.9B). Common
genes between genetically T1D Ins2”™ (Akita) mice and db/db scRNAseq emphasized the role of
ECM organisation in both type-1 and type-2 murine diabetes (Figure 5.9C). GO terms generated
from db/db bulk RNAseq genes and db/db scRNAseq genes included positive regulation of MAPK
and hydrolase activity, as well as angiogenesis and cell migration. Considering our sSCRNAseq
dataset only contains non-myocyte cells, it is likely that the aforementioned comparison highlights
common non-myocyte biological processes in murine T2D. Finally, | also sought to determine the
overlapping genes between the Akita and db/db bulk RNA datasets. GO terms corresponding to
these overlapping genes indicated an array of processes also including in lipid, carbohydrate and

acyl-CoA metabolism (Figure 5.9E).
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Figure 5.9: Incorporation of bulk RNA sequencing datasets highlights common molecular
pathways in the diabetic heart

(A) Proportional Venn diagram illustrating unique and common differentially expressed genes in
our scRNAseq dataset relative to two publically-available bulk RNAseq datasets of the diabetic
heart. Gene lists were derived from each overlap and subsequently underwent GO enrichment
analysis. (B) Between all datasets analysed, there were 23 common genes. GO analysis revealed
the top 20 common biological functions (y-axis) and the collection of genes corresponding to each
GO term (x-axis). (C) GO analysis of bulk RNAseq genes in the T1D Akita mouse heart relative to
our db/db scRNAseq dataset. (D) GO analysis pertaining to common genes in the db/db bulk
RNAseq dataset compared to the db/db scRNAseq dataset, highlighting key non-myocyte
differentially expressed genes. (E) GO analysis of genes common in Akita and db/db hearts, from
bulk RNAseq. Datasets were obtained from the Gene Expression Omnibus (GEO) repository.
‘Akita’ dataset identifier: GSE66577. Bulk RNAseq db/db dataset identifier: GSE36875.



5.4 Discussion

While single-cell technologies allow for improvements in our understanding of the cellular and
molecular dynamics in cardiac homeostasis and disease, this is the first study to apply this
technology in the context of murine T2D. Using the established db/db model of T2D-induced
cardiac dysfunction (discussed in Chapter 4), I highlight a number of novel cellular and molecular
alterations within the cardiac milieu. Using a previously described strategy [234] | produced a high-
resolution atlas of the db/db cellulome, with a number of cell-specific and broad transcriptomic
alterations. Among these, include up-regulated genes programs relevant to cell migration (ECs,
LECs), chemotaxis (ECs, LECs), angiogenesis (fibroblasts, ECs, LECs), augmented MAPK
signalling (fibroblasts) and regulation of leukocyte function (macrophages). Down-regulated genes
in db/db non-myocytes encode a broader response prompting protein folding. | also noted excess
lipid deposition in db/db hearts, with transcriptomic signatures corresponding to dysregulated lipid
and cholesterol metabolism in fibroblasts, macrophages and ECs. While | observed an increase in
fibroblast levels using sSCRNAseq (consistent with findings from Chapter 3 and 4), the data suggests
that cardiac fibrosis is not a key feature at this stage of diabetes-induced HF. Moreover, | noted a
shift in macrophage subset proportions, with one MHCII" macrophage subtype virtually absent in
our db/db dataset. Lastly, two existing bulk RNAseq datasets examining the diabetic heart [237,246]
were incorporated with our current SCRNAseq dataset, to delineate common molecular pathways in
this context. Together, these data provide a novel insights into the non-myocyte cellular and
molecular changes that occur in T2D and provide a valuable resource for future studies to utilise.

5.4.1 Fibroblast expansion is apparent in murine T2D without evidence of ECM remodelling
In this study | observed an expansion of 3 fibroblast subtypes, however differing from recent reports
[233,234,245], there is little transcriptomic evidence associated with extensive cardiac fibrosis or
ECM organisation. The increase in certain fibroblast levels is also corroborated by our cardiac flow
cytometry findings (Chapter 3 and 4). This finding is intriguing, considering that echocardiography
data suggests cardiac dysfunction (Chapter 4, Section 4.32), which usually occurs concomitantly
with fibrosis. Genes up-regulated in fibroblasts, such as Egfr provide a possible mechanism
facilitating cell growth and proliferation [356]. EGFR is a cell surface tyrosine kinase receptor
regulating MAPK signal transduction—a known contributor to cardiac fibroblast activation and
fibrosis in diabetes [357—-359]. In the heart, EGFR typically activates small guanosine triphosphate
(GTP) molecules such as the Ras proto-oncogene [360] leading to MEK and ERK1/2 signal
transduction, ultimately initiating cell growth and proliferation in both development and pathology
[361,362]. Indeed, GO enrichment analysis of differentially expressed db/db genes also revealed
that fibroblasts up-regulate genes related to regulation of small GTPases. Moreover, GO terms
associated with differentially expressed genes encoding receptors in fibroblasts confirm positive
regulation of MAPK signalling, further substantiating the involvement of this pathway in diabetic

fibroblasts. Additionally, down-regulated ligands and receptors are associated with endocytosis and
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response to external stimulus GO terms, which may indicate extracellular influx of various factors

such as glucose, lipids and cholesterol.

Various characteristics of the diabetic milieu such as hyperglycaemia, hyperlipidaemia and
hyperinsulinaemia can stimulate the MAPK cascade in the heart, particularly its down-stream
signalling components p38 and ERK1/2. While little is known in the human context, mice with T1D
exhibit augmented phosphorylation of p38, which is associated with up-regulation of fibrogenic
gene expression and cardiac dysfunction [363]. In the same study, pharmacological inhibition of
p38 improved fibrosis and cardiac function in vivo [363]. Increased ERK1/2 activation within the
MAPK pathway is also implicated in fibroblast activation. Stimulation of murine fibroblasts with
high glucose in vitro increased both phosphorylation of ERK1/2 and p38, which are associated with
fibroblast expansion and increased collagen I and 111 synthesis [364,365]. Furthermore, increased
ERK1/2 phosphorylation is also associated with impaired cardiac function, further underscoring its
importance in the pathogenesis of HF in diabetes [366]. In T2D mice, these pathways are also
described in the heart. Indeed, phosphorylation of p38 and ERK1/2 proteins were significantly

increased in db/db hearts in the presence of diastolic dysfunction [367].

However, the role of MAPK differs in disparate cell types [361]. Increased ERK1/2 phosphorylation
in hyperglycaemic T1D mice can stimulate opposing effects such as apoptosis in ECs from murine
mesenteric arteries [368]. Moreover, peripheral blood mononuclear cells (PBMCs) from human
patients with acute hyperglycaemia also enhances MAPK activation [369], facilitating the release
of pro-inflammatory cytokines and inflammation via p38 signalling [370]. Notably, in this study
ligands related to ERK1/2 signalling are downregulated in macrophages despite increased MAPK
activity in fibroblasts, suggesting macrophages are dampening inflammation. The functional
divergence of MAPK signalling in disparate cell types emphasises the need for cell-specific

analyses, to decipher which cells are pathologically susceptible to this pathway.

Here, simultaneous examination of all non-myocyte cells in the diabetic heart suggests that MAPK
activation occurs almost exclusively in fibroblasts, which may contribute to their expansion.
However, MAPK-related ligands are also downregulated in cardiac macrophages, suggesting highly
variable functions of this cascade. While the MAPK pathway is implicated in fibroblast activation
and fibrosis, the phosphorylation status of individual MAPK members have not been assessed here.

Hence, the precise mechanism initiating fibroblast expansion in the db/db heart remains unclear.

5.5.2 Lipotoxicity in db/db mice is a contributing feature driving impaired cardiac function

It is well established that obesity and insulin resistance are essential comorbidities governing
ectopic lipid accumulation and lipotoxicity in T2D [371], however its contribution to cardiac
dysfunction in diabetes remains unclear. In this study, | confirm substantial myocardial lipid
deposition histologically. In silico filtering of genes based on their enrichment in lipid-related GO

terms indicated that fibroblasts, macrophages and ECs are the key non-myocyte cells responding to
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dyslipidaemia. Among the many differentially expressed genes in the db/db heart, genes most

indicative of lipotoxicity include Ppary (ECs), Angptl4 (fibroblasts) and Ldlr (macrophages).

The nuclear receptor PPARy (peroxisome proliferator-activated receptor gamma) is understudied
in the diabetic heart, however its primary role involves regulating lipid and glucose metabolism
[34]. In fact, pharmacological PPARy agonists such as thiazolidinedione agents are often used in
clinical T2D to increase insulin sensitivity, by preferentially facilitating glucose flux into cells,
rather than free fatty acids (FFAs) [373]. Indeed, genetic overexpression of PPARy in diabetes-
induced HF results in preferential glucose utilisation for energy metabolism [374]. Although cardiac
energy metabolism relies primarily on FFA oxidation, even minor perturbations in substrate
utilisation can progress to impaired cardiac function [56,375]. Given that ECs are generally early
responders to systemic abnormalities, this data suggests that PPARy is responding to lipid stress in
murine T2D and encourages glucose influx into ECs to compensate. Interestingly, PPARy
expression is positively correlated with the secretion of angiopoietin-like protein 4 (ANGPTL4 -
encoded by Angptl4), suggesting their cellular and molecular cross-talk in lipid metabolism
[376,377].

ANGPTLA4 is a nutrient partitioning molecule responsible for redirecting triglycerides away from
adipose tissues, toward functional organs for energy utilisation, rather than for storage [347].
ANTPTLA4 does this by inhibiting the action of LPL; which itself catalyses the hydrolysis of
absorbed triglycerides, for organ energy storage. ANGPTL4 is most highly expressed in adipose
and skeletal myocytes, however remains expressed at lower levels in other organs, including the
heart [378]. As such, overexpression of ANGPTL4 ultimately leads to raised plasma triglycerides
[240,347,379], but also serves as a marker for cellular and organ lipid stress. In addition to the
heightened expression of Angptl4, GO terms encoding downregulated receptors in db/db fibroblasts
are associated endocytosis, which may also suggest that fibroblasts are attempting to further dampen
lipid influx by reducing the available receptors facilitating this. Together, these data implicate
dysregulated lipid and cholesterol influx within db/db myocardial fibroblasts as potential drivers of
murine T2D-induced HF.

Although yet to be described in the diabetic heart, a number of studies investigate macrophage
dynamics in the setting of hypercholesterolaemia and atherosclerosis [380]. In this study,
macrophages up-regulate lipid metabolism genes including phospholipid binding protein Anxal;
intermediate fatty acid substrates, Acaca; and cholesterol efflux receptor, Ldlr, among others.
Annexin-Al (ANXAL - encoded by Anxal) is widely reported as an anti-inflammatory protein,
inhibiting the actions of a number of inflammatory cytokines [381]. More importantly, ANXA1
mediates intracellular lipid and cholesterol trafficking and metabolism in macrophages [382].
Further, ANXA1 can act in tandem with ATP-binding cassette transporter ABCA1 (further

discussed in Section 5.5.4) to further facilitate cholesterol efflux in macrophages [383]. While
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ANXAL induces cardioprotective effects in atherosclerosis and in MI [384,385], the precise

mechanism of ANXAL1 in cardiac pathology, including HF in diabetes, remains unclear.

Acetyl-CoA carboxylase (encoded by Acaca) is an intermediate, rate-limiting metabolite of fatty
acid synthesis [386,387]. As such, increased expression of Acaca in macrophages is likely
indicative of increase fatty acid synthesis in macrophages. Indeed, Acaca has been used previously
as a marker for intracellular hepatic lipid stress in diabetic patients with fatty liver disease [388].
Moreover, increased expression of Acaca has been described in lipid-laden macrophages isolated
from human tumour biopsies, further implicating its role in macrophage homeostasis [389].
However, its specific role in regulating tissue resident macrophage lipogenesis is yet to be
comprehensively assessed.

Lastly, it unsurprising to observe augmented expression of LdIr in db/db macrophages, given that
the fundamental role of the LDL receptor (encoded by Ldlr) is reverse cholesterol efflux [390]. The
LDL receptor is known to increase its expression and translocation to the cell surface in the context
of high cholesterol via a complex intracellular pathway [391]. Indeed, knockout of the LDL receptor
aggravates atherosclerotic plaque burden and foam cell accumulation in mice fed a Western diet
[392], highlighting the importance of LDL-mediated cholesterol efflux in macrophage homeostasis.
Here, | provide novel insights into fibroblast and macrophage behaviour in db/db mouse hearts,
underscoring the importance of lipid and cholesterol accumulation and reverse cholesterol transport.
However, this data may suggest that some macrophage subtypes are more susceptible than others,

to the accumulation of intracellular cholesterol, which is discussed below.

5.4.4 A subtype of cardiac macrophages are unable to perform reverse cholesterol efflux in
the db/db heart

Expanding on cardiac macrophages in murine T2D, our data suggests substantial resident
macrophage loss, dictated by lack of gene expression for critical reverse cholesterol transporters.
As aforementioned, LdlIr increases its gene expression in Macrophagel, which is counterintuitive
when considering the possible mechanism of macrophage loss is likely related to lipid and/or
cholesterol toxicity. However, LDL is not the sole reverse cholesterol transporter in macrophages
[393]. In fact, key reverse cholesterol transporters in macrophages include; ABCAL, CD163
(encoded by Cd163), Msr1/SR-A (encoded by Msr1 and Sral), TLR4 (encoded by Tlr4) and ApoE
(encoded by Apoe) [394-398]. These transporters, in addition to the LDL receptor, collectively

govern macrophage viability in the face of hypercholesterolaemia — a major comorbidity in T2D.

Hindered reverse cholesterol transport in diabetes has been known for decades. In STZ-induced
T1D mice, mRNA vyielded from peritoneal macrophages and the liver exhibited significantly
reduced expression of ABCA1 [399]. Indeed, db/db peritoneal macrophages reduce their mMRNA
expression of ABCA1 homolog ‘ABCG1’, which is accompanied by a 2-fold increase in
intracellular cholesterol levels [400]. Although in this study ABCG1 expression is undetected in
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cardiac db/db macrophages, ABC transporters are tissue-specific [401,402], which may explain its

absence.

Aberrant cholesterol efflux is extensively studied in atherosclerosis, which report similar findings
to macrophage behaviour in the db/db heart. Principally, atherosclerosis is also driven by elevated
circulating lipids and cholesterol, resulting in augmented monocyte-derived macrophage
recruitment to susceptible vessel areas [403]. In this context, macrophages engulf excess
cholesterol, however exhibit hindered efferocytosis intracellular cholesterol, subsequently leading
to lipid-laden macrophages known as foam cells [135]. Ultimately, accumulation of foam cells and
other associated factors leads to unstable plaque formation, obstruction of vessels and a cascade of
pathophysiological responses [135,403]. Genetic ablation of ABCAL and ABCGL1 either separately
[404] or concomitantly [405] is sufficient enough to accelerate plague occlusion and foam cell
formation, highlighting their importance in regulating cellular cholesterol levels. Moreover,
hyperglycaemia alone in T1D increases myelopoiesis and impairs resolution of atherosclerotic
lesions [113]. Likewise, the monocytosis-driven increase in cardiac Ly6C" monocytes described in
Chapter 4 could be further exacerbating the local inflammatory milieu, analogous to atherosclerosis.
Considering our data in toto, it is reasonable to speculate that cholesterol-induced macrophage
toxicity is another key feature of the diabetic heart, mimicking macrophage loss in atherosclerosis.
As such, it was pertinent to investigate the effect of these findings on vascular homeostasis in the
db/db heart.

5.4.5 Angiogenesis and dysregulated leukocyte trafficking are characteristics of the db/db
heart

Considering the impairments in cardiac of monocytes and macrophages, | also noted a complex,
cell-specific role for chemotaxis, cell migration and impaired lymphatic drainage in db/db hearts.
Specific to ECs, among the top-3 GO terms for up-regulated genes were both angiogenesis and EC
differentiation. Moreover, GO terms corresponding to up-regulated ligands include chemotaxis and
EC proliferation, further corroborated by GO terms for up-regulated receptors, again suggesting
chemotaxis, angiogenesis, as well as vasculogenesis. This data is consistent with numerous reports
in the context of diabetes, which highlight a role for compensatory, ischaemia-induced
neovascularisation. This is most commonly described in diabetic retinopathy, where
hyperglycaemia reduces retinal capillary density, leading to disproportionately enhanced
angiogenesis and ultimately retinal hypoxia [3]. In the context of CV disease, diabetes is also
associated with augmented angiogenesis and dysregulated vascular remodelling. Diabetic patients
with early-phase HF have historically exhibited coronary microvessel occlusion and compensatory
angiogenesis, by facilitating the formation of coronary collateral vessels [406-408]. Coronary
collateral vessels are vascular connections between arterioles that undergo arteriogenesis and
formation of new vascular branches, in response to myocardial ischaemia and hypoxia [409].

Indeed, more recent reports have demonstrated dysregulated angiogenesis in rodent T1D [410] as
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well as human patients with T2D undergoing heart transplantation [411]. Murine T1D-induced
angiogenesis is associated with abnormal redox protein signalling suggesting concomitant cardiac
capillary rarefaction [410]. Human T2D explants are also associated with capillary rarefaction and
interestingly, pericyte loss [411], which has also been described in diabetic retinopathy [412] and
is consistent with our data in Chapter 4. Together, these studies implicate vascular rarefaction in
diabetic heart disease as a key feature governing cardiac dysfunction. | propose that compensatory
angiogenesis is occurring in the db/db heart as an initial phase of vascular remodelling. This could
be partly attributed to vessel occlusion by lipid-laden cardiac macrophages [135], similar to
atherosclerosis. However, it is important to note that the precise mechanism for neovascularisation
in diabetes remains unknown. Further, it is still unclear whether this compensatory angiogenesis in

diabetes is affected by a particular comorbidity, or a combination of the stressors that define T2D.

Abnormal angiogenesis and neovascularisation could also contribute to increased cell migration,
which were observed in db/db macrophages, ECs and endocardial cells. Cardiac macrophages in
db/db mice up-regulate expression of Ccr2, encoding for the cognate receptor of monocyte
chemoattractant protein-1 (MCP-1), a key chemotaxis mediator for monocytes [262,413,414].
Increased Ccr2 is positively correlated with leukocyte homing and recruitment in the diabetic heart
[262,413]. Corroborating this, | previously demonstrate an increase in cardiac Ly6C" monocyte
levels within the db/db myocardium (Chapter 4, Section 4.35). Although while encouraging
monocyte chemotaxis, db/db macrophages also downregulate C1q genes encoding for compliment
protein C1q — a secreted protein that dampens inflammation and enhances macrophage phagocytic
activity [164]. This may suggest that macrophages are concomitantly attempting to dampen
inflammation, particularly given the pronounced monocytosis and neutrophilia that we observe in
this model (Chapter 4, Section 4.33).

Other adhesion molecules also appeared to be dictating chemotaxis and cell migration in ECs, such
as chemoattractant Cxcl12 and CD31 encoded by Pecaml. The C-X-C motif ligand 12 (CXCL12,
encoded by Cxcl12) is strongly associated with T2D-induced nephropathy [415], however less is
known regarding its function in the diabetic heart. Conversely, it is well documented that CXCL12
can attract myeloid progenitors such as monocytes in the context of M1 and myocardial ischaemia
[338]. However, comparable to the MAPK pathway discussed in Section 5.5.1, CXCL12 is linked
to opposing functions such as maintenance of EC homeostasis [416], highlighting its multimodal
function. It is proposed that CXCL12 is acting as a chemoattractant for circulating leukocytes in
ECs, however the off target effects resulting from this remain unclear. The CD31 protein, a
ubiquitous marker of ECs, also exhibits chemoattractant functions. Indeed, CD31 facilitates
transmigration of monocytes across the EC monolayer in vitro [417]. Again, while less is known
regarding CD31 perturbations in the diabetic heart, diabetic retinopathy is associated with reduced
abundance of CD31, accompanied by retinal EC loss [418,419]. | also observed increases in

established inflammatory proteins relevant to the diabetic heart such as TGF, IL-1p and TNFa
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[262], however gene expression for these existed at comparatively lower levels. It is becoming
increasingly important to consider vascular and leukocyte dynamics in diabetic heart disease, given
the presence of local and systemic inflammation coupled with dysregulated angiogenesis. Given
that gene expression patterns in the db/db myocardium suggest enhanced cell migration, it is also
important to consider how this affects the drainage capacity of the cardiac lymphatic system.

Accordingly, | observed a concerted response by db/db cardiac LECs to reduce cell migration and
chemotaxis, suggesting reduced leukocyte trafficking and hindered LEC function. The cardiac
lymphatic network forms a delicate plexus of vessels dispersed diffusely, with impairments in
cardiac contractility sufficient to impair LEC function [420]. Here, db/db LECs express up-
regulated ligand genes are associated with negative chemotaxis, while down-regulated ligand genes
correspond to leukocyte migration and chemotaxis. Whilst not among the most highly expressed
differentially expressed genes in our dataset, expression of pro-survival transcription factor Prox1
was up-regulated in LECs, which is indicative of extrinsic LEC stress [420,421]. Whether LECs
are dysfunctional, or merely compensating for excessive leukocyte chemotaxis remains to be
determined. However, it has been documented that increased nitric oxide production in db/db hearts
increases LEC permeability and dysfunction [422]. Moreover, in clinical and pre-clinical obesity,
cardiac ectopic fat deposition is associated with impaired lymphatic function, by perturbed
mechanical shear stress and via paracrine communications [423]. Consequently, chronically
dysregulated LEC function is characterised by impaired lymphatic pumping and lymphoedema
[421,424,425]. While in this study, | was unable to empirically test lymphatic function in the db/db
myocardium, | highlight a role for impaired leukocyte trafficking in LECs, which may be associated

with dysregulated cardiac lymphatic function.

5.4.6 Gene expression programs are distinct between murine models of T1D and T2D

Lastly, determination of common dysregulated genes in the heart of diabetic mice from unaffiliated
studies, point to common biological pathways that may broadly induce cardiac remodelling. Akita
mice (see Chapter 1, Table 1.1)—bearing a single base pair substitution in the Ins2 gene—exhibited
genes corresponding primarily to ECM organisation and muscle tissue development, which may
suggest that hyperglycaemia alone is the prominent feature inducing cardiac remodelling in the
diabetic heart. This is further substantiated by both db/db datasets, which do not share genes
corresponding to ECM remodelling, but rather, relate to MAPK signalling and vasculature
development, including angiogenesis. This seminal transcriptomic data integration implies that
hyperglycaemia in murine T1D is the driving force behind ECM remodelling in the diabetic heart,
rather than the myriad of additional comorbidities present in murine T2D, underscoring the
multifaceted nature of T2D. Future transcriptomic and proteomic studies using multiple models of

diabetes in parallel are warranted to determine the validity of these observations.
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5.4.7 Limitations

Despite highlighting a number of novel paradigms in this study, |1 acknowledge a number of
limitations that can improve future work in this context. First, cardiomyocytes were not considered
due to their size, limiting our capability to infer important information regarding their involvement
in diabetes-induced cardiac remodelling. This limitation applies to most high-throughput single-cell
technologies, due to their reliance on microfluidic systems that are often too small in diameter to fit
larger, potentially hypertrophic cells. However as mentioned in Chapter 4, Section 4.4.4,
cardiomyocyte gene expression in this context is widely studied, providing some insight into their

contribution.

Second, while | elude to increased MAPK cascade signalling, we have not conducted proteomic
analysis in this study. Accordingly, | was unable to determine the phosphorylation status of
individual MAPK members, making it difficult to determine the primary activated signalling
cascade. This encourages future studies to consider phosphoproteomic analysis of fibroblasts in

experimental T2D.

Third, 1 did not yield any specific information pertaining to spatial gene expression, to assess the
physical cellular relationships and gene expression loci. Spatial transcriptomics is an emerging
field, allowing for measurement of high-resolution, spatially resolved transcriptomic information
from tissues in situ. This however is also accompanied with its own limitations, with comparatively
lower resolution than sScCRNAseq [426]. In addition, this study did not include any other histological
analyses to validate our scRNAseq data. This further impedes our ability to spatially resolve the

scRNAseq data acquired, inviting future research to address.

Finally, I also acknowledge that the sole use of male mice in this study is a significant limitation.
As previously discussed, cardiac pathology is sex-dependent in mice and humans
[225,229,250,318]. Therefore, future work should incorporate female mice to decipher any apparent

sexual dimorphisms in the context of T2D-induced HF.

5.4.8 Future prospects

While this work provides mechanistic insights into cardiac cellular and molecular alterations, these
data would benefit from additional validation studies. Indeed, systemic monocytosis, genes
corresponding to cell migration and alterations in resident macrophage populations signify the
importance of investigating monocyte and macrophage behaviour in the context of diabetic heart
disease. Indeed, this could be empirically tested by a humber of means. Pharmacological siRNA
knock-down of the CCR2 receptor at various time-points in mice with T2D would provide valuable
insights into the role of CCR2-induced monocyte recruitment, given that this approach reduces
cardiac monocyte recruitment post Ml [427]. Additionally, utility of clodronate-loaded liposomes
eliciting systemic monocyte depletion in this context would assist in determining the role of

circulating monocytes. Moreover, transgenic murine models capable of marking monocytes and/or
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macrophages could be another useful approach for verifying their role in diabetes-induced cardiac
complications. For example, lineage tracing experiments using the CCR2RF mouse line [428] in
mice with diabetes would provide additional mechanistic insights into monocyte trafficking into
cardiac tissue. Regardless, this Chapter presents seminal findings regarding cell-specific gene
expression patterns and provides mechanistic information pertaining to cardiac cellularity changes
in T2D.

5.5 Conclusion

This is the first study to incorporate cardiac single-cell transcriptomics in murine T2D-induced
cardiac dysfunction (primarily via reduced e’ velocity), revealing a concerted diabetes-induced
cellular response for remodelling the heart. | have identified diabetes-induced up-regulation of
pathways involving dysregulation of vascular homeostasis and lipid metabolism, as well as
augmented inflammation, in cell specific contexts. | also identify other unexpected characteristics
in the diabetic heart, including impaired protein folding and leukocyte trafficking in lymphatic
vessels. While this work offers a comprehensive framework for understanding the cardiac non-
myocyte cellular and molecular dynamics in T2D, further analyses of the cardiac cell networks in
diabetes-induced HF are warranted. Our next steps include extending this framework to the female
diabetic heart to decipher any apparent sexual dimorphisms and to determine the gene regulatory
elements that govern the observed gene expression differences. Targeting the pathways that drive
these changes may offer new therapeutic avenues to address the cardiac complications associated

with diabetes.
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Chapter 6

Profiling circulating leukocytes in diabetic patients: a pilot study

6.1 COVID-19 pandemic disclaimer

Due to the global COVID-19 pandemic, recruitment of patients for blood profiling was halted in
2020. This led to the premature cessation of the study as the data was unblinded and then analysed,
hindering us from any further recruitment of patients. The statistical power of this study was
significantly compromised and as such, this study is presented as pilot data.

6.2 Introduction

Diabetes is associated with elevated circulating leukocyte counts in the clinic [115-119]; however,
the contribution of phenotypically distinct human leukocytes in pathogenesis of diabetic
complications remains understudied. Insights from pre-clinical studies suggest that systemic
inflammation in T2D is characterised primarily by monocytosis and neutrophilia [5,113,273].
Similar findings have been reported in patients with diabetes, with the most pronounced alterations
occurring in innate immune cells, such as monocytes [119,139]. However, this information is often
derived from differential white blood cell (WBC) counts using clinical haematology analysers
[119,429-431], which provide inexpensive and rapid information regarding circulating WBCs.
These systems only identify cells based on cell size and gross morphology and do not provide
information about cellular activation state. While haematology analysers are clinically useful, they
cannot accurately discriminate between all circulating cell types, particularly the more subtle
alterations that may occur in diabetes [432,433]. Rodent studies have allowed for precise detection
and tracing of specific leukocytes using flow cytometric and cell-sorting approaches in various
models of disease, including diabetes [5,113,310,434]. Given that clinical T2D is associated with
‘sub-clinical’ inflammation and murine T2D induces monocytosis and neutrophilia (via flow
cytometry), more sensitive approaches are warranted to determine the relative proportions of

circulating leukocytes and their subtypes in the human context.

Using flow cytometry, murine monocytes are phenotypically separated by cell surface expression
of Ly6C, which exhibit differing functions depending on their cell-surface antigen density (Chapter
3 & 4). The same concept can also be applied to the human context, except monocytes are typically
divided into three subtypes; CD14*CD16 (classical), CD14*CD16* (intermediate) and CD14"
CD16" (non-classical) [435]. Classical monocytes in humans are thought to be phenotypically
equivalent to Ly6C" monocytes in mice, while non-classical monocytes exhibit phenotypic
similarity to Ly6C" monocytes [436]. Intermediate monocytes have been implicated in clinical
pathogenic inflammation in the context of sepsis and atherosclerosis [437], however are yet to be

comprehensively quantified in patients with T2D.

Given the mounting evidence implicating systemic inflammation in T2D and its associated

complications, | performed multicolour flow cytometry in blood from human non-diabetic
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participants and patients with diagnosed type-1 diabetes (T1D) or T2D. | postulated that diabetes
in humans is associated with differences in circulating leukocytes, particularly monocytes and
neutrophils, relative to normoglycaemic controls. Therefore, the aims of this study were to (1)
establish any differences in relative abundances of disparate leukocytes in each patient group and
(2) to determine if the observed alterations from pre-clinical models accurately reflect the
circulating leukocyte profiles of diabetic patients, using a similarly designed flow cytometry
antibody panel.

6.3 Methodology

6.3.1 Experimental design

For a detailed description of the experimental design, see Chapter 2, Section 2.3.4. Briefly, ethics
approval was granted by the Alfred Hospital Research and Ethics Committee (HREC; approval
number: 564/18). All elective patients referred by A/Prof Neale Cohen (Head of Clinical Diabetes,
Baker Heart & Diabetes Institute) were invited on the day of their routine visit, to participate in the
study. Participants who agreed to take part in the study were then given the opportunity to read and
sign the informed consent document and provide informed consent if they were willing to
participate, prior to blood collection. Subsequently, 14 mL of blood was collected by designated
investigators with an approved phlebotomy accreditation (Mr. Charles Cohen, Ms. Erin Boyle, Mr.
Michael Rechtman). Approximately 4 mL of blood was utilised for Full Blood Examination (FBE;
Melbourne Pathology) to allow for flow cytometry data normalisation (similar to that performed in
Chapter 3 & 4). A separate blood sample (~10mL) was also collected for flow cytometric analysis.
Whole-blood flow cytometry was performed, whereby red blood cells were lysed (Chapter 2,
Section 2.8), prior to antibody staining of pertinent leukocytes (Chapter 2, Table 2.1). Raw flow
cytometry data was processed using Flow Jo (v10.5.3), normalised to total WBCs (derived from
FBE values) and subsequently analysed and illustrated using GraphPad Prism (v8.1.2). A visual
outline of the study methodology is also illustrated in Chapter 1, Figure 1.3.

6.3.2 Participant enrolment and statistical power

Previous studies performing flow cytometry of human blood have reported that sample sizes of ~30
participants per group were sufficient to detect statistically significant alterations of relevant cell
types [438,439]. Although, these (and other) studies have used greater sample sizes to count
leukocytes (>100 patients per group) [119,429,431], the majority of these studies employed
automated cell counting which is less precise than flow cytometry [440]. Therefore, | based the
statistical power calculation from studies using flow cytometry [438,439], to yield the appropriate
sample size to detect any changes in circulating leukocytes. Based on an expected difference of
approximately 20% (power 80%, P = 0.05) in leukocyte levels, the power calculation projected that
30 participants per group (i.e. 30 ND, T1D and T2D participants) would be sufficient to accurately
detect any change using flow cytometry. Unfortunately, we were unable to reach the desired number

of subjects per group to achieve sufficient statistical power in this study, due to the COVID-19
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pandemic. As a result, recruitment was halted in 2020 and all existing data was unblinded and
analysed. This in turn led to complete study cessation, due to the likelihood of sampling bias after

data unblinding.

6.4 Results

6.4.1 Participant characteristics

Due to the premature discontinuation of this study, a total of only 31 participants (13 males and 18
females) were recruited for flow cytometric profiling of circulating leukocytes. Of these patients, 9
were non-diabetic (ND), 14 had established T1D and 7 were diagnosed with T2D (Table 6.1). We
noted a significant age disparity between each patient group, with ND patients being younger than
T1D patients, who in turn were younger than the T2D patients (Table 6.1, P < 0.01 for all
comparisons). This confounder is a possible explanation for the lack of difference observed in the
automated WBC count, given that ageing is generally associated with immunosenescence [441]
(FBEs, Table 6.1). Glycated haemoglobin (HbA1c) levels in both T1D and T2D patients were
significantly elevated relative to ND participants (Table 6.1, P < 0.01).

g @ Participant details ND T1D T2D
R 14 9 8
Age 20+ 6#1 40 + 14 *7 62 + 5*#
Sex (M/F) 5/9 4/5 5/3
HbAlc (%) 52+0.5 73+0.7* 82+2.1*
FBE (x 10°/L) 7.0+ 1.0 6.6+1.6 8.1+2.1

Table 6.1: Participant details from recruited patients, grouped by diagnosis. A total of 31 patients
were included in this study. Data are shown as mean + SD and was analysed statistically using a
one-way ANOVA and a Tukey’s post hoc test. * P < 0.01 vs. ND, # P < 0.01 vs. T1D, + P <0.01
vs. T2D.

6.4.2 Circulating myeloid cells

Considering the previous evidence of systemic monocytosis and neutrophilia in T2D, myeloid cells
were first gated and quantified (Figure 6.1A). Total leukocytes (CD45* cells) detected by flow
cytometry were not different between the patient groups (Figure 6.1B), consistent with the FBE
count of total leukocytes (Table 6.1). While numbers of antigen-presenting cells (APCs;
CD45*HLA-DR"), including monocytes and B-cells, were not different between ND and T2D
patients, they were significantly reduced in patients with T2D relative to T1D participants (Figure
6.1B, P < 0.05). Additionally, while neutrophil (CD45*CD16*CD15*) numbers were similar
between ND and T2D patients, they were significantly reduced in patients with T1D relative to ND
participants (Figure 6.1B, P < 0.05). Classical monocytes (CD45*HLA-DR*CD14") also followed
a comparable trend to neutrophils, with no difference between ND and T1D participants, but a shift
towards a decrease in cell numbers in T2D relative to T1D participants (Figure 6.1B, P = 0.07).
There were no differences in intermediate (CD45"HLA-DR*CD14*CD16%) or non-classical
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(CD45"HLA-DR*CD14CD16%) monocytes between each patient group (Figure 6.1B). Hence,
while our findings are not consistent with previous reports of monocytosis and neutrophilia in T2D,
they imply that there was an overall reduction of APCs and neutrophils in T2D, relative to T1D

patients.

6.4.3 Circulating lymphoid cells

The circulating lymphocyte profile was next characterised in each patient group using the illustrated
gating strategies (Figure 6.2A). B-cells (CD45"HLA-DR*CD19%) were (non-significantly) reduced
in T2D patients relative to T1D patients (Figure 6.2B, P = 0.052), which was likely a major
contributor driving the overall reduction in APCs (Section 6.4.2, Figure 6.1B). The relative
abundance of T-cells (CD45"CD3") was not different between any of the patient groups (Figure
6.2B). Moreover, T-helper (Th; CD45"CD3*CD4*) and cytotoxic T-cells (Tc; CD45*CD3*CD8")
did not differ in any patient group (Figure 6.2B).
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Figure 6.1: Immunophenotyping human circulating myeloid cells

(A) Ilustrates the flow cytometric gating strategies employed to detect myeloid cells in human
blood. (B) Quantified circulating myeloid leukocytes in each patient group. ND = non-diabetic,
T1D = type-1 diabetes, T2D = type-2 diabetes, HLA-DR = HLA Class Il Histocompatibility
Antigen. Data is presented as mean + SD and individual data points. Statistical significance was
determined using a one-way ANOVA and a Tukey’s multiple comparison post hoc test. * P < 0.05.
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Figure 6.2: Immunophenotyping human circulating lymphoid cells

(A) Hlustrates the flow cytometric gating strategies utilised to detect lymphocytes in human blood.
(B) Quantified circulating lymphoid leukocytes in each patient group. ND = non-diabetic, T1D =
type-1 diabetes, T2D = type-2 diabetes, HLA-DR = HLA Class Il Histocompatibility Antigen. Data
is presented as mean + SD and individual data points. Statistical significance was determined using
a one-way ANOVA and a Tukey’s multiple comparison post hoc test.
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6.5 Discussion

Dysregulated immune cell function is implicated in the pathogenesis of diabetic complications,
however the specific human leukocyte subtypes that contribute to these complications remain
understudied. This study aimed to characterise the circulating leukocyte profiles of human ND and
diabetic patients and to elucidate any consistencies congruent with pre-clinical models of T2D.
While this study was underpowered for testing our hypotheses, a number of findings were
noteworthy. Indeed, we observed a reduction in APCs and neutrophils in T2D patients relative to
T1D participants, which contradicts much of the current literature. However, there were also very
significant confounding factors in this study including the difference in age of each of the groups,
which may have affected our results. Nevertheless, | provide a number of considerations for future

studies to utilise when performing flow cytometric analysis of WBCs in diabetic patients.

6.5.1 Preliminary insights into the circulating leukocyte profile of diabetic patients

Despite the premature cessation of the study (Section 6.1), | noted reduced total APCs in T2D
patients relative to T1D patients, which was likely driven by lower abundances of both antigen-
presenting B-cells and monocytes. This was surprising given that insulin resistance and obesity
(common comorbidities of T2D) are well known drivers of systemic inflammation, which is
orchestrated by both the innate and adaptive arms of the immune system [136]. B-cells become
more active in T2D relative to ND patients secreting various pro-inflammatory and chemotactic
molecules, including IL-6, TNF-a and IgG [201]. Indeed, adoptive B-cell transfer in high-fat fed,
B-cell-deficient mice exacerbates insulin resistance in visceral adipose tissue, while B-cell
depletion improves insulin sensitivity [442]. However, T1D is also associated with augmented and
dysfunctional B-cells [443], which are associated with pancreatic -cell dysfunction [444,445].
Furthermore, comprehensive interrogation of B-cell subtypes in T1D patients revealed that the
follicular B-cell subtype is decreased, while marginal zone B-cells are increased, highlighting the
need for B-cell subtype analyses in clinical diabetes [446]. Considering | observed lower levels of
B-cells in T2D patients relative to T1D patients, more specific analyses of B-cells is warranted in

both types of diabetes to determine their role in the development of diabetic complications.

Antigen-presenting classical monocytes also appeared to be slightly reduced in T2D patients
compared to T1D patients, which was surprising considering our pre-clinical findings [135]. As
alluded to earlier in this dissertation, a distinct characteristic of T2D is monocytosis, accompanied
by dysregulated monocyte function [115-119]. Indeed, CD14" monocyte abundance and vascular
adherence properties are impaired in poorly controlled diabetes (irrespective of diabetes ‘type’)
[447], which is also associated with endoplasmic reticulum stress and dysregulated intercellular
signalling [448]. Moreover, monocytes in obese individuals exhibit altered monocyte polarisation
toward a non-classical phenotype, detected by increased CD16" cell-surface expression [449].
Increased numbers of CD14*CD16* monocytes have also been observed in hypercholesterolaemic

patients with coronary artery disease [450,451], suggesting their potential involvement in cardiac

124



remodelling. However, in this thesis, | was unable to definitively determine any major differences
in monocyte levels between participant groups. Nevertheless, phenotypically distinct monocyte
subsets are becoming recognised protagonists mediating the pathogenesis of diabetic complications.
While my results do not necessarily reflect the current literature, this may relate to confounders
such as ageing-induced immunosenescence or patient medications (further discussed in Section

6.5.2), which provides important considerations for future studies of this nature.

Intriguingly, | also observed reduced circulating neutrophil levels in T2D patients, relative to T1D
patients, which certainly contrasts pre-clinical evidence for neutrophilia in T2D [113,119]. Indeed,
a number of studies in murine T2D suggest a role for systemic neutrophilia [5,273]. Moreover, an
elevated neutrophil-lymphocyte ratio is a characteristic of clinical T2D, which is generally driven
by elevated neutrophils [452]. Additionally, diabetes induces neutrophil activation and is associated
with increased deposition of neutrophil extracellular traps (NETs) and rates of amputation [121].
However, reduced neutrophil levels in diabetes are also associated with increased peripheral
neutrophil consumption and neutrophil tissue retention [453], which may, in part, explain the
reduction in neutrophils in T2D patients relative to T1D participants. Interestingly, recent
transcriptomic analysis of neutrophils isolated from T2D patients reveals distinct gene expression
patterns corresponding to gene ontology (GO) terms related to myeloid leukocyte activation,
inflammation and chemotaxis [454]. Considering the variance in circulating neutrophil numbers in
clinical diabetes, more comprehensive studies are warranted to determine the precise role of
neutrophils in diabetic complications. However, the discrepancy in the literature regarding
neutrophil perturbations may result from a number of confounders, such as discoveries in differing

stages of diabetes, different patient ethnicities and age-related immunosenescence.

6.5.2 Experimental limitations and considerations for future studies

While we observed differences in circulating leukocyte abundances in T2D patients relative to T1D
participants, there were a number of limitations to consider. First, we noted a number of
confounding variables related to sample size. Indeed, the small sample size and inadequate
statistical power indicates that all findings in this study must be interpreted with caution (Section
6.3.2).

Upon unblinding of patient data, we observed considerable age disparities across patient groups,
which is likely to have hampered data interpretation. Typically with larger sample sizes, key clinical
characteristics such as age and sex are usually statistically corrected for [455], although this was
redundant in this instance given the sample size. Importantly, ageing induces an array of systemic
alterations affecting many components of the immune system, which is reflected by the increased
incidence of bacterial and viral infections in the elderly [441,456]. Specifically, the efficacy of
macrophage and neutrophil phagocytosis diminishes with age, which is also accompanied by
delayed and dysfunctional intrinsic cytokine release [457,458]. Similarly, dendritic cells also

exhibit reduced uptake of pathological antigens, as well as a reduction in cell-surface co-stimulatory
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receptors necessary for T-cell recruitment [459,460]. The T-cell receptor repertoire is also reduced
at least two-fold in the elderly [461], which may reduce the capability of T-cell recognition of
antigens, particularly on APCs [441]. Given that patients with T2D are far older than the both the
ND controls and T1D participants, it is likely that the observed changes align more with an ageing
phenotype, rather than the T2D phenotype. Hence, this limitation is a critical confounder to consider
and may, in part, explain some of the inconsistencies with the literature and my pre-clinical findings
(Chapter 3 & 4).

Another possible explanation for these results relate to patients medications in the T2D cohort,
given that T1D patients were only receiving daily exogenous insulin and ND participants were not
receiving any regular medications. Patients with T2D however, were receiving a combination of
treatments, including metformin, empagliflozin, pioglitazone and linagliptin. These medications are
associated with dampening of inflammation in T2D [462—466], despite the mechanisms remaining
unclear. For instance, T2D patients receiving empagliflozin exhibit reduced levels of circulating
inflammatory markers including C-reactive protein (CRP) and myeloperoxidase (MPQO) [465].
Similar findings have been reported in db/db mice receiving Western diet, whereby exogenous
empagliflozin administration reduces gene expression of pro-inflammatory cytokines, and increases
gene expression of anti-inflammatory cytokines in the heart [464]. However, regardless of any of
these medications, the precise, cell-specific mechanisms by which these medications exert their
anti-inflammatory effects remains understudied. With a larger sample size, multivariate analyses
could be used to determine if different medications influence leukocyte counts; however in the

present study, we cannot rule out the possibility that this variable contributed to data bias.

Pertaining to the flow cytometry methodology, a recent study using high-resolution mass cytometry
has further optimised monocyte detection, proposing that improvements can be made to the current
the antibody panel. While traditional bi-axial gating of CD14/CD16 monocytes is an accurate
determinate of monocyte phenotypes, gating selection can be arbitrary and lead to inter-subset
contamination of intermediate monocytes with classical and non-classical monocytes [467]. With
the addition of markers such as CD36, CCR2, and CD11c, more precise separation of human
monocytes can be performed [467], which should be taken into consideration in the future when

designing antibody panels to analyse human monocytes.

This study provides a basis for future clinical studies, seeking to determine the differences in
circulating leukocytes in human patients with diabetes. Indeed, there are a number of improvements
that can be made to substantiate the validity of these findings. Importantly, the data from this study
highlights the need for a larger sample size than initially anticipated from our initial power
calculation. By utilising the data from this pilot study, we are better equipped to develop a more
accurate power calculation to observe differences in disparate leukocytes, using this methodology.
Using the same power calculation parameters used in this study (expected difference = 20%, power

80%, P = 0.05), we can revise the required values used to determine the sample size, using the
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means and standard deviation (SD) from this study. For example, using the means and SDs of ND
and T1D CD45" leukocytes from this study (18256 + 6118 vs. 21629 + 8036 respectively), the
updated power calculation suggests cohort sizes of at least 52 participants per group. This approach
can also be extended further to consider more specific leukocytes, dependent on the primary
endpoint question. Despite the confounders in this study, | provide useful information to improve
the study design of any future work using this methodology.

6.6 Conclusions

In this Chapter, we endeavoured to profile the circulating leukocyte populations in patients with
diabetes to corroborate findings from the current literature, and to establish any consistencies with
pre-clinical findings. On the contrary, we noted reduced APCs and neutrophils in T2D patients
relative to non-diabetic controls, accompanied by minor decreases in B-cells and classical
monocytes. Indeed, there were a number of noteworthy limitations, primarily relating to sample
size, age disparities and patient medications. Therefore, the findings from this study must be
interpreted with caution due to the presence of a number of confounding variables primarily related
to premature study cessation. Although unable to complete this study under optimal requirements,

I provide a number of feasible considerations for future clinical studies of this nature to build upon.
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Chapter 7

General Discussion

7.1 Overview

The diabetic heart has been studied for over 50 years [468,469], which has led to significant
advancements in our understanding of this pathology. However, there remains a clear knowledge
gap regarding the precise molecular and cellular dynamics in diabetes-induced heart failure (HF),
which is reflected by the lack of specific treatment options. Type-2 diabetes (T2D) is strongly
associated with impaired cardiac function and worsened CV outcomes [468-470], which is
associated with cardiac fibrosis, cardiomyocyte dysfunction, ROS generation and inflammation
[262]. These conventional characteristics of HF in diabetes are established, although the precise
cellular and molecular pathophysiology remains unresolved. The cardiac cellular composition has
recently been reappraised in homeostasis and disease, which has been facilitated by utility of single-
cell technologies [174,225]. However, prior to the body of work in this thesis, these analyses were

yet to be applied to the heart in the setting of diabetes-induced HF.

The primary objectives of this dissertation were to investigate the changes in cardiac cellular
composition in murine T2D-induced HF and to determine the cell-specific, transcriptomic
signatures that may contribute to these changes. In two disparate models of T2D (Chapter 3 and 4),
I demonstrate both common and distinct cardiac non-myocyte cellular changes for diabetes-induced
remodelling (Figure 7.1). Moreover, we identify both cell-specific and broad gene expression
patterns in non-myocyte cells from db/db and db/h mice from single-cell transcriptomics. These
results also corroborate the aforementioned flow cytometry results, implicating cardiac fibroblast
expansion and macrophage dysfunction in the development of HF. While the human pilot study
data (Chapter 6) does not corroborate the flow cytometric pre-clinical findings (Chapter 3 and 4),
these are confounded by a number of variables and should be interpreted with caution. Therefore, |
implicate a role for systemic monocytosis and neutrophilia in the development of T2D
complications, including HF. In toto, these findings provide a foundation for future studies to build
on and may aid in identification of novel cellular and/or molecular targets for pharmacological

manipulation.

7.2 Degrees of cardiac dysfunction in T2D-induced HF

Whilst both mouse models of T2D used in this thesis do not completely recapitulate clinical T2D,
both the streptozotocin high-fat diet (STZ-HFD) and 17-week old db/db mouse models exhibited
similar cardiac functional impairments. While the parameters measured by echocardiography were
different between models, cardiac function is similarly hindered in both models of T2D. STZ-HFD
mice displayed left-ventricular (LV) diastolic dysfunction in the form of reduced mitral valve
velocity and blood flow in the early phase of diastole (Chapter 3, Section 3.3). Similarly, 17-week

old db/db mice display comparable diastolic dysfunction, with reduced early mitral annulus velocity
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and a consequent increase in the E/e’ ratio (Chapter 4, Section 4.4.2). Indeed, both 17-week old
db/db and STZ-HFD mice exhibit echocardiographic parameters suggestive of increased LV
resistance and stiffening [471,472]. However, 10 and 24-week old db/db mice did not display any

major functional abnormalities of note.

7.3 Cardiac non-myocyte cellular alterations that characterise the diabetic heart

A comprehensive understanding of the cardiac cellular landscape is crucial for studying cardiac
biology and pathophysiology, however this has yet to be comprehensively surveyed in the diabetic
heart. Cardiac non-myocytes are a highly plastic, heterogeneous collection of cells that are essential
for maintenance of homeostasis and myocyte function in the mammalian heart [174,225,473]. As
discussed in Chapter 1 (Section 1.4) detection of cardiac non-myocyte cells has been streamlined
by optimisation of cardiac digestion, flow cytometric and histological protocols [473]. In this thesis,
I have demonstrated that basal cardiac cellular composition is altered in two established models of

murine T2D with concomitant HF.

7.3.1 Fibroblast expansion in STZ-HFD and 17-week old db/db mice
Consistent with the comparable degree of cardiac dysfunction, a prominent feature of diabetes-

induced remodelling uncovered by my work is fibroblast hyperplasia. Both STZ-HFD mice and 17-
week old db/db mice exhibit increased fibroblast levels in the myocardium (Figure 7.1), suggesting
that augmented fibroblast levels are positively correlated with cardiac dysfunction in T2D.
However, the specific expanding fibroblast phenotype is yet to be elucidated in this context. For
example, in the infarcted heart, fibroblasts rapidly differentiate and proliferate into myofibroblasts,
facilitating replacement fibrosis [76,245,474]. In contrast, mice with hypertensive HF initiated by
chronic angiotensin-Il infusion exhibit fibroblast expansion, but do not constitute a classical
myofibroblast phenotype [234]. In this thesis, | noted cardiac fibroblast hyperplasia, accompanied
by augmented fibroblast-specific MAPK signalling and endocytosis in the absence of myofibroblast
development (Figure 7.1 & 7.2B).

Indeed, fibroblast levels were elevated in STZ-HFD and db/db-induced HF, although analysis of
cardiac fibroblasts from single-cell RNA sequencing (scCRNAseq) suggests little evidence for ECM
remodelling and cardiac fibrosis (Chapter 5). Here, | implicate a number of diabetes-specific gene
expression patterns in cardiac fibroblasts that may explain their expansion. In particular, fibroblasts
increase mitogen-activated protein kinase (MAPK) pathway signalling. Given that Egfr is
significantly elevated in db/db fibroblasts exclusively, activation of MAPK likely occurs via the
Egfr-encoding cell surface protein epidermal growth factor receptor (EGFR). While this is well-
described in the diabetic heart as a whole [366,475], this is the first report of fibroblast-specific
MAPK activation, during simultaneous examination of all non-myocyte cells in the diabetic heart.
EGFR intrinsically activates guanosine triphosphate (GTP) molecules, such as the Ras proto-
oncogene, inducing intracellular ERK1/2 signalling, which ultimately initiates cell growth and

proliferation [361,362]. Corroborating this, gene expression patterns in 17-week old db/db mice
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correspond to small GTPase signal transduction — a downstream process in the MAPK cascade
[362]. Moreover, up-regulated genes in 17-week old db/db mice encode for receptors in fibroblasts

are associated with augmented MAPK signalling.

Down-regulated genes in 17-week old db/db hearts were associated with response to external
stimuli and endocytosis GO terms, which may suggest an intrinsic compensatory response to
external stress. Numerous extrinsic factors can initiate activation of the MAPK cascade, including
glucose, lipids and cholesterol [362]. As discussed (Chapter 5), hyperglycaemia is sufficient to
activate MAPK signalling, which primarily initiates p38 and ERK1/2 intracellular pathways
[78,364,366]. The same has been demonstrated in kidney biopsies from T2D patients, suggesting
that increased MAPK-p38 signalling is a primary feature contributing to renal fibrosis [476].
Supporting this, MAPK activation in db/db mouse kidneys is associated with increased
phosphorylation of p38 and consequent downstream ERK signalling [476,477]. However, the
highest differentially expressed gene within fibroblasts is angiopoietin-like protein 4 (Angptl4),
which may suggest that fibroblasts attempt to compensate for excess circulating lipids (Figure 7.21),
by up-regulating nutrient partitioning protein ANGPTLA4. This protein is generally responsible for
directing free-fatty acids to alternative sites for metabolism, which may indirectly suggest cardiac
fibroblast lipotoxicity. Furthermore, genes downregulated for ligands and receptors in fibroblasts
correspond to regulation of endocytosis, which eludes to a fibroblast-specific compensatory
mechanism to reduce intrinsic lipids. While there are many reports of hyperglycaemia-induced
fibroblast activation in diabetic complications, single-cell analyses have provided more detailed
information regarding the cellular dynamics in T2D-induced HF. Therefore, | propose that the range
of circulating factors established in the db/db mouse (Figure 7.2A) initiate pathological fibroblast
hyperplasia via MAPK cascade signalling and fibroblast lipotoxicity. While diabetes ultimately
leads to cardiac fibrosis [20,77,478], further research is required to confirm the mechanism of action
dictating elevated fibroblast levels in the diabetic heart, considering the multifactorial nature of T2D

comorbidities.
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Figure 7.1: Similarities and differences in cardiac cellularity in two mouse models of T2D

(A) llustrates the cardiac cellular alterations yielded from flow cytometry in the STZ-HFD and (B)
in the db/db mouse model of T2D. Common cellular alterations include increased fibroblast levels,
and inflammatory monocytes (both in the heart and blood). Distinct alterations are indicated A &
B respectively. STZ-HFD = blue circle, db/db = pink circle.

7.3.2 Cardiac vascular alterations
There were a number of cellular alterations corresponding to vascular abnormalities, which was

initially identified by aberrant gene expression in db/db endothelial cells (ECs; Chapter 5).
Although EC proportions were unaltered in both murine models of T2D (Chapter 3 & 4), scRNAseq
revealed gene expression patterns corresponding to increased extrinsic stress, chemotaxis and
dysregulated angiogenesis (Figure 7.2C, D, E). EC dysfunction is a widely reported paradigm in
diabetes and is an important characteristic of its associated pathologies [262]. Indeed, gene
expression of peroxisome proliferator-activated receptor gamma (PPARy) is distinctly upregulated
in ECs. As mentioned (Chapter 5), PPARy preferentially facilitates glucose flux into cells, rather
than lipids. Given that free-fatty acids are the primary source of cardiac energy [374], increased
expression of PPARy may suggest an EC-specific compensatory response to extrinsic lipid stress,
in a similar fashion to fibroblasts (Figure 7.21). Genes encoding ligands and receptors in ECs also
correspond to augmented chemotaxis, suggesting cell migration into the myocardium is, in part,
catalysed by altered EC gene expression. A number of chemotactic genes contributed to this,
including Cxcl12 and Cd31 (further discussed in Chapter 5). Moreover, macrophages highly express
Ccr2, which is likely further driving cellular chemotaxis and migration, particularly of monocytes
(elucidated in Section 7.3.3). In addition, genes encoding both ligands and receptors also suggest a
role for dysregulated angiogenesis and cardiac vascular remodelling. As discussed, is appreciated
that diabetes induces disproportionate angiogenesis in the heart (and other organs) to compensate

for external stress, vessel occlusion and hypoxia (refer to Chapter 5). This is generally initiated by
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initial capillary rarefaction and consequent hypoxia, which in turn stimulates enhanced,
disproportionate angiogenesis [406,408,409]. Using information generated from scRNAseq of
db/db ECs relative to db/h controls, | note a number of EC-specific abnormalities that are likely to
contribute to the development and progression of diabetes-induced HF.

Endocardial cells increased in number exclusively in 10-week old db/db hearts (Figure 7.1) and
displayed similar transcriptomic patterns to cardiac ECs for cell migration in 17-week old db/db
mice, relative to db/h controls (Figure 7.2F). Endocardial cells are highly dynamic and respond to
a variety of stressors [288]. In diabetes however, the literature regarding endocardial cell dynamics
is limited, providing a novel avenue for future studies. Hyperlipidaemic diabetic hamsters exhibit
alterations in endocardial morphology and permeability, accompanied by accumulation of
macrophage-derived foam cells within the sub-endocardial layer [289]. Macrophage-derived foam
cell accumulation is synonymous with the development to atherosclerosis [135], which emphasises
the significance of macrophage lipid metabolism in the development of HF in T2D. In silico
analyses of 17-week old db/db endocardial cells further corroborates this, suggesting that gene
expression patterns are linked with cell migration (Figure 7.2F). Furthermore, the endocardial gene
signature in db/db mice is also associated with augmented Wingless-related integration site (WNT)
signalling (Figure 7.2F). WNTSs are a family of glycoprotein ligands regulating numerous processes,
including cellular adhesion, migration and differentiation [479]. Specifically, the canonical WNT
pathway plays a critical role in fibroblast differentiation in the heart [480]. This may point to an
alternative mechanism driving fibroblast hyperplasia (Section 7.3.1), whereby endocardial cells
increase  WNT ligand communication with fibroblasts, initiating endocardial-fibroblast
transdifferentiation. However, more comprehensive analyses, such as endothelial-specific ‘Cre-lox’
lineage tracing studies [287,481], are required to definitively determine this. Thus, data from this
thesis implicates endocardial cell dysfunction in the development of T2D-induced HF and requires

further interrogation.

Alterations in lymphatic endothelial cell (LEC) number and gene expression were also noted in 10
and 17-week old db/db hearts respectively, alluding to lymphatic dysfunction. Numerous clinical
studies have demonstrated that obesity poses a significant risk of lymphatic dysfunction [482-484].
Moreover, a recent study has shown that both humans and mice consuming high-fat diet display
aberrant mesenteric lymphangiogenesis and lymphatic ‘leakiness’ [482]. Mouse models of diabetes
also show perturbed lymphatic permeability and function in the retina and in peripheral vessels
[284,285,485], further implicating this paradigm in as a characteristic of T2D. In this thesis,
proportions of LECs were increased in 10-week old db/db mice, although were unaltered in 17-
week old db/db mice relative to db/h controls. There were no apparent alterations in LEC
proportions in the STZ-HFD model of diabetes. This may suggest that LECs may initially undergo
cell death and lymphatic dysfunction, however subsequently initiate an intrinsic pro-survival

response to compensate. Indeed, elevated expression of pro-survival transcription factor Prox1 was
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observed in 17-week old db/db mice, which may suggest lymphangiogenesis is occurring in
response to the initial reduction in LECs at 10-weeks of murine T2D. Moreover, 17-week old db/db
mice yield gene expression patterns in cardiac LECs corresponding to negative chemotaxis (Figure
7.2E), which may suggest that LECs also initiate a compensatory response to lymphoedema. These
data may indicate that LECs are initially reduced due to extrinsic stressors, which is followed by an
intrinsic compensatory mechanism to counteract these factors that characterise murine T2D (Figure
7.2A). While more specific analyses of cardiac LEC dynamics are warranted, cardiac lymphatic

dysfunction may act as a potential driver of cardiac functional impairment in T2D.

Similarly, myocardial pericytes were reduced in both 10 and 17-week old db/db mice relative to
db/h littermates (Figure 7.1). Pericytes are perivascular cells juxtaposed to endothelial and smooth
muscle cells and are critical for maintaining vascular integrity in homeostasis and disease [486].
Loss of pericytes has been extensively studied in diabetes-induced microvascular complications,
including retinopathy, nephropathy and peripheral artery disease [297,304,487]. Pericyte loss in
diabetic retinopathy also leads to vascular destabilisation and subsequent capillary rarefaction
[296]. This is one of the first signs of diabetic retinopathy and is considered to represent early
microvascular remodelling in T2D [297]. This, in part, could explain the initiation of possible
capillary rarefaction in the heart, ultimately triggering disproportionate angiogenesis. While further
analyses of pericytes are required, | propose pericyte loss is an additional abnormality contributing

to cardiac vascular dysfunction in murine T2D.

Cardiac smooth muscle cells (SMCs) were also altered in both models of T2D (Figure 7.1). While
STZ-HFD mice (Chapter 3) exhibited decreased levels of smooth muscle cells (SMCs), 17-week
old db/db mice displayed increased SMC levels (Chapter 4). The pathogenesis of vasculopathy in
T2D is complex, and the mechanism by which this occurs is unclear. As discussed (Chapter 3 & 4),
hyperglycaemia tends to inhibit SMC apoptosis, whereas models of metabolic syndrome (including
T2D) stimulate SMC apoptosis (Chapter 3 and 4). For example, hyperglycaemia inhibits apoptosis
in cultured human and rat vascular SMCs (vSMCs), via PKC and B-cell lymphoma 2 (Bcl-2)
signalling [305,306]. In contrast, rodent models of atherosclerosis augment vSMC apoptosis,
proliferation and leukocyte chemotaxis [307,308]. Due to the opposing results in the disparate
mouse models used, it is difficult to interpret the SMC dynamics from data in this thesis. However,
it is expected that SMCs in STZ-HFD mice undergo apoptosis as a result of chronic consumption
of HFD, considering that hyperlipidaemia is associated with vSMC apoptosis [488]. Comparatively,
the increase in SMCs in 17-week old db/db mice is likely attributable to chronic hyperglycaemia,
particularly given that db/db mice consumed only regular chow diet. Because T2D is associated
with a heterogeneous array of comorbidities, the cardiac SMC phenotype may vary depending on
the respective contribution of each pathological comorbidity. While the disparate mouse models of
T2D exhibit contrasting differences in SMCs, these findings further underscore a role for vascular

remodelling in the diabetic heart.
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Figure 7.2: Defining the major non-myocyte abnormalities that comprise the db/db heart

(A) Illustrates the array of major extrinsic stressors in db/db mice that may contribute to cardiac
remodelling. Important features of the non-myocyte milieu within the diabetic heart involve (B)
fibroblast hyperplasia, (C) endothelial cell dysfunction, (D) disproportionate pathological
angiogenesis, (E) perturbed endothelial and lymphatic chemotaxis, (F) endocardial remodelling,
(G) macrophage-induced monocyte chemotaxis, (H) alterations in cardiac resident macrophages
and (I) cell-specific lipotoxicity.
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7.3.3 The contribution of the immune system

Accompanying cardiac vascular alterations, this thesis also reveals important contributions of
leukocytes in the development of HF in the context of murine T2D. While inflammation is a
recognised feature of metabolic syndrome and T2D [115-119], less is known regarding the
contribution of specific leukocytes in the pathogenesis of HF in this context. Both murine models
used commonly exhibited systemic monocytosis (Figure 7.1), highlighting the importance of
circulating monocytes in the pathogenesis of T2D-induced HF. In addition, neutrophilia was distinct
to 17-week old db/db mice (Chapter 4), although STZ-HFD mice displayed a minor trend toward
increased neutrophil levels (Chapter 3). Interestingly, there were no detectable alterations in
circulating lymphocyte numbers, despite these being implicated in a number of complications
associated with T2D [213,216,442].

Circulating and local cardiac monocytes were elevated in both models of T2D-induced HF,
suggesting that monocytes are likely infiltrating into the myocardium, from the circulation (Figure
7.1). Cardiac monocyte recruitment in diabetes is facilitated by upregulated chemokine expression,
particularly monocyte chemoattractant protein 1 (MCP-1; the canonical ligand for CCR2) [489].
Augmented expression of MCP-1 in cardiac macrophages is implicated in circulating monocyte
recruitment in both ischaemic cardiomyopathy and myocardial infarction [76,245,474]. Moreover,
elevated plasma MCP-1 levels are correlated with an increased risk of developing vascular
inflammation and coronary artery disease [490,491]. While no study to date has reported alterations
in MCP-1 signalling in the diabetic heart, knockout of its canonical receptor CCR2 improves cardiac
dysfunction and degree of fibrosis [492], suggesting a role for MCP-1/CCR2 signalling. The
mammalian myocardium is enriched in resident macrophages within the interstitium [164], which
are primarily responsible for inter-organ debris clearance and chemotaxis of monocytes [135].
Interestingly, macrophages from 17-week old db/db mice exhibited significantly increased
expression of Ccr2 (encoding CCR2), suggesting that cardiac macrophage-mediated monocyte

recruitment is a feature of the diabetic heart (Figure 7.2G).

Indeed, resident cardiac macrophages in 17-week old db/db mice display an alternate phenotype
relative to db/h control mice. This was initially identified by flow cytometry, whereby major
histocompatibility complex 1l (MHCII) density on local cardiac macrophages was altered in 17-
week old db/db mice (Figure 7.1). This was also corroborated by SCRNAseq analyses, whereby the
MHCII" ‘Macrophage 3’ subset reduced in number in the db/db myocardium. More detailed in
silico analyses suggests that Macrophage 3 gene expression patterns lack the capability to perform
reverse cholesterol efflux, which is particularly important in the context of murine T2D (Figure
7.2A). This may imply that a subtype of cardiac macrophages are susceptible to
hypercholesterolaemia in T2D, which in turn instigates local macrophage cell death. Moreover,
db/db cardiac macrophages also increase gene signatures associated with lipotoxicity, suggesting

extrinsic lipid stress is an additional contributor to macrophage loss (Figure 7.21). These findings,
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are analogous to the development of atherosclerosis and coronary artery disease [403], whereby
excess cholesterol and lipid influx results in the formation of lipid-laden foam cells [135]. In
diabetes, less is known regarding macrophage dynamics in the heart, however multiple reports
suggest reductions in reverse cholesterol transporters in macrophages isolated from other organs
(Chapter 5). Thus, from the data presented in this thesis, | postulate that cardiac macrophages play
a cardioprotective role by engulfing excess vascular debris in the heart as a result of T2D.
Chronically, this is likely to overwhelm the phagocytic capacity of cardiac macrophages, which

may induce enhanced macrophage-mediated monocyte chemotaxis into the myocardium.

Considering the pronounced inflammation encompassing murine T2D, | also attempted to extend
this to the human context by performing whole blood flow cytometry in patients with diabetes
relative to normoglycaemic controls (Chapter 6). Contrary to the majority of the literature, | noted
marginally reduced B-cells, neutrophils and monocytes in patients with T2D, relative to non-
diabetic participants. However, as discussed this clinical study was interrupted due to the COVID-
19 pandemic restrictions, preventing any further recruitment. This consequently led to premature
study cessation, resulting in low sample sizes and other related confounders, given that the data was
blinded to the investigators. Thus, the data from this Chapter should be interpreted as pilot data

only, for future work to investigate.

7.4 Future directions

This thesis provides a number of novel concepts pertaining to HF in the context of murine T2D,
providing a comprehensive framework for future studies to build upon. Indeed, these studies ought
to be extended to females to decipher any apparent sexual dimorphisms that may exist in the
pathogenesis of HF in T2D. As discussed throughout this dissertation, future work should also
consider cardiomyocytes in this context, given that they are the primary functional cell in the heart.
Moreover, given the complexity of HF in T2D, more rigorous genomic approaches are also
warranted to characterise the cellular dynamics and gene regulatory elements that govern the

observed differences in cellularity and gene expression in cardiac non-myocytes.

Importantly, there is little evidence to date that has utilised the vast array of genetic tools currently
available for studying mouse genetics and biology, in the context of the diabetic heart. For instance,
utility of cre-loxP recombination is widespread in mouse biology, allowing for precise, cell-specific
information regarding gene expression [493]. This technology has also been adapted for diverse
range of other genetic functions, including fate-mapping of developmental ontogeny of
differentiating cell types [494], making it a desirable validation tool. Indeed, utility of fluorescently
labelled, fibroblast-specific mouse lines (such as the Collal-GFP strain [495]) would be
particularly useful in the context of T2D-induced HF, to determine the temporal dynamics of cardiac
fibroblasts in T2D. However, in the diabetic heart, these experiments are limited and have been
restricted to cardiomyocytes rather than the entire cardiac cellular milieu. In attempt to recapitulate

cardiomyocyte characteristics in the context of T2D, cardiomyocyte-specific knockdown of glucose

136



transporter type 4 (GLUT4) impairs myocyte contractility as a result of unbalanced substrate
utilisation [496,497]. More sophisticated analyses have been performed in murine diabetic
retinopathy, whereby conditional knock-out of vascular endothelial growth factor (VEGF) within
retinal Mdiller cells improves vascular permeability, suggesting a cell-specific, pathogenic role for
VEGF in the retina [498]. Nevertheless, there remains an urgent demand for more robust cell-
specific analyses of the diabetic heart, particularly to complement findings including those
presented in this thesis. Incorporation of these techniques in parallel with approaches such as
scRNAseq and flow cytometry will provide more detailed information regarding cell history,

transcriptional elements and transition state — heralding an exciting avenue for future research.

The methodologies applied in this thesis should also be extended to additional models of T2D,
considering the variable and multifaceted nature of this disease. While, in this thesis, | used a
combination of STZ and HFD to induce murine T2D, it would be particularly pertinent to catalogue
the cardiac cellular milieu of mice receiving high-fat diet alone, as well as mice receiving
streptozotocin alone. Given that db/db mice consume standard chow diet, it would also be prudent
to consider alternative diets capable of inducing T2D, such as the ‘Western diet’, which is typically

high in fat, sucrose and cholesterol [499].

In the era of single cell technologies, it is also pertinent to consider other high-resolution techniques
to further explain the differences in cardiac cellularity and transcriptome. Considering the
involvement of lipids and cholesterol in murine T2D, utility of plasma and tissue lipidomics may
yield important insights into the lipid profiles of T2D mice and how they affect cardiac function.
Similarly, proteomic analyses cardiac tissue would be beneficial to determine whether the observed
gene expression patterns are congruent with protein expression and whether proteins are affected

by post-translational modifications in this context.

Finally, it would be of particular interest to observe the effects of novel pharmaceutical agents that
have reported improved clinical cardiovascular outcomes. These primarily include glucagon-like
peptide-1 (GLP-1) agonists and sodium glucose transport 2 (SGLT2) inhibitors, whereby both of
these agents reduce the outcomes of major cardiovascular events and hospitalisation for HF
[500,501]. While these agents are showing immense promise in clinical HF associated with T2D,
the precise mechanism by which they exert their cardioprotective effects remains unclear. As such,
utility of sensitive analyses such as single-cell transcriptomics may provide valuable insights into

the complex biological responses to these novel agents.

7.5 Conclusions

Taken together, this thesis offers a new perspective for understanding the cellular and molecular
mediators of diabetes-induced cardiac pathology. Using high-dimensional flow cytometry, | found
that both models of T2D display marked differences in cardiac cellularity compared to their non-

diabetic controls. Specifically, shared hallmarks include increased resident mesenchymal cells,
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fibroblasts and infiltrating monocytes in both models of T2D. I also show disparate alterations in
cardiac cellularity between the different models of T2D. Importantly however, these alterations
point to common themes regulating the diabetes-induced cardiac pathophysiology: including
vascular remodelling, fibroblast hyperplasia and immune cell dysfunction. Single-cell
transcriptomic analysis of db/db mouse hearts revealed a concerted diabetes-induced cellular
response driving cardiac pathological remodelling, congruent with the cellular findings. I identified
a diabetes-induced up-regulation of pathways contributing to established features of diabetic
cardiomyopathy such as dysregulation of vascular homeostasis and lipid metabolism, as well as
augmented inflammation, in cell specific contexts. We also identified novel characteristics in the
diabetic heart, including perturbed angiogenesis and cellular trafficking within lymphatic vessels.
In conclusion, this thesis provides a comprehensive framework for understanding the cellular and
molecular aberrances that dictate the pathophysiology of the heart in the context of T2D. Future
studies should aim to extend this framework in order to offer new therapeutic avenues to mitigate

the cardiovascular complications associated with T2D.
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Single-cell transcriptomics enables inference of context-dependent phenotypes of indi-
vidual cells and determination of cellular diversity of complex tissues. Cardiac fibrosis is a
leading factor in the development of heart failure and a major cause of morbidity and
mortality worldwide with no effective treatment. Single-cell RNA-sequencing (scRNA-seq)
offers a promising new platform to identify new cellular and molecular protagonists that
may drive cardiac fibrosis and development of heart failure. This review will summarize
the application scRNA-seq for understanding cardiac fibrosis and development of heart
failure. We will also discuss some key considerations in interpreting scRNA-seq data and
some of its limitations.

Introduction

The extracellular matrix (ECM) is the three-dimensional framework of macromolecules that provides
structural, mechanical and signaling support to surrounding cells. Comprised of polysaccharides and
proteins such as collagens, laminin and elastin, the ECM has broad effects on tissue and cellular func-
tion [1,2]. These include cell signaling through integrins — cell surface proteins that bind ECM
macromolecules — and receptors for other factors that interact with the ECM [3]. Moreover, the
ECM can regulate cell motility and mechanical function of a tissue [4,5]. The latter is particularly per-
tinent to the heart where rhythmic movement is critical for cardiac function. Therefore, the ECM is
highly and dynamically regulated by an array of enzymes such as matrix metalloproteinases (MMPs)
and tissue inhibitory metalloproteinases (TIMPs), extensively reviewed in [6]. Excess accumulation of
ECM can have deleterious physiological effects and is referred to as fibrosis.

While fibrosis has been studied for many decades in the context of the heart, new technical
advances — such as single-cell transcriptomics — is providing a new and detailed picture of the
complex and orchestrated cellular events driving cardiac fibrosis. This mini-review aims to summarize
some of these recent developments, and some key limitations and future applications of single-cell
transcriptomics for understanding cardiac fibrosis.

Major types of fibrosis

Fibrosis is heterogeneous, and can differ in composition, tissue localization and the pathophysiology
that initiates its development. In the heart, fibrosis can be classified to at least three major types: (i)
interstitial fibrosis; (ii) perivascular fibrosis; and (iii) replacement fibrosis [7] (Figure 1). Interstitial
fibrosis is the pathological accumulation of ECM within the interstitium — in the heart, the fluid-filled
space between cardiomyocytes and supporting stromal cells. Interstitial fibrosis is particularly asso-
ciated with chronic physiological stresses such as hypertension [8] and diabetes [9-11]. It can lead to
impaired relaxation and filling of the heart ventricles after contraction (diastolic dysfunction) and is
particularly associated with heart failure with preserved ejection fraction (HFpEF) — one of the
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Figure 1. Key types of cardiac fibrosis in the hearts from Angll-treated and Mi-day 7.

Representative bright-field micrographs of Masson'’s trichrome stained mouse heart sections. Blue staining indicates tissue
fibrosis. Magnified views show interstitial (A) and perivascular fibrosis (B) in a heart of an Angiotensin Il treated (2 weeks,
1.4 mg/kg) mouse and replacement fibrosis in mouse heart (C) seven days post-experimental myocardial infarction. Arrows
indicate regions of fibrosis.

fastest-growing cardiac morbidities [12]. Perivascular fibrosis describes the pathological accumulation of ECM
surrounding the adventitia of major blood vessels (Figure 1). The increase in collagen I and II deposition
obstructs blood flow and ultimately leading to impaired vascular function, tissue hypoxia and cell loss [13-15].
Impaired coronary flow is a key clinical feature of patients with HF due to hypertensive heart disease [13] or
hypertrophic cardiomyopathy [16]. Finally, replacement fibrosis occurs after heart injury such as myocardial
infarction (MI) to replace lost cardiomyocytes and tissue mass. Unlike interstitial fibrosis, replacement fibrosis
typically results in a scar that stabilizes vascular wall integrity. The establishment of the scar follows an orche-
strated cellular response to heart injury which can be divided to three phases: ‘inflammatory’, ‘proliferative’ and
‘maturation’ [17]. The inflammatory response to damaged or dying cardiomyocytes begins with the degranula-
tion of non-nucleated cells such as platelets [18], followed by the rapid recruitment of neutrophils that accumu-
late within ischemic lesion within hours [19,20]. Following this, macrophages differentiating from circulating
monocytes, become the dominant cardiac cell type, participating in phagocytosis of tissue debris and efferocy-
tosis [21]. During the subsequent ‘proliferative phase’, macrophages contribute to the resolution of inflamma-
tion and decline in number, with angiogenesis and development of myofibroblasts (reviewed recently [22]). In
the maturation phase, differentiation of myofibroblasts recedes and the scar matures comprising specialized
fibroblasts that persist in the scar [23].

It is a prevailing view that the primary cellular driver of fibrosis are myofibroblasts [24,25]. Multiple path-
ways have been identified that promote myofibroblasts differentiation, including TGFpB [26], angiotensin II
(AnglI) [27] and ‘Wingless-related integration site’ (WNT) [28] signaling pathways. Of these, TGFp is the pre-
dominant, which with mechanical stress, is critical for myofibroblast differentiation [29,30]. Myofibroblasts
provide mechanical support to stress of damaged hearts with an expression of hallmark genes such as alpha
smooth-muscle actin (ACTA2) [30,31]. However, single-cell transcriptomics has altered our view of myofibro-
blasts and other fibrogenic cell types in cardiac fibrosis, and also challenged the concept that myofibroblasts are
integral for all forms of fibrosis.
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Single-cell transcriptomics

Single-cell ‘omics’ is the quantification of an analyte following isolation of individual cells either physically or
spatially. Many types of single-cell omics exist with more recent single-cell omics technologies enabling analysis
of DNA [32], RNA [33], chromatin states [34], methylation [35] and proteins [36]. Here we focus on single-cell
RNA sequencing (scRNA-seq), which is the most frequently applied of these new single-cell technologies.

Single-cell transcriptomics aims to resolve individual cellular transcriptomes to infer cellular phenotypes and
diversity. There are currently various approaches that have been developed with the most common requiring
analysis of single-cell or single-nucleus suspensions [37]. Three commonly used approaches include: deposition
of individual cells into micro-wells [38]; ‘split-pool’ sequencing where transcripts of individual cells are pro-
cessed for sequencing within individual cells or nuclei [39]; and droplet-based sequencing, where individual
cells are processed in reagent filled droplets suspended in oil [40-43]. All three approaches yield cDNA with
DNA sequences identifying individual RNA molecules with unique molecular identifiers (UMIs) [44] and the
cell of origin. The cDNA is then sequenced before subsequent data analysis.

Data generated in scRNA-seq studies are large and complex. Multiple software packages and pipelines are
available to process the datasets with common outputs, Most analyses will, for example, display cellular diver-
sity of scRNA-seq data presented as scatter dot plots. Two- or three-dimensional coordinates for dots corre-
sponding to cells are determined from ‘dimensionality reduction’ algorithms such as principal component
analysis (PCA), t-distributed stochastic neighbor embedding (t-SNE) or uniform manifold approximation and
projection (UMAP) [45,46]. These plots typically show cellular diversity as clusters or sub-clusters correspond-
ing to cell types and subtypes, respectively (Figure 2). Following determination of cell clusters, a wide range of
analyses can be performed to compare distinct gene expression profiles between cell populations and condi-
tions. While this is a powerful approach for studying cellular landscapes, a number of parameters influence
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Figure 2. Emergence of new fibrogenic cell types in the stressed murine heart.
tSNE visualization of hearts cells from mice undergone experimental myocardial infarction (A, A and A”) [62] or Ang-ll-induced
cardiac fibrosis (B, B and B') [56]. Each dot represents a cell. Cells were clustered based on their gene expression patterns
where ‘islands’ of cells represent distinct cell populations. Cells in A=A” and B-B" are colored based on average transcript
expression level of Postn (a key fibrosis-associated gene). Note, mapping of cells in two-dimensional tSNE space is divided
into hexagonal bins to avoid the bias of over-lapping cells (A-A" and B-B").
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how the data may be interpreted. For example, the number of clusters identified may be due to arbitrary set-
tings applied during the course of data analysis. Alternatively, data quality filtering parameters such as a
minimum number of genes/cell or mitochondrial gene proportion may bias which cell types are included in
the final data output and therefore inferences of cellular diversity (Table 1), Low numbers of genes detected per
cell may limit the ability to resolve true cellular subtypes (for example subtypes of T cells). This may particu-
larly concern approaches such as single-nuclei RNA sequencing where low genes/cell are typically detected.
Finally, the tissue dissociation strategy for preparation of cell suspensions may vastly affect the quantity, diver-
sity and quality of cells analyzed and interpreted results [47,48].

The cellulome of the homeostatic heart

The mammalian heart is a complex ecosystem of diverse and interconnected cell types. Although, the vast
majority of cardiac muscle volume is composed of cardiomyocytes, non-myocytes are more abundant [48].
Indeed, for many years the prevailing view was that fibroblasts are the most abundant cell type in the heart
[49], however recent research has shown that these cells are less prevalent. Endothelial cells are the most abun-
dant cardiac cell population [48]. Given the substantial metabolic activity of the heart [50], the high proportion
of endothelial cells is comprehendible. Smooth muscle cells and pericytes as well as a variety of immune cells,
(predominantly macrophages), also contribute to the other major non-myocyte cell types [21,51]. The hetero-
geneity of non-myocytes underscores the diverse array of functions required for maintaining cardiac homeosta-
sis. However, beyond providing structural, and house-keeping support, non-myocytes are also required for
basic rudimentary physiological functioning of the heart, such as rhythmic beating, with electrical coupling of
cells such as endothelial cells, fibroblasts and macrophages [52-54].

Table 1. Single-cell transcriptomic studies investigating cellular and molecular drivers of cardiac fibrosis in heart failure

Mean
Context Reference Cells Reads/cell Technology Notes and key findings

Mouse myocardial [97] 426 16874 Sort-Seq 3-days post-MI and sham control mice
infarction n=3/group
Ckap4 proposed as a novel driver of
myofibroblast differentiation.

Mouse myocardial [60] 13331 ~356 000 10X Chromium 3- and 7-days post-Ml and sham control
infarction n =1/time point/group
Identified heterogeneous fioroblast and
myofibroblast subsets involved in fibrosis.

Mouse hypertension [59] 29615 ~80000 10X Chramium 2 weeks Angll-induced experimental
(Angiotensin Il infusion) hypertension and control mice
n =4/sex/group
Novel fibroblasts Fibro-Cilp and Fibro-Thbs4
implicated in Angll-induced fibrosis
Almost all cardiac cell types contribute to
ECM remodeling after Angll treatment
Extensive cell and sex-specific gene
expression patterns in the non-stressed and
stressed hearts.

Mouse myocardial [65] 36874 ~46 000 10X Chromium 1,3, 5,7, 14- and 28-days post-M| and
infarction sham control
n =~3/group.
Identified heterogeneous fioroblast and
myofibroblast subsets involved in fibrosis
Early differentiation of myofibroblasts are
associated with cardiac rupture.

Healthy and heart [96] 21422 ~300000 iCellg Healthy organ donors and patients with HF
failure human patients (Median reads/ n =14 healthy controls, 8 HF patients
cell) Endothelial cells and fibroblasts are key
players in cellular crosstalk in progression
of HF
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Expanding our understanding of the heart, scRNA-seq has provided substantial new detail regarding the
phenotypes and interconnectedness of disparate cardiac cell types [55-59]. For instance, we have gained novel
insights into the cell types that support macrophages, which are highly dependent on colony stimulating factor
1 receptor (CSF1R) signaling for cell viability and chemotaxis [55,60,61]. scRNA-seq has shown that fibroblasts
are the key trophic cell type for supporting cardiac macrophage viability [55], with epicardial cells — cells that
form the single-cell outer layer of the heart — the most highly enriched cell type for Csfl transcripts [56].
Moreover, pericytes were also identified as highly expressing interleukin-34 (I1134), an alternative ligand for
CSFIR, suggesting that they too have capacity to support macrophages [55,56]. Moreover, cardiomyocytes were
determined as the primary support cell type for endothelial cells, with high enrichment of transcripts corre-
sponding to Vegfa — the dominant endothelial growth factor [56]. Finally, pericytes and smooth muscle cells
were highly enriched for nerve growth factor and neurotrophin 3 transcripts suggesting important neurotrophic
activity of these cells [55,56]. These observations highlight the interconnectedness of the cardiac cellulome.

scRNA-seq identifies new players in cardiac ECM

maintenance in homeostasis

Confirming well-established paradigms of the roles of fibroblasts in the heart, scRNA-seq shows that fibroblasts
are the primary ECM-producing cell type in the homeostatic heart. However, scRNA-seq has revealed new cel-
lular complexity within cardiac fibroblasts, most notably identifying a new and distinct fibroblast population
characterized by the distinct expression of Wnt inhibitory factor 1 (‘WifI') [55,62]. These fibroblasts
(‘Fibroblast-WifI") are dispersed throughout the myocardium and highly express the fibrosis-associated marker
periostin (Postn; Figure 2) [56,62]. They are also enriched for transcripts corresponding to genes associated
with fibrillogenesis and inhibition of TGFp and WNT pathways and fibrillogenesis [63,64], such as Wifl, Fmod
and Cilp [23,33,55,62,65]. However, little is known of these cells and their relative importance for cardiac
homeostasis.

An array of fibroblast and myofibroblast subtypes emerge
after acute cardiac injury

Given the relatively recent availability of scRNA-seq approaches for profiling cellular diversity, there are very
few studies that have examined the impact of acute and chronic physiological stresses on the development of
cardiac pathology and fibrosis (Table 1). Nevertheless, these recent studies have broadened our understanding
of the cellular responses driving the fibrotic process of the heart in context of interstitial and replacement
fibrosis.

In the context of ischemic injury, two recent studies using mouse myocardial infarction models [62,66] have
provided important new insights towards cardiac pathological remodeling. Both studies are characterized by
large increases in macrophage proportions in the inflammatory phase post-MI and characterize the develop-
ment of myofibroblasts. Myofibroblast express high levels of TGFp — which further supports myofibroblast dif-
ferentiation — and other ECM components [67,68]. A key finding of the scRNA-seq analyses is that
myofibroblasts are not homogeneous and comprise cells within a phenotypic continuum, including those that
are proliferative [66] and those varying in expression levels of Tgfbl, Cilp, Thbs4 and Postn (Figure 2 Al and
A") [62]. Genes defining myofibroblast phenotypes also included Sex and Wispl, which are modulators of
WNT signaling suggesting nuanced regulation of the type of fibrogenic activity of myofibroblast subtypes.

Beyond myofibroblasts, both studies also identified several activated fibroblast subsets that contribute to
fibrosis. Emerging during the inflammatory phase of MI, activated fibroblasts (termed ‘F-Act’ or ‘LR’ fibroblasts
in [62] and [66], respectively) increase in number and are characterized by expression of numerous fibrillogen-
esis genes including Cthrcl and Postn [63,69,70] (Figure 2) and others that are negative regulators of TGFB
such as ‘Cilp’ and ‘Adamtls2’ [70,71]. The presence of ‘matrifibrocytes’ [23] — quiescent cells in the mature
scar after MI that develop within 7 and 14 days post-MI [66] — are also confirmed. These cells distinctly
express genes such as ‘Comp’, ‘Sfrp2" and ‘“Wisp2' in addition to the aforementioned genes Cilp and Thbs4
found in other activated fibroblasts [66]. Together, scRNA-seq analyses of the MI model has shown that
diverse fibrogenic cell populations exist in the heart with distinct gene expression patterns mediated by TGFp
and WNT-associated and independent pathways.
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Myofibroblasts are not major players in chronic
stress-induced fibrosis

In attempting to better understand the mechanisms driving fibrosis during chronic physiological stress, we recently
examined the effect of continuous Angll infusion on pathological remodeling of the heart [56]. By examining 8
control and 8 Angll treated mouse hearts (four female, four male) we were able to interrogate gene expression
shifts in a vast array of cell types including cardiomyocytes, and develop an atlas of the heart in response to chronic
Angll exposure (Figure 2B, B and B Table 1). Extensive fibrosis and hypertrophy were evident after Angll treat-
ment, further characterized by up-regulation of heart failure biomarkers including Sparc, Bgn, Nppa and Nppb [72-
75], although the latter two were (unsurprisingly) up-regulated only in cardiomyocytes [72,73]. We found that
every cell type alters its gene expression in response to Angll, and almost every cell type in the heart contributes to
ECM remodeling; including up-regulation of key fibrogenic genes collagen I, IIT and VIIL Indeed, genetic programs
corresponding to ECM organization were amongst the most frequently up-regulated.

Similar to the MI studies, we also noted the emergence of new fibroblast cell populations. We termed these
cell populations Fibroblast-Cilp and Fibroblast-Thbs4, based on the top genes that were distinct to these cells
compared with all other cells analyzed in the dataset (Figure 2B). We found that Fibroblast-Cilp is the most
fibrogenic cell type in Angll-treated hearts. Fibroblast-Cilp and Thbs4 were also found to occupy different
spatial loci, with Thbs4™ cells almost completely absent from regions of perivascular fibrosis. Notably,
Fibroblast-Cilp and Fibroblast-Thbs4 do not correspond to ACTA2+ myofibroblasts, determined transcriptomi-
cally or by immunostaining. This finding is particularly important given that the current dogma suggests that
myofibroblasts are the main protagonists driving pathological fibrosis [24]. Indeed, similar fibrosis absent of
myofibroblasts induction is reported in the context of diabetic cardiomyopathy [76]. Our study underscores
that the accumulation of extensive fibrosis in the heart is not dependent on ACTA2+ myofibroblasts.

Another crucial paradigm challenged by this work is the necessity of local inflammation for excess fibrosis in
the heart. We observed increased leukocyte subpopulations in a sex-dependent manner from Angll infusion.
Surprisingly, cardiac cells consistently down-regulated genes involved in leukocyte trafficking [56]. Therefore,
while hypertension and other chronic physiological stresses may increase systemic inflammation [77,78], the
early response of the cardiac cellulome to hypertension may be compensatory, by attempting to dampen leuko-
cyte infiltration into the cardiac interstitium.

Finally, this study revealed the extent of sexual dimorphisms in the heart during homeostasis and hypertensive
stress. Hearts of AnglI-infused mice revealed sex-disparities in cardiac function and extent of fibrosis, including the
distribution of fibrotic lesions within the heart [55,56]. Importantly, female hearts exhibited a more HFpEF-like
phenotype compared with males, which is recapitulated in clinical HF [12,79]. Examination of cell-specific gene
expression patterns also showed extensive sex-dependent differences in the healthy and stressed heart with
Fibroblast-Cilp exhibiting the greatest level of sex-specific genes of all cell types in the Angll-infused hearts.

Future directions

Application of single-cell omics to understand cardiac fibrosis is still at its nascent stages and has already yielded
novel insights. Undoubtedly, more studies by independent research groups and in varying context of heart stress
will reveal common and distinct mechanism that drive fibrosis in the heart. Moreover, comparison of cellular pro-
cesses uncovered by scRNA-seq analysis of fibrosis in other tissues such as lung [80-82], kidney [83], liver [84] and
breast tissue [85] — where scRNA-seq is also revealing novel cellular fibrosis mechanisms — will provide a holistic
insight to systemic stressors such as hypertension and diabetes where fibrosis effects multiple organ systems.

One of the greatest requirements needed to follow scRNA-seq studies discussed here is empirical determin-
ation of the importance of cell types and genes associated with fibrosis. For example, our analysis of top genes
up-regulated in Angll-treated mouse hearts identified genes such as Anks3, Fastkdl, Oxsm and Zmatl, that are
exclusively up-regulated in epicardial cells [56]. Given the importance of the epicardium in cardiac stress
responses, particularly in context of paracrine regulation of the cardiac cellular milieu [86], the importance of
these genes warrants further examination. Informed by scRNA-seq data, we envisage precise mouse genetic
tools such as Cre/LoxP systems [56] for cell-specific ablation of such genes.

Validation of genes and pathways will also be aided by better understanding gene-regulatory networks driving
cell-specific phenotypes. Identifying regulators will support the development of therapeutics approaches to
address fibrosis, Indeed, software packages such as SCENIC [87] attempt to achieve this by considering both the
co-expression of genes and transcription factors, and the enrichment of cis-regulatory elements of genes putatively
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regulated by transcription factors using scRNA-seq data [88]. Moreover, application of technologies such as
single-cell ATAC sequencing, which identifies open chromatin states, enabling identification of transcriptional reg-
ulators, and multi-omic approaches such as paired-seq and CITE-seq [34,89-91] will further accelerate this aim.

These efforts will also support determination of cellular ontology and differentiation of cell types discovered
by scRNA-seq. To gain insight towards the development of fibrogenic cell populations ‘pseudo-temporal’ algo-
rithms have been utilized [56,62,66]. These include algorithms that aim to place cells on a continuum of phe-
notypes based on transcription patterns (such as Monocle [92], Slingshot [93] and others [62]) or those that
consider gradients of mature and immature transcripts to determine development vectors between cellular
populations (for example scVelo, velocity in [56]). These approaches in combination with emerging spatial
transcriptomic approaches such as StarMap [94], FISSEQ [95] or spot-sequencing [96] — which aim to resolve
cell or region-specific gene expression patterns within a tissue — will provide important spatial context-
dependent data of cell type development.

Finally, further examination of variance between strains of experimental models, sexes and species to identify
fundamental mechanisms of disease development and the clinical relevance is required. For example, compari-
son of MI responses of C57BL/6 and 129S1/Slvm] strains of mice identified important differences in cardiac
remodeling and scarring [97]. Moreover, as aforementioned we have identified a number of sex-dependent dif-
ferences in cellular responses to Angll [56] including base-line differences in cardiac cellularity that is con-
trolled by gonadal hormones [48,56,98]. These underscore the potential sex- and population-dependent
heterogeneity in cardiac stress responses that may be expected in human cohorts. Indeed, concordance of new
fibrogenic processes uncovered by scRNA-seq using experimental models, with mechanisms underlying human
disease remains to be validated. While examination of bulk RNA-seq data of human hearts supports the exist-
ence of fibrogenic cell types such as Fibroblast-Cilp and Fibroblast-Thbs4 [56], human single-cell data confirm-
ing the presence of these distinct cell types is lacking. Single-nuclei RNA-seq datasets of human samples are
now emerging [99], including in context of failed hearts [100] which are likely to be useful here.

Concluding remarks

While single-cell transcriptomics has only recently been accessible to researchers, it has shed new light on the
complex cellular processes, and changes to the cardiac cell network, that take place during the development of
cardiac fibrosis. In addition to complicating our knowledge of well-known cellular protagonists of fibrosis, such
as the myofibroblasts, it has identified new drivers of fibrosis that appear in context of chronic physiological
stress. Application of this and other single-cell ‘omic’ technologies, coupled with more conventional genetic
and biochemical approaches, promises fertile grounds for future research. Consideration of biological sex, envir-
onment, and behavior in experimental models and in clinical contexts will paint a detailed picture of the
changes that take place in the cardiac cellular landscape and key molecular mechanisms that underpin fibrosis
of the heart following tissue stress.

Perspectives

* |mportance of the field: Cardiac fibrosis has no effective treatment, and is a critical antecedent
to cardiac dysfunction resulting from myocardial infarction (heart attack) or from chronic dis-
eases such as hypertension and diabetes. Single-cell transcriptomics promises to provide
new insight towards the cellular and molecular drivers of fibrosis at unprecedented detail.

* Current thinking: While application of single-cell transcriptomics in resolving the cellular and
molecular events underpinning cardiac dysfunction is still at the nascent stages, it has already
revealed new cellular protagonists of fibrosis and expanded our knowledge of well-known par-
ticipants in cardiac fibrosis — such as the myofibroblast.

* Future Directions: Much work is required to apply single-cell transcriptomics in a wider variety
of cardiac stress-inducing contexts and to validate key genes and cellular networks already
identified by this technology. Achieving this, will advance the development of new therapeutic
strategies to address cardiac fibrosis.
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