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Summary 1

1. Summary

Heart failure (HF) occurs when the heart is unable to pump adequate blood volume to meet
the metabolic demand of the body. There is a difference in the clinical prevalence of HF types
in men and women, with women more prone to HF with preserved ejection fraction (EF;
HFpEF), and men more prone to HF with reduced EF (HFrEF). However, experimental animal
models of HF often include only one sex, which may limit the potential for translational
application of the gained insights. Chronic hypertension can trigger cardiac remodelling,
including immune activation, to compensate for the increased workload, which will eventually
lead to the development of HFpEF or HFrEF in the long term. Angiotensin Il (Angll) infusion
is a well-established animal model of hypertensive cardiac fibrosis. The aim of this thesis was
to investigate the sex-specific differences in Angll-induced cardiac remodelling and the

involvement of immune cells in this process.

Male and female 8 to 10-week-old C57BL/6J wildtype (WT) and Nr4a1 super-enhancer 2
subdomain knockout (Nr4af1se 2”) mice, a transgenic model for selective non-classical
monocyte (NCMs; Ly6C'") depletion, were subjected to vehicle (saline) or Angll infusion for 7
and 28 days. Circulating and cardiac leukocyte subsets were examined via flow cytometry.
Differentially expressed genes (DEGs) in sorted circulating Ly6C"° and Ly6C" monocytes,
cardiac macrophages, fibroblasts, and endothelial cells (ECs) were assessed via bulk RNA
sequencing. Cardiac inflammation and fibrosis were determined via mRNA expression

analysis of respective factors and by histology.

Increased cardiac interstitial and perivascular fibrosis was observed in the WT male Angll-
treated group after 7 and 28 days, associated with elevated pro-fibrotic gene (Col1, Col3, Ctdf,
Ccl2, II-6) expression as well as cardiac macrophage and fibroblast expansion compared to
the female Angll-treated group. Notably, the relative proportion of NCMs in the heart increased
in females, but not in males in response to Angll. This could be due to a higher Ly6C" to
Ly6C" monocyte conversion rate and responsiveness to damage signals from damaged ECs,
as suggested by higher expression levels of Nr4a1 and Tir7 in female blood monocytes. In
addition, transcriptomic profiling of cardiac macrophages and cardiac fibroblasts revealed a
downregulation of genes related to adverse cardiac inflammation and fibrosis in the WT female
Angll-treated group, which could contribute to cardioprotective effects during cardiac

remodelling.

The resistance to Angll-induced adverse cardiac remodelling was lost in female Nr4da1se 27
mice, showing a similar extent of cardiac fibrosis and pro-fibrotic gene expression compared

to males. Furthermore, the extent of perivascular fibrosis was aggravated in Nrda1se 2"
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Angll-treated male and female mice compared to WT mice. Bulk RNA-seq of cardiac ECs
indicated that NCM deficiency shifted the phenotype of cardiac ECs to a transcriptomic
signature associated with vascular permeability, extracellular matrix assembly, cardiac
epithelial-to-mesenchymal transition and increased response to oxidative stress. In addition,
Evans blue leakage confirmed increased vascular permeability in Nr4a1se 27 Angll-treated
mice compared to WT Angll-treated controls, while flow cytometry analysis revealed a higher

number of recruited cardiac macrophage and cardiac fibroblast expansion.

Taken together, these findings suggest that an enhanced conversion into NCMs in WT
females during hypertensive stress may help preserve cardiac endothelial integrity, limit
inflammatory cell infiltration, and counterbalance cardiac fibrosis. Thus, the increased
abundance of NCMs may explain at least in part the discrepancies in disease development

between males and females in this mouse model."
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1. Zusammenfassung

Herzinsuffizienz (HF) tritt auf, wenn das Herz nicht mehr in der Lage ist, eine ausreichende
Blutversorgung zu gewahrleisten, um den metabolischen Bedarf des Kérpers zu decken. Es
gibt geschlechtsspezifische Unterschiede in der klinischen Pravalenz verschiedener Formen
von HF. Frauen neigen eher zu HF mit erhaltener Ejektionsfraktion (EF; HFpEF) und Manner
eher zu HF mit reduzierter EF (HFrEF). Tierexperimentelle Studien haben bislang haufig nur
ein Geschlecht berlicksichtigt, was die Ubertragbarkeit der hieraus gewonnen Ergebnisse auf
den Menschen einschrankt. Chronische Hypertonie flhrt zu kardialem Remodelling,
einschliel3lich einer Immunantwort, um die erhdhte Arbeitsbelastung zu kompensieren, aber
langfristig zu HFpEF oder HFrEF fihren kann. Die chronische Angiotensin-IlI (Angll)-Infusion
ist ein etabliertes Tiermodell fur hypertensive Herzfibrose. Das Ziel dieses Projekts war es,
geschlechtsspezifische Unterschiede im Angll-induzierten kardialen Remodelling und die

Beteiligung von Immunzellen in diesem Kontext zu untersuchen.

Mannliche und weibliche 8 bis 10 Wochen alte C57BL/6J Wildtyp (WT) und Nr4a1 Super-
Enhancer 2 Subdomane Knockout (Nrd4alse_27) Mause, einem Transgenmodell mit
selektiver Defizienz von nicht-klassischen Monozyten (NCMs; Ly6C"), wurden einer Vehikel-
(Kochsalz) oder Angll-Infusion Uber 7 bzw. 28 Tage ausgesetzt. Zirkulierende und kardiale
Leukozyten wurden mittels Durchflusszytometrie untersucht. Differenziell exprimierte Gene
wurden in isolierten zirkulierenden Ly6C"- und Ly6C"-Monozyten, kardialen Makrophagen,
Fibroblasten und Endothelzellen (ECs) mittels Bulk-RNA-Sequenzierung ermittelt. Kardiale
Entzindung und Fibrose wurden durch mRNA-Expressionsbestimmung der jeweiligen

Faktoren und durch Histologie beurteilt.

Bei WT-Mausen zeigte sich eine erhohte kardiale interstitielle und perivaskulare Fibrose in der
mannlichen Angll-behandelten Gruppe nach 7 und 28 Tagen, verbunden mit einer erhéhten
Expression pro-fibrotischer Gene (Col1, Col3, Ctgf, Ccl2, ll-6) sowie einer Expansion von
kardialen Makrophagen und Fibroblasten im Vergleich zur weiblichen Angll-behandelten
Gruppe. Bemerkenswerterweise erhdhte sich bei Angll-Behandlung der relative Anteil an
NCMs im Herzen der weiblichen Mause, nicht jedoch in den mannlichen Mausen. Dies kdnnte
auf eine vermehrte Konversion von Ly6C" zu Ly6C"° Monozyten und eine starkere Reaktion
auf Schadenssignale von geschadigten ECs zurlckzufihren sein, wie durch hohere
Expressionsniveaus von Nr4a1 und TIr7 in Monozyten von weiblichen Tieren nahegelegt wird.
DarlUber hinaus zeigte die Transkriptomanalyse von kardialen Makrophagen und kardialen
Fibroblasten in der Gruppe der weiblichen Angll-behandelten WT Mause eine niedrigere
Expression von Genen, die mit schadlicher kardialer Entziindung und Fibrose in Verbindung

stehen. Dies kdnnte zu kardioprotektiven Effekten wahrend des Remodellings beitragen.
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Ein Schutz gegenlber Angll-induzierter kardialer Fibrose war bei den weiblichen Nr4a1se_2
~ M&usen nicht mehr zu beobachten, die ein dhnliches Ausmaf an kardialer Fibrose und pro-
fibrotischer Genexpression wie die mannlichen Mause zeigten. Darlber hinaus war das
Ausmal der perivaskularen Fibrose bei Nrda1se 2 Angll-behandelten mannlichen und
weiblichen Mausen im Vergleich zu WT-Mausen verstarkt. Die Transkriptomanalyse der
kardialen ECs zeigte, dass die NCM-Defizienz zur vermehrten Expression von Genen beitrug,
die mit vaskularer Permeabilitat, der Assemblierung der extrazellularen Matrix, der kardialen
Epithel-zu-Mesenchymal-Transition und einer verstarkten Reaktion auf oxidativen Stress
assoziiert sind. Der Evans-Blau-Test bestatigte zudem eine erhdhte vaskulare Permeabilitat
bei Nrdalse 27 Angll-behandelten weiblichen Mé&usen, was mit einer Zunahme von

rekrutierten kardialen Makrophagen und Fibroblasten assoziiert war.

Zusammengefasst deuten diese Ergebnisse darauf hin, dass der erhohte relative Anteil an
NCMs in weiblichen WT Mausen bei Angll-Behandlung dazu beitragen kénnte, die kardiale
Endothelintegritat zu erhalten, die Infiltration von Entziindungszellen zu begrenzen und somit
der Angll-induzierten kardialen Fibrose entgegenzuwirken. Daher konnte der relative Anteil
an NCMs zumindest teilweise die Diskrepanzen in der Krankheitsentwicklung und der

therapeutischen Reaktionsfahigkeit bei Mannern und Frauen erklaren.
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2. Introduction
2.1 Heart failure

Heart failure (HF) is a heterogeneous clinical syndrome affecting more than 64 million people
worldwide.? HF happens when the heart cannot provide adequate cardiac output, which is the
amount of blood pumped by the heart per minute, to meet the metabolic demand.® An ageing
population and the advances in treatment that reduce the acute mortality for patients with
ischaemic heart disease without mitigating the risk of developing HF drive the increasing

prevalence of HF.*

2.1.1 Heart failure with preserved or reduced ejection fraction

HF can be categorised based on the ejection fraction (EF). EF is defined as the percentage of
stroke volume, the amount of blood ejected from the left ventricle (LV) in each contraction,
over left ventricular end-distolic volume (LVEDV), the volume of blood in the LV at the end
diastole. EF reflects the heart’s efficiency in pumping the blood out of the LV during each
contraction.® Therefore, EF is a functional and clinical parameter used for HF classification,
including HF with reduced EF (HFrEF; EF <40%), HF with mildly reduced EF (HFmrEF; EF
40-49%), and HF with preserved EF (HFpEF; EF >50).° Under physiological conditions, EF
lies around 50-70%."

HFpEF is characterized by diastolic dysfunction and the most common cause is chronic
pressure overload.® In response to increased pressure derived mainly from vascular
resistance, which is also known as afterload, the LV walls thicken. The thickening of the LV
walls restricts LV compliance, impairing the ability of the ventricle to relax adequately and to
accommodate blood filling during diastole.® This in turn leads to an increase in LV end-diastolic
pressure.'® Diseases commonly leading to HFpEF include hypertrophic cardiomyopathy,

diabetes, obesity, aortic stenosis, and hypertension."'?

In contrast, HFrEF is characterized by systolic dysfunction and its primary cause is chronic
volume overload.”™ To accommodate the increased incoming blood volume, the LV walls
stretch and dilate. Over time, the overstretched cardiomyocytes lose their ability to contract
effectively. In addition, myocardial infarction is also a key factor driving HFrEF development.'™
The loss of contractile cardiomyocytes after myocardial infarction impairs LV contractility,
leading to a reduction in ejected blood during systole. The subsequently increased LVEDV
leads to myocardial stretch, which promotes LV dilation and eccentric hypertrophy (Figure 1).
Diseases commonly leading to HFrEF include dilated cardiomyopathy, myocardial infarction,

mitral regurgitation, infectious diseases, and hypertension.?'2
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Ejection fraction = Stroke volume

X 100%
LV end-diastolic volume

Physiological state

EF =50 —-70%
HFpEF : EF = 50% HFrEF : EF < 40%
» Chronic pressure overload » Chronic volume overload
» LV wall thickening « LV dilation
» Diastolic dysfunction + Systolic dysfunction

Figure 1 | Structural and functional characteristics of HFpEF and HFrEF.

Heart failure (HF) can be divided into two categories based on the ejection fraction (EF), which is defined
as the percentage of stroke volume over left ventricular end-diastolic volume (LVEDV). Chronic
pressure overload leads to HF with preserved EF (HFpEF), which is characterised by LV wall thickening
and diastolic dysfunction. In contrast, chronic volume overload leads to HF with reduced EF (HFrEF),
which is characterised by LV dilation and systolic dysfunction. (generated using BioRender.com)

Patients with HFpEF and HFrEF share similar symptoms, including dyspnoea, fatigue,
limitations in exercise tolerance, and tissue congestion.®'® While ageing and smoking increase
the risk for both HFpEF and HFrEF, metabolic syndrome and a sedentary lifestyle enhance
the likelihood of developing HFpEF."? The discovery of effective treatments for HFrEF has
contributed to its declining prevalence over the last decades,'® whereas the prevalence of
HFpEF is increasing by 10% per decade.'? Based on several recent randomized clinical trials,
the new clinical guidelines published by the European Society of Cardiology now recommend
sodium-glucose cotransporter 2 inhibitors (SGLT2) such as Empagliflozin for the treatment of
HFpEF patients, which are also effective in treating HFrEF patients and HF patients with type
2 diabetes.”® Positive clinical outcomes with reduced risk of cardiovascular death and
hospitalisation are observed in HFpEF patients receiving Empagliflozin independent of the
presence of diabetes.” Nevertheless, further in-depth research into the efficacy of
pharmacotherapy for HF subtypes with different underlying health conditions is urgently

needed to improve the therapeutic management for each individual HF patient.

2.2 Sex-specific differences in heart failure development

Although the lifetime risk for HF is almost the same for men and women, there are significant
differences in the manifestation of HF subtypes.'® Women are more likely to develop HFpEF

with a longer life expectancy but worse health-related quality of life, while HFrEF is more
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prevalent in men with a poor prognosis.’®?° The sex-based disparities encompass various

aspects, including risk factors, clinical symptoms and the response to therapy.'®

While ischaemic heart disease is the major cause of HF in men, hypertension and diabetes
drive the risks for HF in women to a greater extent.'® Healthy men and women have distinctly
different LV dimensions and functions, even after normalising to their body size. Furthermore,
the LV chamber in women is smaller, resulting in a lower stroke volume. However, they have
a higher resting heart rate to maintain a cardiac output similar to that in men.?' Studies also

showed that women typically present with higher EF than men,???

indicating intrinsic sex
differences in cardiac function under physiological conditions and in response to
haemodynamic stress. In addition, women have higher systolic and diastolic LV stiffness than
men at any given age, which is further aggravated by ageing.?® Therefore, both sexes should
be included in both clinical and animal research to address sex differences in disease

development.

2.3 Hypertensive heart disease

Hypertension is the leading cause of cardiovascular disease worldwide with an increasing
prevalence for HF.?"?® Long-term high blood pressure doubles the lifetime risk of HF compared
to normal blood pressure.?® Chronic hypertension can lead to hypertensive heart disease
(HHD), which is associated with morphological and functional abnormalities of the LV,
including concentric hypertrophy as its hallmark.*® Unresolved pressure overload further
aggravates LV wall thickening, resulting in diastolic dysfunction and the development of
HFpEF. In the late stages of HHD, sustained pressure overload drives the manifestation of
dilated cardiomyopathy and the development of HFrEF.3! In addition, non-haemodynamic
mechanisms including immune alterations, oxidative stress, and endothelial dysfunction also
contribute to the pathophysiology of HHD.?23* HHD comes second (26.2%) among all causes
of HF, closely behind ischaemic heart disease (26.5%).2* Advancements in HHD treatment
have failed to reduce the associated risk for HF, representing an unmet medical need with a

huge clinical and socioeconomic burden.®

2.4 Adaptive and maladaptive cardiac remodelling

The progress of HHD into HF involves a series of complex processes including adaptive and
maladaptive cardiac remodelling. LV remodelling is the cellular, interstitial, structural and
functional alteration of the heart in response to haemodynamic stress exerted on the LV.*
Cardiac stress, such as pressure overload, initially triggers adaptive LV remodelling by

cardiomyocyte hypertrophy that exerts compensatory effects to maintain cardiac output.
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Although initial transient adaptive LV remodelling may be beneficial, long-term activation of
the remodelling programme promotes the transition to maladaptive remodelling that exerts
deleterious effects on the heart, predisposing to the development of HF and increasing
cardiovascular morbidity and mortality.*” Maladaptive LV remodelling during HF development
encompasses decompensated cardiomyocyte hypertrophy, fibrosis, inflammation, apoptosis,
and endothelial dysfunction (Figure 2).3%38

Cardiac stress —»

l Adaptive remodelling

Compensated hypertrophy

|

Maladaptive remodelling
(#
v

Decompensated

hypertrophy Fibrosis Inflammation Apoptosis Endothelial dysfunction

Figure 2 | The progression from adaptive to maladaptive cardiac remodelling upon chronic
pressure overload.

When the cardiac wall stress increases, the left ventricle initiates adaptive cardiac remodelling such as
compensated cardiomyocyte hypertrophy, to account for the extra cardiac burden. Persistent cardiac
stress leads to the transition to maladaptive remodelling including decompensated cardiomyocyte
hypertrophy, fibrosis, inflammation, apoptosis, and endothelial dysfunction, driving the progression
towards heart failure. (generated using BioRender.com)

2.4.1 Decompensated cardiac hypertrophy

Cardiomyocyte hypertrophy is a key initial compensatory mechanism in response to pressure
overload.* Cardiomyocytes constitute approximately 30% of the total cell number in the adult
mammalian heart but account for 70 to 80% of the heart volume.*® As cardiomyocytes are
mostly terminally differentiated, they respond to cardiac stress by increasing in size instead of
dividing. The sarcomere, the basic contractile unit of the cardiomyocyte, plays a crucial role

during cardiomyocyte hypertrophy.*'

Early pressure overload triggers initial adaptive
hypertrophy by adding sarcomeres in parallel, which leads to an adaptive increase in
cardiomyocyte size.*” Chronic pressure overload drives the transition from adaptive

hypertrophy to maladaptive hypertrophy, promoting HF pathogenesis. During maladaptive



Introduction 7

concentric hypertrophy in HFpEF, sarcomeres are further added in parallel, contributing to the
increase in cardiomyocyte diameter and LV wall thickening.*> Conversely, chronic volume
overload leads to eccentric hypertrophy, where the sarcomeres are laid down in series, leading
to cardiomyocyte lengthening and thinning of LV wall with the concurrent increase in LV lumen.
In the long term, this can culminate in the transition to HFrEF (Figure 3).*? Cardiomyocyte
hypertrophy further disrupts sarcomere composition and organisation, shifting from the
predominant adult a-myosin heavy chain to the foetal B-myosin heavy chain, which consumes
lower adenosine triphosphatase activity to conserve energy consumption, contributing to

slower contractile velocity that impairs myocardial contractility.*®

Physiological state Concentric hypertrophy Eccentric hypertrophy
Cardiomyocyte
Sarcomere Duplication of sarcomeres in parallel Duplication of sarcomeres in series
o T , =
| o

Figure 3 | Maladaptive concentric and eccentric cardiomyocyte hypertrophy.

Chronic pressure overload drives the transition from compensated cardiomyocyte hypertrophy to
maladaptive concentric and eccentric cardiomyocyte hypertrophy. During concentric hypertrophy,
sarcomeres are added in parallel, increasing the cardiomyocyte diameter, which leads to wall thickening
while preserving contractility. In eccentric hypertrophy, sarcomeres are added in series, increasing
cardiomyocyte cross-section that results in wall thinning, thereby impairing the contractile function of
cardiomyocytes. Cross-sectional changes in LV diameter are indicated by arrows in the graphics above,
with the LV cavity in red and the right ventricular cavity in blue. (adapted from AMBOSS.com)

2.4.2 Cardiac fibrosis and extracellular matrix remodelling

Cardiac fibrosis contributes to the development of HFpEF and HFrEF during maladaptive LV
remodelling due to the disturbed balance between collagen deposition and degradation within
the extracellular matrix (ECM).** ECM of the myocardium plays a crucial role in preserving
structural integrity, electrical conduction, and mechanical function of the ventricles.®
Excessive ECM accumulation disrupts electrical conduction, leading to rhythm disturbances
and myocardial contractile dysfunction, thereby predisposing to arrhythmia and sudden
cardiac death.*® ECM deposition depends on the action of the cardiac fibroblast.*® Cardiac
fibroblasts located within the ECM actively secrete fibrotic mediators, including matrix
metalloproteinase (MMP) 2, MMP9, tissue inhibitor of metalloproteinase (TIMP), transforming
growth factor B (TGF-B) and connective tissue growth factor (CTGF).4”® The expression of
MMPs and TIMPs regulates the balance between collagen deposition and degradation, as
TIMPs counteract MMPs to inhibit uncontrolled ECM degradation.*® Unbalanced activation of
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MMPs enhances matrix turnover, which leads to wall thinning and LV dilation,*® thereby
resulting in systolic dysfunction characteristic for HFrEF.

Chronic pressure overload triggers the differentiation of cardiac fibroblasts into
myofibroblasts,*® which synthesize type | and type Ill collagen.®' Type | collagen is the thicker
fibre that provides tensile strength, while type Il collagen is the thinner fibre that maintains the
elasticity of the matrix network."? An increased type I/lll collagen ratio and highly cross-linked
collagen fibres enhance collagen insolubility and resistance to degradation, leading to
excessive ECM accumulation and ventricular stiffness, thereby resulting in the characteristic
diastolic dysfunction of HFpEF (Figure 4).

Pro-fibrotic Increased collagen
mediators deposition and reduced
released collagen degradation

Biological and Cardiac

mechanical fibroblast
stress activation

f Increased
B sifiness [ E;(ggﬁrsrm?a![zignM type Il
— collagen ratio

Figure 4 | Pathogenesis of cardiac fibrosis and diastolic dysfunction.

When the heart is subjected to biological and mechanical stress due to cardiac injury, cardiac fibroblasts
get activated and release pro-fibrotic mediators. This leads to an increase in collagen deposition and a
reduction in collagen degradation as well as increased type I/1ll collagen ratio, which eventually results
in excessive extracellular matrix (ECM) accumulation. Disruption in ECM organisation contributes to
myocardial stiffness that drives the progression to diastolic dysfunction and heart failure development.5?

2.4.2.1 Sex differences in cardiac fibrosis

The availability of sex hormones, especially 173-estradiol (E2) plays a crucial role in cardiac
remodelling and fibrosis.®® A higher concentration of circulating E2 contributes to
cardioprotective effects, and a drop in the circulating levels in postmenopausal HF patients
results in worsened myocardial fibrosis and diastolic dysfunction.’**® Clinical studies of
pressure overload with aortic stenosis patients showed an elevation in collagen gene
expression in male patients, while female patients showed suppression in the expression of
genes related to ECM assembly and inflammation.®® Of note, the samples included in this
study were obtained from age-matched male and female patients with a mean age of 55.6 or
55.8, respectively. In a rodent transverse aortic constriction (TAC) model, cardiac fibrosis in
males was linked to androgen-dependent activation of TGF-$, and gonadectomy mitigated
TAC-induced cardiac fibrosis.®” Furthermore, ERB signalling is protective against cardiac
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fibrosis and apoptosis in female mice via inhibition of inflammatory pathways and by
maintenance of mitochondrial metabolism.*®*® These findings suggest a protective role of
oestrogens against maladaptive cardiac fibrosis by modulating ECM deposition, while

testosterone contributes to excessive collagen release.

2.4.2.2 Interstitial and perivascular fibrosis

Excessive interstitial diffuse deposition of collagen fibres within the myocardium promotes LV
diastolic and systolic dysfunction, and the degree of severity determines the development of
HF in HHD patients.®> The accumulation of collagen fibres may appear as microscars,
representing reparative interstitial fibrosis. In contrast, reactive interstitial fibrosis often
appears as thick fibrotic sheaths surrounding the perivascular area or as thick bands
surrounding the cardiac muscle bundles (perimysial) and individual cardiomyocytes

(endomysial).®°

Fibrosis in patients at an early stage of hypertrophic cardiomyopathy appears
predominantly in the perivascular, perimysial, and endomysial areas, which is overtaken by

microscars with disease progression (Figure 5).%'

Microscars Perivascular fibrosis Thick bands

Hypertensive heart
disease

Aortic valve
stenosis

Figure 5 | Collagen staining in cardiac sections from patients with heart failure.

Sirius red staining of cardiac sections from patients with hypertensive heart disease (A-C) or aortic
valve stenosis (D-F). Different types of interstitial fibrosis were identified: microscars (A, D), perivascular
fibrosis (B, E) and thick bands (C, F). Scale bars = 200 um. (adapted from Diez et al., 2020)**

In addition, collagen deposition usually increases from the outer epicardial to the inner
endocardial third of the myocardium in patients with HHD, which is probably associated with

wall stress, transmural pressure gradient, and coronary microcirculation alterations that cause

relative endocardial ischaemia.** Myocardial interstitial and perivascular fibrosis lead to LV



Introduction 10

diastolic dysfunction and HFpEF by exacerbating LV stiffness and impairing early diastolic LV
filling. In LV systolic dysfunction and HFrEF, realignment of collagen fibres can impair force
transmission from cardiomyocytes to the ventricular chamber, and the fibrotic sheaths that
encircle the cardiomyocytes may restrict cardiomyocyte stretching during diastole, resulting in
declined length-dependent force generation during systole.**

2.4.2.3 Cardiac fibroblast activation and differentiation to myofibroblast

Cardiac fibroblasts are mainly derived from the proepicardium.®? However, they can also arise
through epithelial/endothelial-to-mesenchymal transition.®® Resident cardiac fibroblasts are
dispersed throughout the heart, acting as a scaffold in the myocardium.®* Under physiological
conditions, the ECM in the adult heart is continuously subjected to compression and stretching
forces generated by cardiac motion.®® Cardiac fibroblasts play an important role in maintaining
the homeostatic state of the ECM by regulating the expression of MMPs and TIMPs, thereby
modulating the secretion and degradation of collagen fibres.®® When subjected to cardiac
stress, cardiac fibroblasts proliferate and convert to myofibroblasts with elevated a-smooth
muscle actin (a-sma) expression and collagen deposition.®” Single-cell RNA sequencing data
revealed around 30 differentially expressed genes (DEGs) between activated myofibroblasts
and resting fibroblasts, including type | collagen, type lll collagen, and periostin.® The
transition from cardiac fibroblast to myofibroblast is a complex process involving multiple
factors such as TGF-B.%° Activated myofibroblasts in turn can secrete TGF-B themselves
without input from other cells creating a positive feedback loop that results in sustained fibrosis
(Figure 6).707

Cardiac stress
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Figure 6 | Activation of cardiac fibroblasts and conversion to myofibroblasts.

In response to cardiac stress, resting fibroblasts are activated and proliferate. Activated cardiac
fibroblasts release pro-fibrotic cytokines such as transforming growth factor-g (TGF-) which drive the
conversion to myofibroblasts. Myofibroblasts actively secrete a-smooth muscle actin (a-sma), type |
(Col 1) and Il collagen fibres (Col Ill), leading to cardiac fibrosis. (generated using BioRender.com)
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Cardiac fibroblasts and myofibroblasts respond to inflammation’?" by releasing cytokines and
chemokines to induce leukocyte infiltration into the heart.”*”® However, the composition of
cytokines in the surrounding areas also affects the chemokine secretome of cardiac fibroblasts,
leading to the infiltration of pro-inflammatory or anti-inflammatory monocytes.” The stretching
of cardiac fibroblasts can induce mechanical stress that triggers the release of chemokines.®
This contributes to elevated adhesion molecule expression on the endothelium and gelatinase

expression to promote monocyte recruitment across the basolateral membrane.®”

2.4.2.4 Role of endothelial cells during cardiac fibrosis

Intercellular crosstalk is essential in both physiological cardiac development and maladaptive
cardiac remodelling, particularly via factors released by cardiac endothelial cells (ECs).”
There are two main types of ECs in the heart, the endocardial and the vascular ECs.
Endocardial ECs are the innermost layer of the ventricular walls that separate the trabecular
myocardium from the circulation, whereas vascular ECs primarily reside within the compact

layers of the ventricular myocardium.”®
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Figure 7 | Endothelial cells contribute to adverse cardiac remodelling.

During cardiac remodelling, endothelial cells increase the expression of adhesion molecules such as
intercellular adhesion molecule 1 (ICAM1), promoting leukocyte infiltration including monocytes and
lymphocytes. They also secrete pro-fibrotic factors such as transforming growth factor-g (TGF-f) and
endothelin 1 that induce cardiac fibroblast conversion into myofibroblasts. Myofibroblasts secrete
collagen fibres, thereby contributing to increased collagen deposition. (generated using BioRender.com)

In particular, vascular ECs are involved in cardiac fibrosis during cardiac remodelling via
several indirect mechanisms (Figure 7). They facilitate leukocyte infiltration through elevated
expression of adhesion molecules, secrete pro-fibrotic factors that activate cardiac fibroblasts,
and stimulate tissue hypoxia through capillary rarefaction.” In mice with non-ischaemic heart
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disease, increased intercellular adhesion molecule 1 (ICAM1) contributed to macrophage and
lymphocyte recruitment®® and the depletion of ICAM1 reduced neutrophil infiltration after
ischaemic-reperfusion injury.®! Furthermore, cardiac ECs release pro-fibrotic cytokines such
as TGF-B and endothelin 1 when subjected to angiotensin Il (Angll) infusion in rats and mice,?
and the reduction in microvascular density was associated with aggravated myocardial

interstitial fibrosis in HFpEF patients.®

2.4.2.5 Endothelial-to-mesenchymal transition during cardiac fibrosis

ECs and mesenchymal cells derive from two different lineages with distinct phenotypes and
functions.”® Unlike ECs, which have an elongated shape, mesenchymal cells are stellate or
spindle-shaped stromal cells without the expression of adherents and tight junctions. They
move freely through the ECM and form the connective tissue that facilitates organ functions.®*
Mesenchymal cells play a critical role in contributing to the pool of fibroblasts and

myofibroblasts in fibrotic diseases of multiple organs including the heart.?®

Lineage-tracing studies revealed that ECs and mesenchymal cells convert into each other
both during cardiovascular development and pathogenesis. The transdifferentiation of ECs
into mesenchymal cells, a process known as endothelial-to-mesenchymal transition (EndMT),
occurs during heart development to form the cardiac valves. Studies have shown that EndMT
is also involved in cardiovascular diseases such as myocardial infarction, atherosclerosis, and
disease accompanying cardiac fibrosis.®*®” Conversely, the transdifferentiation of cardiac
fibroblasts into ECs — also known as mesenchymal-to-endothelial transition — after cardiac

injury promotes neovascularization.®

2.4.3 Adverse cardiac inflammation

Activation of the immune system and cardiac inflammation that occurs during maladaptive LV
remodelling contributes to cardiac injury,® driving the pathogenesis of HF. The inflammatory
response induced by cardiac stress increases capillary wall permeability, enhancing
inflammatory cell infiltration into the myocardium, and promoting pro-inflammatory cytokine
and chemokine production including interleukin 6 (IL-6), IL-18, and CC-chemokine ligand 2
(CCL2).*° Injured cardiomyocytes release damage-associated molecular patterns (DAMPS),
inducing the production of inflammatory cytokines from the surrounding healthy
cardiomyocytes and other cells in the heart, thereby creating a versatile signalling network for
leukocyte recruitment and activation that leads to the worsening of inflammation.®’

Macrophage expansion triggered by increased inflammatory cytokine levels in the
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myocardium serves as a crucial aspect of cardiac inflammation, further enhancing

inflammatory cytokines and nuclear factor-kB (NF-kB) expression within the myocardium.®

2.4.3.1 Sex differences in immune responses

Biological sex also affects the immunological responses to self and foreign antigens involving
genes and hormones. Women generally induce greater innate and adaptive immune
responses than men.%® The presence of androgen response elements as well as oestrogen
response elements in the promoter regions of genes involved in innate immunity may thus
result in dimorphic innate immune responses.® Transcriptomic research in mice showed that
the gene expression along the toll-like receptor (TLR) pathways and the production of type |
interferon (IFN) differs between sexes.®*® For example, the TLR7 is encoded on the X
chromosome, which may escape X inactivation and contribute to increased TLR7 expression
in female mice.®® When exposed to TLR7 ligands, peripheral blood mononuclear cells in
female mice produce a higher amount of IFNa.®” Furthermore, the transcriptional regulation of
IFN regulatory factor 5 (IRF5) in female mice is regulated through oestrogen receptor a (ERa),
which promotes higher production of IRF5 and IFNa following TLR7 ligand stimulation.®® In
addition, females also have a higher macrophage and neutrophil phagocytic activity and are
more efficient at antigen presentation.®®'® In males, the immune cells have a higher
expression level of TLR4, which leads to higher production of CXC-chemokine ligand 10
(CXCL10).""

Despite these clear indications of sex-specific mechanisms in the pathophysiology of HF,
experimental studies in this context are lacking. Therefore, research into sex differences in
the pathophysiology of HF, particularly the underlying immune response is urgently needed to

uncover potential therapeutic targets to address the different clinical needs of men and women.

2.4.3.2 Resident and recruited cardiac macrophages

Cardiac macrophages are the most abundant immune cells in the healthy heart, interspersed
throughout the myocardium, comprising 6 to 8% of non-cardiomyocyte cells in the adult mouse
heart.'°%"% Compared to monocytes, cardiac macrophages are characterised by increased
expression of CD68, major histocompatibility class Il (MHCII) and F4/80 in mice. Human
macrophages can be distinguished from monocytes by their reduced CD14 expression.'®
Cardiac macrophages are involved in a variety of processes, including phagocytosis, cytokine

production, immune surveillance, and electrical conductance.'®

Cardiac macrophages can be broadly categorised into resident and recruited macrophages

based on their origin and the expression of C-C motif chemokine receptor 2 (CCR2).'%2 CCR2
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macrophages (resident macrophages), co-expressing T-cell immunoglobulin and mucin
domain containing 4 (TIMD4), lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1),
and folate receptor beta (FOLR2),'” are derived from embryonic origins and replenished by
proliferative self-renewal, independent from monocyte input.'®®' In contrast, CCR2*
macrophages (recruited macrophages) derive from infiltrated circulating monocytes, which
make up around 5 to 15% of all macrophages in a healthy heart.""® Resident and recruited
macrophages have distinct functions in the heart. Whereas resident macrophages mainly
participate in physiological cardiomyocyte hypertrophy, cardiac tissue regeneration, and
functional recovery after cardiac injury,"" recruited macrophages are involved in the initiation
of inflammatory responses and further monocyte recruitment."'? During cardiac remodelling
and HF development, resident macrophages expand through local proliferation while recruited
macrophages differentiate from infiltrated monocytes.'® In the setting of hypertension in
rodents, global ablation of macrophages aggravated cardiac function, but improved cardiac
fibrosis, indicating that macrophages consist of heterogeneous subsets, each with distinct

roles that can either protect against or contribute to disease progression (Figure 8).113114
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Figure 8 | Origin and functions of resident and recruited cardiac macrophages.
Resident macrophages (TIMD4*LYVE1*FOLR2*CCRZ2") seed the heart during embryonic development
and have the ability to self-renew through proliferation. They are involved in adaptive cardiomyocyte
hypertrophy and tissue regeneration. In contrast, recruited macrophages (TIMD4-LYVE1-FOLR2
CCR2*) depend on the input from circulating monocytes and are involved in inflammatory responses
and interstitial fibrosis during cardiac remodelling. (generated using BioRender.com)

2.4.3.3 Circulating classical and non-classical monocytes

Monocytes are part of the mononuclear phagocyte system that also encompasses
macrophages and dendritic cells. Based on their surface expression markers, monocytes can
be categorised into classical (CMs; Ly6C") and non-classical monocytes (NCMs; Ly6C").'%

Within the circulation, CMs have a relatively short half-life of 20 to 24 hours before gradually
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converting into NCMs, which have a half-life of approximately 2 days."'® In the presence of
inflammation, CMs are recruited to the inflammatory site and infiltrate the tissue, while NCMs
are thought to remain in the vasculature, at least under most experimental conditions studied
so far."'®""® NCMs can extend their half-life from around 2 days to 11 days to enhance immune

surveillance and maintain vascular homeostasis during inflammation.'"®

CMs are defined as CD14*CD16" in humans and Ly6C" in mice, both expressing high levels
of CCR2.""120 They are derived either from the bone marrow or extramedullary
haematopoietic sites including the spleen. In the circulation, classical monocytes make up
over 90% of all circulating monocytes.""” They travel to the site of injury in a CCR2-dependent
manner and participate in the innate immune response by releasing tumour necrosis factor a
(TNF-a), nitric oxide (NO) and other inflammatory mediators or differentiating into
macrophages and dendritic cells. Furthermore, a recent study in mice also showed that CMs
could activate adaptive immune responses through antigen presentation to T cells."?! In
contrast, NCMs are defined as CD14°CD16" in humans and Ly6C" in mice, both also express
high levels of CX3C motif chemokine receptor 1 (CX3CR1)."%'2 |n the circulation, Ly6C"
monocytes can arise through the conversion from Ly6C" monocytes. However, alternative
routes for the development of Ly6C'® monocytes independently of Ly6C" monocytes may also
exist."'® NCMs are constantly patrolling on the luminal side of the vascular endothelium both
under physiological state and during inflammation, playing a crucial role in immune

surveillance (Figure 9).®
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Figure 9 | The roles of classical and non-classical monocytes during cardiac remodelling.
Classical monocytes (Ly6C"CCR2") usually convert into Ly6C" monocytes in the circulation within 24
hours or infiltrate into the interstitium, giving rise to recruited macrophages and dendritic cells. Non-
classical monocytes (Ly6C°CX3CR1") are constantly patrolling the endothelium for immune
surveillance and maintaining vascular integrity. (generated using BioRender.com)
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Recent studies have demonstrated that Ly6C"° monocytes can extravasate into the lung
interstitium and convert into macrophages with antigen-presenting properties.’?*'?* However,
in the heart, the extravasation of NCMs and the transition to macrophages remains
controversial.'?® A study in mice with myocardial infarction revealed that NCMs infiltrate into
the heart at a later phase following myocardial infarction, promoting anti-inflammation and
cardiac regeneration.'?’ In addition, there is also a third subset of monocytes, the intermediate
monocytes. They are defined as CD14*CD16" in humans and Ly6C™ in mice. Despite their
high CX3CR1 expression, these cells exhibit inflammatory characteristics and do not

participate in vasculature patrolling.""

2.4.3.4 Experimental models for studying the role of non-classical monocytes

Nuclear receptor subfamily 4 group A member 1 (Nr4at) is a transcription factor highly
expressed in NCMs for Ly6C"° monocyte development. Mice with Nr4a1”~ have significantly
lower numbers of Ly6C'" monocytes in bone marrow, spleen, and blood. The remaining NCMs
in Nr4a1” mice have nearly lost the vascular patrolling function, and the few NCMs found in
the bone marrow present abnormal morphology with higher apoptosis susceptibility.?®
Therefore, Nr4a1” mice have been widely used as a mouse model to study the role of NCMs
in different experimental settings. However, Nr4a1” failed to ablate NCMs without affecting
Nr4a1 expression and function in other cell types, including macrophages.’?® Studies have
shown that Nr4a1 helps mitigate macrophage inflammatory responses, and Nr4a1 deficiency
facilitates cell migration and enhances phagocytic activity'®. Furthermore, Nr4a1 deficiency
enhances CCR2 expression on Ly6C" monocytes, facilitating myocardium infiltration and the
differentiation into highly inflammatory macrophages that contribute to adverse cardiac
outcomes™?. In addition, a study in mice also showed that overexpression of Nr4a1in T cells
prevents their differentiation to effector T cells, leading to immunosuppression, while Nr4a1
deficiency overcomes T cell tolerance and amplifies effector function.”' In B cells, Nr4a1 plays
a role in modulating the affinity of B cell receptors and Nr4a1 deletion results in selective

expansion of B cells with high antigen affinity."*?

Recently, a new transgenic mouse model for selective NCM depletion has been established
by targeting the super-enhancer 2 (E2) subdomain of Nr4a1 located 4 kb upstream of the
transcription start site. Mice that lack the E2 subdomain (Nr4afse 2”) showed Ly6C'"
monocyte deficiency while preserving Nr4a1 gene expression in other cell populations
including macrophages under steady state as well as during inflammation.”™® Thus,

Nrd4a1se 2" mice emerge as a more suitable loss-of-function tool for studying NCM.
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2.5 Angiotensin Il infusion model of cardiac remodelling and heart failure

Small animals, especially mice, are widely used as an experimental model to study the
pathophysiology of HF due to their high degree of homology to the human genome, relatively
short breeding cycles, and lower housing costs compared to other animal models."* The Angll
infusion model is a well-established hypertension and cardiac remodelling model.”? It involves
a technically simple surgery, where an osmotic minipump filled with Angll is implanted

subcutaneously at the flank of the mouse.

Angll is part of the renin-angiotensin-aldosterone system (RAAS)."*® Angiotensinogen
produced by the liver is converted into angiotensin | via renin, an enzyme secreted by the
kidney. Angiotensin-converting enzyme (ACE) released by the lungs catalyses the conversion
from angiotensin | to Angll. Chronic infusion with Angll causes persistent stimulation of the
Angll type | receptor (AT1R), leading to vasoconstriction, elevated arterial blood pressure, and
the initiation of cardiac remodelling."*® Furthermore, Angll acts on the adrenal cortex, which
promotes the production of aldosterone, increasing sodium and water reabsorption, thereby
increasing blood volume and blood pressure (Figure 10). In contrast to the immediate pressure
overload observed in the transaortic constriction model, Angll-induced cardiac remodelling
and HF progress at a slower rate over time. This progression more closely resembles the

clinical course of HHD in patients, making the Angll infusion model particularly

Liver "

Angiotensinogen

advantageous.™*

Kidney *  Renin
v Elevated blood pressure
Angiotensin | T
Lung A ACE : e
) g N
v

Angiotensin Il  —————— Vasoconstriction

l !

Aldosterone
Adrenal ,\ A Water and

cortex sodium retention

Figure 10 | Cascade of the renin-angiotensin-aldosterone system.

The renin-angiotensin-aldosterone system starts with the renin produced by the kidney acting on
angiotensinogen released by the liver, forming angiotensin |. Angiotensin | is converted to Angll by
angiotensin-converting enzyme (ACE) released from the lungs. Angll acts directly on the blood vessels,
causing vasoconstriction. In addition, Angll acting on the adrenal cortex stimulates the secretion of
aldosterone, leading to water and sodium retention, which also results in vasoconstriction and increased
blood pressure. (generated using BioRender.com)
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2.6 Study objectives and hypothesis

The paucity of sex-specific animal studies during cardiac remodelling and HF limits the
potential for translating experimental findings into clinical practice. Moreover, research
suggests that distinct subsets of monocytes may contribute differently to the downstream
events of cardiac inflammation — including cardiac regeneration, healing, or progressive
impairment of cardiac function — and thereby the clinical outcome of HF patients. In particular,
research into the causal role of NCMs during HF development may contribute to a more
profound understanding of HF development and the mechanisms of immune crosstalk and
intercellular communication between cardiac macrophages, fibroblasts, and ECs during
cardiac remodelling. Therefore, the principal objectives of this project can be delineated as

follows:

1. Elucidate sex-specific differences during Angll-induced cardiac remodelling
2. Investigate the role of NCMs during Angll-induced cardiac remodelling
Characterise phenotypical and functional changes of cardiac ECs upon Nrd4alse 2

depletion



3. Materials and methods

3.1 Materials

Materials and methods

3.1.1 Chemicals and reagents

Table 1 | Chemicals and reagents

Chemicals / Reagents

Company

Albumin
Angiotensin Il
-mercaptoethanol
Buffer RLT Plus
Chloroform
Collagenase type |
Collagenase type XI
Counting beads
Direct red 80
DNase |

Ethanol

Entellan®

Evans blue
Formamide
Hoechst 33342
Hyaluronidase
Ketamine

Immu-Mount™

Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Munich, Germany
Sigma-Aldrich Chemie GmbH, Munich, Germany
Qiagen, Hilden, Germany

Merck KGaA, Darmstadt, Germany
Sigma-Aldrich Chemie GmbH, Munich, Germany
Sigma-Aldrich Chemie GmbH, Munich, Germany
Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich Chemie GmbH, Munich, Germany
Sigma-Aldrich Chemie GmbH, Munich, Germany
VWR Chemicals BDH, Radnor, USA

Merck KGaA, Darmstadt, Germany
Sigma-Aldrich Chemie GmbH, Munich, Germany
Sigma-Aldrich Chemie GmbH, Munich, Germany
Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich Chemie GmbH, Munich, Germany
Serumwerk Bernburg AG, Bernburg, Germany
Thermo Fisher Scientific, Waltham, USA
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Isoflurane CP-Pharma Handelsgesellschaft mbH, Burgdorf, Germany
Metacam® meloxicam Boehringer Ingelheim Pharma GmbH, Ingelheim am Rhein, Germany
Octenisept® antiseptic Schilke & Mayr GmbH, Norderstedt, Germany

Paraformaldehyde Sigma-Aldrich Chemie GmbH, Munich, Germany
PBS Dulbecco w/o Ca? Biochrom GmbH, Berlin, Germany

Picric acid 1.2%

QIAzol® lysis reagent

Sigma-Aldrich Chemie GmbH, Munich, Germany

Qiagen, Hilden, Germany

RNasin® Plus Promega Corporation, Wisconsin, USA

Ribonuclease inhibitor

Saline 0.9% Fresenius Kabi GmbH, Bad Homburg vor der Hohe, Germany

Wheat germ agglutinin Thermo Fisher Scientific, Waltham, USA

Xylazine Wirtschaftsgenossenschaft deutscher Tierarzte eG, Niedersachsen,
Germany

Xylene Fisher Scientific, Loughborough, United Kingdom
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Table 2 | Composition of buffers and solutions

Solutions

Composition

0.1% Sirius Red solution
ACK lysis buffer
Blocking solution
Cells lysis buffer

Counting beads solution

Digestion cocktail

0.1% Sirius Red solution (v/v), 1.2% picric acid (pH 2.0) (v/v)
150 mM NH4Cl, 10 mM KHCOs, 0.1 mM NazEDTA, pH 7.4
CD16/CD32, 1:1000 dilution in PBS

1% B-mercaptoethanol in Buffer RLT Plus

CountBright™  Absolute Counting Beads (C36950,
Invitrogen), 1:30 dilution in FACS buffer

450 U/mL Collagenase Type |, 125 U/mL Collagenase Type
XI, 60 U/mL DNAse I, 60 U/mL Hyaluronidase, 200 U/mL
Ribonuclease Inhibitor in PBS

FACS buffer 0.5 % (w/v) albumin in PBS
3.1.3 Kits
Table 3 | Kits

Kit Company

GoTaqg® Probe gPCR master mix
PrimeScript™ RT reagent kit
RNeasy® Plus Micro Kit

Promega GmbH, Walldorf, Germany
Takara Bio, Shiga, Japan

Qiagen, Hilden, Germany

3.1.4 Primers

Primers and probes used for reverse transcription-quantitative polymerase chain reaction (RT-

gPCR) were purchased from Life Technologies. Life Technologies provides a primer-probe

mix which contains a TagMan probe with fluorescein amidite (FAM) at the 5’ end that serves

as the reporter dye and a minor groove binder with a non-fluorescent quencher (MGB-NFQ)

at the 3' end.

Table 4 | Life technologies primers for RT-qPCR analysis

Assay ID

Gene Accession no.
Colt1a2 NM_007743.2
Col3at NM_009930.2
Ctgf NM_010217.2
Ccl2 NM_011333.3
Gapdh NM_008084.3
Ifnb1 NM_010510.1

Mm00483888_m1
Mm01254476_m1
Mm01192933 g1
Mm00441242_m1
Mm99999915_g1
Mm00439552_s1
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116 NM_031168.1 MmO00446190_m1
Nrda1 NM_010444.2 MmO01300401_m1
3.1.5 Antibodies
Table 5 | Antibodies cocktail for heart staining panel A
Antigen Clone Host Conjugation Dilution Provider Ref no.
CD11b M1/70 Rat Pacific Blue 1:500 BioLegend 101224
CD11c HL3 Hamster BV786 1:200 BD 563735
Biosciences
CD45 30-F11 Mouse BV605 1:500 BioLegend 103139
CDo64 X54-5/7.1 Mouse APC 1:500 BioLegend 139306
LYVE1 ALY7 Rat Alexa Fluor™ 488  1:200 Invitrogen 53-0443-82
LyeC HK1.4 Rat BV510 1:500 BioLegend 128033
Ly6G 1A8 Rat APC-Cy7 1:500 BioLegend 127623
MHCII M5/114.15.2 Rat Alexa Fluor™ 700  1:200 Invitrogen 56-5321-82
PD-L1 10F.9G2 Rat PE 1:200 BioLegend 124308
TIMD4 RMT4-54 Rat PE-Cy7 1:200 BioLegend 130009
Table 6 | Antibodies cocktail for heart staining panel B
Antigen Clone Host Conjugation Dilution Provider Ref no.
CD3 17A2 Rat APC-Cy7 1:100 BD 560590
Biosciences
CD4 GK1.5 Rat FITC 1:100 Invitrogen 11-0041-85
CD8a 53-6.7 Rat PE-Cy7 1:200 Invitrogen 25-0081-82
CD11b M1/70 Rat Pacific Blue 1:500 BioLegend 101224
CD19 eBio1D3 Rat PerCP-Cy5.5 1:500 Invitrogen 45-0193-82
CD31 MEC13.3 Rat PE 1:1000 BioLegend 102507
CD45 30-F11 Mouse BV605 1:500 BioLegend 103139
MEFSK4  mEF-SK4 Rat APC 1:200 Miltenyi 130-120-802
Biotec
MHCII M5/114.15.2 Rat Alexa Fluor™ 700 1:200 Invitrogen 56-5321-82
Table 7 | Antibodies cocktail for blood myeloid panel
Antigen Clone Host Conjugation Dilution Provider Ref no.
CCR2 475301 Rat BV786 1:200 BD 747966
Biosciences
CD11b M1/70 Rat PerCP 1:200 BioLegend 101230
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CD11c HL3 Hamster FITC 1:200 BD 561045
Biosciences
CD45 30-F11 Mouse  BV605 1:500 BioLegend 103139
CD115 AFS98 Rat APC 1:500 Invitrogen 17-1152-82
F4/80 BM8 Rat PB 1:500 BioLegend 123124
LyeC HK1.4 Rat BV510 1:500 BioLegend 128033
Ly6G 1A8 Rat APC-Cy7 1:500 BioLegend 127623
MHCII M5/114.15.2 Rat Alexa Fluor™ 700  1:200 Invitrogen 56-5321-82
PD-L1 10F.9G2 Rat PE 1:200 BioLegend 124308
Table 8 | Antibodies cocktail for lymphoid staining panel
Antigen Clone Host Conjugation Dilution Provider Ref no.
CD3 17A2 Rat FITC 1:500 BD Biosciences 555274
CD4 GK1.5 Rat APC-H7 1:500 BD Biosciences 560181
CD8a 53-6.7 Rat PE-Cy7 1:200 Invitrogen 25-0081-82
CD19 eBio1D3 Rat PE 1:500 Invitrogen 12-0193-82
CD45.2 104 Mouse APC 1:1000 BD Biosciences 558702
Table 9 | Antibodies cocktail for blood sorting panel
Antigen Clone Host Conjugation Dilution Provider Ref no.
CD11b M1/70 Rat Pacific Blue 1:500 BioLegend 101224
CD45.2 104 Mouse FITC 1:1000 BD Biosciences 553772
CD115 AFS98 Rat APC 1:500 Invitrogen 17-1152-82
LyeC AL-21 Rat PE-Cy7 1:1000 BD Biosciences 560593
Ly6G 1A8 Rat APC-Cy7 1:500 BioLegend 127623
Table 10 | Antibodies cocktail for heart sorting panel
Antigen Clone Host Conjugation Dilution Provider Ref no.
CD11b M1/70 Rat Pacific Blue 1:500 BioLegend 101224
CD31 MEC13.3 Rat PE 1:1000 BioLegend 102507
CD45.2 104 Mouse FITC 1:1000 BD Biosciences 553772
CDo64 X54-5/7.1 Mouse PerCP-Cy5.5 1:500 BioLegend 139308
LyeC AL-21 Rat PE-Cy7 1:1000 BD Biosciences 560593
Ly6G 1A8 Rat APC-Cy7 1:500 BioLegend 127623
MEFSK4 mEF-SK4 Rat APC 1:200 Miltenyi Biotec 130-120-802
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3.1.6 Equipment

Table 11 | Equipment
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Equipment

Company

CUT 6062 Fully automatic precision microtome

FACSAria lll cell sorter

FACSCanto I

Hot Plate 062

Leica ASP200S Tissue Processor

Leica EG1150 Tissue Embedding System
Leica THUNDER Imager 3D Tissue
LSRFortessa™ X-20

NanoPhotometer® NP80

QuantStudio™ 6 Pro Real-time PCR System
Qubit 4 Fluorometer

Rodent NIBP CODA® Monitor Sets
TissueLyser LT

Vevo® 3100 imaging system

SLEE medical GmbH, Mainz, Germany
BD Biosciences, New Jersey, USA

BD Biosciences, New Jersey, USA
Labotect GmbH, Rosdorf, Germany
Leica Biosystems, Wetzlar, Germany
Leica Biosystems, Wetzlar, Germany
Leica Microsystems, Wetzlar, Germany
BD Biosciences, New Jersey, USA
Implen GmbH, Munich, Germany
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
ADInstruments, Sydney, Australia
Qiagen, Hilden, Germany

FUJIFILM VisualSonics, Toronto, Canada

3.1.7 Software

Table 12 | Software

Software

Company

Design and Analysis Software 2.6.0
EndNote 20

FlowdJo 10.8.1

g:Profiler

GraphPad Prism 10.0

GSEA 4.3.2

Imaged

LabChart

Leica Application Suite X (LAS X)
RStudio

Vevo Lab

Thermo Fisher Scientific, Waltham, USA
Clarivate, Philadelphia, USA

BD Biosciences, New Jersey, USA
ELIXIR, Tartu, Estonia

GraphPad Software Inc., USA

Broad Institute, Massachusetts, USA
National Institutes of Health, Maryland, USA
ADInstruments, Sydney, Australia

Leica Microsystems, Wetzlar, Germany
Posit Software, Boston, USA

FUJIFILM VisualSonics, Toronto, Canada
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3.2 Methods
3.2.1 Mouse model

C57BL/6J mice were purchased from Janvier Labs and served as wildtype (WT) mice. Mice
with Nrda1se 2 depletion (RRID:IMSR_JAX:030204)"** were originally generated by C.
Hedrick’s lab (La Jolla, CA, USA) and bred in-house to serve as NCM knockout (KO) mice.
The Nrd4a1se_2 regulatory region was mutated using CRISPR/Cas9 technology. Up to five
mice were housed in each separately ventilated cage. The housing facility maintained a 12-
hour light-dark cycle with a temperature of 23°C and 60% relative humidity. All animal
procedures were performed in adherence to the ethical principles declared in the Directive
2010/63/EU, the government of Upper Bavaria (ROB-55.2.2532.Vet_02-18-114 and ROB-
55.2.2532.Vet_02-23-157) and the ARRIVE guidelines.

3.2.1.1 Subcutaneous osmotic minipump implantation

Male and female mice aged between 8 to 10 weeks were randomly subjected to angiotensin
Il (Angll) or saline infusion for 7 or 28 days. Mice were weighed one day before the surgery
for osmotic minipump preparation. The pumps (ALZET 1004, Durect) were filled with 1.5
ug/g/day Angll (4474-91-3, Sigma, dissolved in 0.9% saline) or an equivalent volume of 0.9%
saline (6605514, Fresenius Kabi) which served as a control. To ensure a steady infusion rate
immediately after implantation, the prefilled pumps were activated by incubation in 0.9% saline
for at least 24 hours at 37°C before the implantation. Mice were anaesthetised via inhalatory
isoflurane at a concentration of 1.5% mixed with 98.5% oxygen at a flow rate of 1 L/min and
laid prone on a hot plate set at 37°C to maintain physiological body temperature. The neck
area was disinfected with Octinesept® antiseptic (04830483, Schiilke) and a small skin incision
was made. After subcutaneous insertion of the pump, the incision was closed with 5-0 silk
sutures (I010171L, Serag Wiessner). 100 yL Meloxicam (2 mg/kg) was subcutaneously

injected immediately, 6 and 24 hours after the intervention.

3.2.2 Tissue sampling

At each study endpoint (7 days and 28 days), mice were euthanised by intraperitoneal injection
of overdosed xylazine (120 mg/kg) and ketamine (10 mg/kg). After weighing the mouse, the
peritoneum and thorax were opened. Blood was taken from the right ventricle and kept in
ethylenediaminetetraacetic acid (EDTA) tube on ice until further processing. The body
circulation was perfused with 10 mL phosphate buffered saline (PBS) infused via LV. The
weight of the heart was measured to determine cardiac hypertrophy and consequently cut into

several sections. The section used for flow cytometry was placed in a tube with PBS and
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placed on ice until further processing. The section used for ribonucleic acid (RNA) isolation
was placed in a tube, snap-frozen with liquid nitrogen, and stored at -80°C until further
processing. The midventricular section used for histology was placed in a tube with 4%
paraformaldehyde (PFA) at 4°C for fixation and subsequent paraffin embedding. The left tibia

was excised to measure the length for heart weight normalisation.

3.2.3 Histology
3.2.3.1 Paraffin sections preparation

Midventricular sections placed in 4% PFA for at least 24 hours at 4°C were processed using
Leica ASP200S Tissue Processor with a routine overnight programme. Briefly, the tissue was
dehydrated with increasing concentration of ethanol, cleared by xylene, and infiltrated with
histological wax. Processed tissues were embedded in paraffin using Leica EG1150 Tissue
Embedding System and cut into 5 ym sections using CUT 6062 Fully automatic precision
microtome. The cut sections were transferred into a water bath, followed by transfer onto

Superfrost® Plus microscope slides. The slides were dried on a heating plate overnight at 45°C.

3.2.3.2 Wheat germ agglutinin staining of paraffin sections

To assess cardiomyocyte hypertrophy, midventricular paraffin sections were stained with
wheat germ agglutinin (Alexa Fluor™ 647 conjugate, W32466, Invitrogen) to label the plasma
membrane for fluorescence imaging. Hoechst (Invitrogen, H3570) was used for nuclei staining
and the sections were mounted with Immu-Mount™ (Thermo Scientific, 9990402). A detailed

staining protocol is described below:

Procedure Substance Time
Deparaffinisation Xylene 2 x5 min
Rehydration 100% ethanol 2 min
90% ethanol 2 min
70% ethanol 2 min
Washing dH20 5 min
PBS 5 min
Staining Wheat germ agglutinin (1:200) and Hoechst (1:500) | 60 min
in PBS
Washing PBS 5 min
PBS 5 min
Mounting Immu-Mount™
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Images were taken at 20x magnification using Leica THUNDER Imager 3D Tissue. The cross-
sectional area (CSA) of a minimum of 50 cardiomyocytes in the LV per mouse was measured

using ImagedJ.

3.2.3.3 Sirius red staining of paraffin sections

To determine the development of fibrosis in LV, midventricular paraffin sections were stained

with Sirius red solution. The staining protocol is described below:

Procedure Substance Time
Deparaffinisation Xylene 2 x 5min
Rehydration 100% ethanol 2 min
90% ethanol 2 min
70% ethanol 2 min
Washing dH20 5 min
Staining 0.1% Sirius Red solution 30 min
Washing dH20 Rinse
dH20 Rinse
Dehydration 90% ethanol 2 min
100% ethanol 2 min
Xylene 2 x5 min
Mounting Entellan®

For total fibrosis quantification, tile scans were taken in 10x magnification using Leica
THUNDER Imager 3D Tissue to visualise the whole section. Area fraction of the collagen
fibres and cardiomyocytes were quantified using ImagedJ by applying threshold for collagen
fibres and cardiomyocytes accordingly (Figure 11A). Collagen content was determined using

the following formula:

Area fraction of collagen fibres (%)

11 tent (%) =
Collagen content (%) Area fraction of cardiomyocytes (%)
For perivascular (PV) fibrosis quantification, images containing vessels were taken at 10x
magnification. The extent of fibrosis surrounding the vessel was outlined using Imaged, and
the threshold for collagen fibres and vessel smooth muscle cells was applied (Figure 11B).
Collagen content was determined using the above formula. Three vessels of each sample

were measured for PV fibrosis.
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Figure 11 | Collagen content quantification using ImageJ.

A. Tile scans taken in 10x magnification were converted to RGB stack and the image in green channel
was used for threshold application. The threshold for the collagen fibres was first applied (middle) and
the area fraction was measured, followed by the threshold for cardiomyocyte (right). B. Image
containing the vessels was taken in 10x magnification. The region of interest surrounding the vessels
was traced using the ‘polygon selection’ (blue tracing) in Imaged. The threshold for the collagen fibres
(middle) and vessel smooth muscle cells (right) was applied and measured.

3.2.4 RNA expression
3.2.4.1 RNA isolation

For gene expression analysis in whole heart lysate, heart sections that were frozen during
tissue sampling were pulverised. The tissue was kept frozen by adding liquid nitrogen during
pestling. 1 mL QIAzol® lysis reagent (79306, Qiagen), a monophasic solution of phenol and
guanidium isothiocyanate, was added to the pulverised heart tissue samples for cell disruption
and cell components solubilisation. Metal beads were added into each tube, and the tissues
were homogenised using TissueLyser LT at 50 rpm/s for 2 min. The homogenised lysates
were transferred to new tubes, and 200 uL chloroform was added to facilitate the phase
separation of RNA from DNA and protein. The tubes were mixed by inverting 30 times and
were left at room temperature for 5 min. The tubes were then centrifuged at 12,000 g for 5

min. The supernatant was used for RNA isolation.

For Nr4a1 expression analysis, the snap-frozen sorted B and T cells from the spleen were

thawed on ice and 350 pL cells lysis buffer was added.

RNA was isolated using the RNeasy® Plus Micro Kit (74034, Qiagen) according to the
manufacturer’s protocol. Briefly, the sample was transferred to gDNA Eliminator spin columns

for genomic DNA removal. 70% ethanol was added to the flow-through and transferred to
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RNeasy MinElute spin columns for RNA binding. Buffer RW1 was added to the RNeasy
MinElute spin columns to facilitate the binding of RNA to the column membrane. Buffer RPE
was then added to the RNeasy MinElute spin columns, followed by 80% ethanol for washing.
Finally, the RNeasy MinElute spin columns were placed in new 1.5 mL collection tubes and
RNase-free water was added directly to the centre of the spin column membranes to elute the
RNA. The concentration of the eluted RNA was measured using NanoPhotometer® NP80. The

RNase-free water used for RNA elution was used for blank measurement.

3.2.4.2 cDNA synthesis

Reverse transcription (RT) of RNA to complementary deoxyribonucleic acid (cDNA) was
performed using PrimeScript™ RT reagent kit (RR037A, Takara Bio). The master mix

composition for one reaction (required for reversely transcribing 1 yg RNA) is described below.

Reagent Volume

5X PrimeScript Buffer 2 UL

PrimeScript RT Enzyme Mix | 0.5 L

Oligo dT Primer (50 uM) 0.5 L

Random 6 mers (100 pM) 2 L

1 ug RNA X Ml

RNase-free water up to 10 uL (final volume)

The RT reaction mixture tubes were incubated at 37°C for 15 min, followed by 15 s of heat
treatment at 85°C to inactivate the reverse transcriptase. The tubes were then placed on ice
for a few minutes and RNase-free water was added to dilute the cDNA to a final concentration
of 10 ng/pL. For each batch of newly synthesised cDNA, a reaction tube without the addition
of RNA, but with the respective volume of RNase-free water instead, was included as the RT

negative control.

3.2.4.3 Reverse transcription-quantitative real-time polymerase chain reactions

To assess the expression of genes related to LV hypertrophy, interstitial fibrosis, and
inflammation, RT-qPCR were performed using GoTaq® Probe qPCR Master Mix (A6102,
Promega) with carboxy-X-rhodamine as the reference dye. 2.3 ng cDNA were used for the
amplification of each gene, and all samples were run in duplicates in a 96-well FastGene®
Fast PCR plate (FG-03890-50, Nippon Genetics). The RT-qPCR reaction mixture (final

volume 20 yL) was composed as follows:
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Life Technologies primer-probe mix

Reagent Volume
cDNA (10 ng/uL) 4.60 pL
Primer-probe mix 0.50 pL
RNase-free water 4.50 uL
Master mix 10.40 pL

A template-free control was included for each gene by replacing cDNA with RNase-free water
in the RT-gPCR reaction mix. RT-qPCR was performed with QuantStudio™ 6 Pro Real-time
PCR System using fast cycling mode:

Reaction Temperature Time
Activation of the enzyme 95°C 20s
Denaturation 95°C 1s
) ) . } 40 cycles
Annealing and extension 60°C 20s

The amplification results were analysed using QuantStudio™ Design and Analysis Software
(version 2.6.0). The same threshold cycle (Ct) value was applied for each gene throughout
the study to ensure consistency and reliable comparison of gene expression at different study
time points. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as the reference
housekeeping gene. Ct values of the target genes for each sample were normalised against
the Ct mean value of the housekeeping gene of the respective sample to obtain ACt. AACt
was calculated by subtracting the average ACt of each treatment group from the average ACt
of the control group. Throughout all gene expression analyses of the project, “male saline 7d”
(male mice treated with saline and analysed at 7 days post-intervention) served as the control
group. The fold changes of gene expression relative to the control group were expressed by

calculating the 24, The equations mentioned above are shown below:

ACt = Ct (target gene) - Ct (reference housekeeping gene)

AACt = ACt (treatment group) - ACt (control group)

n-fold of gene expression = 2744Ct
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3.2.5 Flow cytometry
3.2.5.1 Sample preparation for heart and blood samples

To quantify the leukocyte subsets during cardiac remodelling, flow cytometry was performed
for heart and blood samples. Heart sections collected in PBS during tissue sampling at 7 days
post-intervention were transferred to a 24-well plate. One mL digestion cocktail was added to
each well and the sections were cut into small pieces with Vannas-Tubingen Spring Scissors
(15003-08, Fine Science Tools). The plate was incubated at 37°C for 1 hour. Digested heart
tissues were homogenised by pipetting up and down, followed by transfer to a 70 ym filter
placed on a 50 mL Falcon®tube. 5 mL FACS buffer was added, and the tubes were centrifuged
at 1400 rpm for 5 min. The supernatants were discarded and 700 uL FACS buffer was added
for resuspension. 500 uL cell suspension was transferred to a FACS tube for heart staining

panel A (Table 5) and 200 uL cell suspension for heart staining panel B (Table 6).

For blood samples, 350 uL blood collected in EDTA tube during tissue sampling at 7 days
post-intervention was transferred to the FACS tube for blood myeloid staining panel (Table 7)
and 50 pL for lymphoid staining panel (Table 8). To lyse erythrocytes, 2 mL and 1 mL ACK
lysis buffer was added for each panel sample, respectively. The tubes were incubated on ice
for 20 min, followed by centrifugation at 1400 rpm for 5 min. The supernatants were discarded,
and 1 mL ACK lysis buffer was added for the second erythrolysis. The tubes were incubated
on ice for 10 min, followed by centrifugation at 1400 rpm for 5 min. The supernatants were
discarded, 1 mL FACS buffer was added for washing and the tubes were centrifuged at 1400

rpm for 5 min. The supernatants were discarded.

3.2.5.2 Sample staining, data acquisition and analysis

To prevent non-specific binding of the antibodies, 50 pL blocking solution was added to each
tube and incubated for 5 min at room temperature. Subsequently, antibodies cocktail was
added (100 yL for heart samples and 50 pL for blood samples), and the tubes were incubated
in the dark at 4°C for 30 min. Samples were washed by adding 500 yL FACS buffer and
centrifuged at 1400 rpm for 5 min. After discarding the supernatant, the cell suspensions were
resuspended with 300 uL FACS buffer, followed by transfer to a FACS tube with a cell strainer
cap (35 ym nylon mesh) and centrifugation at 1400 rpm for 5 min. The cell strainer cap was
removed and counting beads solution was added (600 pL for heart samples and 300 pL for
blood samples with myeloid staining panel). The tubes were kept in the dark at 4°C until data
acquisition. Flow cytometry data were acquired using LSRFortessa™ X-20 for heart samples

and blood samples with myeloid staining panel. The data were analysed using FlowJo 10.8.1.
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3.2.6 Cell sorting
3.2.6.1 Sample preparation for cell sorting

To determine the Nr4a1 gene expression level by RT-gPCR, T and B cells of WT and KO mice
were sorted. The spleen from the baseline mouse without any intervention was collected in a
tube with 1 mL PBS, was kept on ice and subsequently placed on a 70 pL filter attached to a
50 mL Falcon® tube and minced with a 2 mL syringe plunger flange. 5 mL FACS buffer was
added, and the tubes were centrifuged at 1400 rpm for 5 min. The supernatants were
discarded, and 1 mL ACK lysis buffer was added for erythrolysis. The tubes were incubated
on ice for 5 min, followed by centrifugation at 1400 rpm for 5 min. The supernatants were
discarded, and 1 mL FACS buffer was added for washing, followed by centrifugation at 1400
rpm for 5 min. The supernatants were discarded, and the cells were resuspended in 500 pL
FACS buffer.

To investigate changes in the transcriptome, circulating Ly6C" and Ly6C'"° monocytes, cardiac
fibroblasts, macrophages and ECs were sorted 7 days after Angll infusion. Blood samples and

heart sections collected during tissue sampling were processed according to 3.2.5.1.

The samples were stained with 100 pL antibodies cocktail for the lymphoid staining panel
(Table 8), antibodies cocktail for blood sorting panel (Table 9), and antibodies cocktail for heart
sorting panel (Table 10) for the spleen, blood and heart samples respectively according to
3.25.2.

3.2.6.2 Cell sorting for circulating Ly6C" and Ly6C'> monocytes, cardiac fibroblasts,

macrophages and endothelial cells sorting, and spleen B and T cells

The samples were sorted using FACSAria Ill cell sorter and the number of cells sorted for

each population is shown below:

Cells Number

Ly6C" monocytes 10,000
Ly6C" monocytes 10,000
Cardiac fibroblasts 10,000
Cardiac macrophages 5,000
Cardiac endothelial cells 10,000
Spleen B cells 500,000
Spleen T cells 500,000
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After sorting, the tubes were centrifuged at 1400 rpm for 5 min and the supernatants were
discarded. The cells were resuspended in 100 pL cells lysis buffer, snap-frozen with liquid

nitrogen and stored at -80°C until further processing.

3.2.7 Bulk RNA-seq

To analyse the transcriptome of Ly6C" monocytes, Ly6C"° monocytes, cardiac fibroblasts,
macrophages, and ECs 7 days post-intervention, bulk RNA-seq was performed. Frozen sorted
cells were thawed on ice and transferred to a semi-skirted 96-well PCR plate (652290, Greiner
Sapphire Microplates). The plate was tightly sealed with an aluminium seal (391-1275, VWR)
and kept on dry ice while transported to Eva Briem and Daniel Richter (AG Enard,
Anthropology and Human Genomics, LMU Munich) for further processing (RNA extraction,
sequencing and raw data pre-processing) according to the protocols published on protocols.io
(https://doi.org/10.17504/protocols.io.s9veh66)."* In brief, 50 uL cell lysate was used for RNA
sequencing. The samples were digested with Proteinase K and DNase I. Uniquely barcoded
oligodT primers were used for cDNA synthesis and samples for the same library were pooled.
Pre-amplification was performed for 11 to 14 cycles determined by the initial input per library.
PicoGreen dsDNA Assay Kit (Thermo Scientific, P11496) was used for cDNA quantification
and Bioanalyzer HS DNA chip (Agilent, 5067-4626) for cDNA quality assessment. Libraries
were constructed NEB Next Ultra Il FS Kit (E6177S, New England Biolabs) according to the
prime-seq specifications. The libraries were quantified and qualified with the HS DNA chip on
the Bioanalyzer and sequenced using lllumina HiSeq 1500 at an average depth of 10.6 million
reads per sample. The reads were first demultiplexed using deML, followed by filtering and
mapping to the mouse genome (mm10, GRCm38). The reads were then counted using zUMIs
(version 2.5.5) with STAR.3®

Differential gene expression analysis was performed in RStudio using R version 4.3.1 with
DESeq2 package. DEGs were determined as genes with an adjusted p-value (padj)<0.05. Up-
and downregulated DEGs for each group comparison were listed separately for functional
enrichment analysis using g:Profiler.”® Gene set enrichment analysis (GSEA) with the
aggregate score approach was performed using GSEA 4.3.2"0'%1 (Gene sets database:
m5.90.bp.v2023.1.Mm.symbols.gmt; Chip platform: MSigDB.v2023.1.Mm.chip)."** Venn
diagrams were created using BioVenn."® Gene sets were considered significantly enriched
with a normalised enrichment score (NES) of more than 1 or less than -1 and a false discovery
rate (FDR) of less than 0.25.
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3.2.8 Non-invasive blood pressure measurement

To assess the blood pressure of the mice, non-invasive blood pressure (NIBP) measurements
were performed under basal condition and upon 28 days of Angll infusion using Rodent NIBP
CODA® Monitor Sets. The mice were lightly anaesthetised with <1% isoflurane mixed with 99%
oxygen at a flow rate of 1 L/min and laid prone on a hot plate to maintain the body temperature
at 37°C. The occlusion cuff (O-cuff) was placed near the base of the tail followed by the sliding
of the volume pressure recording (VPR) cuff up the tail until it reached the O-cuff. The O-Cuff
and VPR Cuff sensors were connected to the CODA® monitor and the measurements were
started. At least five continuous cycles were taken for each mouse and the systolic and

diastolic blood pressure were analysed using LabChart.

3.2.9 Evans blue assay

To investigate the vascular permeability of the heart, Evans blue assay was performed after 7
days of Angll infusion. 0.5% Evans blue was prepared by dissolving the Evans blue powder
(E2129, Sigma) in 0.9% saline. The mice were anaesthetised with 1.5% isoflurane mixed with
98.5% oxygen at a flow rate of 1 L/min and laid prone on a hot plate to maintain the body
temperature at 37°C. The tail was disinfected with Octinesept® antiseptic and 200 uL Evans
blue solution (40 mg/kg) was injected intravenously into the tail vein. The mice were sacrificed
with overdosed xylazine (120 mg/kg) and ketamine (10 mg/kg) 70 min after the injection. The
blood was withdrawn from the right ventricle and the heart was perfused with 10 mL PBS.
After weighing the heart, the heart was transferred to a tube with 1 mL Formamide (17899,
Thermo Fischer). The tubes were incubated in a shaking incubator for 24 hours at 55°C. The
tubes were centrifuged at 1400 rpm for 5 min to pellet any remaining tissue fragments. 200 uL
of supernatant was used for measuring the absorbance at 635 nm using Qubit 4 Fluorometer.
200 yL Formamide were used as blank. The relative fluorescence units obtained were

normalised to the heart weight.

3.2.10 Echocardiography

To assess cardiac function and morphology after Angll infusion, echocardiography was
performed using Vevo® 3100 imaging system at 28 days post-intervention. Mice were first
anaesthetised with 3% isoflurane mixed with 97% oxygen in an induction chamber, which was
then transferred to a nose cone supplying with 1.5% isoflurane mixed with 98.5% oxygen at a
flow rate of 1 L/min. Mice were laid supine on a hot plate to maintain the body temperature at
37°C. Arectal probe was inserted in the rectum to monitor the body temperature, and the paws
were attached to the electrodes embedded in the heated platform to monitor the heart rate

and respiratory rate recording to suppress respiratory artefacts. Depilatory cream was used to
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remove the fur on the chest area. Long and short axes of the LV were acquired in B- and M-
mode. The data were analysed using Vevo Lab. Three cardiac cycles recorded in M-mode of
the short axis were used for calculating the heart rate, LV end-diastolic volume, LV end-
systolic volume, LV diastolic internal diameter (ID), LV systolic ID, ejection fraction, and

fractional shortening.

3.2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism 10.0 software. Data from RT-qPCR
analysis are shown as geometric mean + geometric standard deviation (SD). All other data
are shown as mean = standard error of mean (SEM). Two-way analysis of variance (ANOVA)
with Sidak’s multiple comparisons test was performed to determine 1) significant differences
between the sexes for each treatment group and 2) differences between the treatment groups
within each sex group. Unpaired t-test was used when there were only two groups. All
calculated p-values are two-sided. Differences with a p<0.05 were considered statistically

significant.
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4. Results
4.1 Angll treatment promotes cardiac hypertrophy independent of sex

To study the effects of biological sex on Angll-induced cardiac remodelling, 8- to 10-week-old
male and female WT mice were randomly subjected to either Angll or saline infusion via
minipump implantation for 7 or 28 days (Figure 12A). As a more pronounced cardiac
hypertrophy can usually be detected at a later time point, cardiac hypertrophy was assessed
by heart gravimetry and cardiomyocyte size at day 28 of Angll infusion. As expected, females
had in general lower body and heart weights than males, irrespective of Angll, while the Angll
infusion reduced body weight only in males when compared to the vehicle group. A significant
decrease in body weight was observed in the Angll-treated male group compared to the
saline-treated group (Figure 23B). Heart weight, heart weight/body weight ratio (HW/BW), and
heart weight/tibia length ratio (HW/TL) were significantly increased in both sexes upon Angll

infusion, indicating a similar extent of hypertrophic growth (Figure 12C-E).
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Figure 12 | Experimental design and gravimetric measurements upon 28 days of Angll infusion.
A. Wildtype male and female mice were randomly assigned to two groups for minipump implantation
containing Angll or saline for 7 or 28 days. B-E. Body weight, heart weight, heart weight/body weight
ratio (HW/BW), and heart weight/tibia length ratio (HW/TL) were measured after 28 days of Angll
infusion. Each dot represents a mouse. (n=4-9). Data are shown as mean + SEM. Two-way ANOVA
with Sidak’s multiple comparisons; p<0.05 was considered significant.
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This also held true for cardiomyocyte thickening as investigated by cross-sectional area (CSA)
measurements of wheat germ agglutinin-stained cardiomyocytes (Figure 13). These data

suggest that Angll-induced cardiac hypertrophy is not affected by biological sex differences.
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Figure 13 | Cardiomyocyte cross-sectional area analysis after 28 days of Angll infusion
Cardiomyocyte cross-sectional area (CSA) was measured after 28 days of Angll treatment.
Representative images of wheat germ agglutinin staining of midventricular transverse sections were
taken in 20x magnification (scale bar=25 um). At least 50 cells per heart were quantified on 5-10 images
taken in the left ventricular region. Each dot represents a mouse. (n=4-5). Data are shown as mean +
SEM. Two-way ANOVA with Sidak’s multiple comparisons; p<0.05 was considered significant.

4.2 Female mice are protected from Angll-induced cardiac fibrosis

To investigate the effects of biological sex on the initiation of cardiac fibrosis during Angll-
induced cardiac remodelling, cardiac transverse sections were stained with Sirius red solution
for collagen content quantification. After 7 days of Angll treatment, males presented a
prominent increase in collagen disposition in the heart. However, no significant increase in
cardiac fibrosis was observed in females. Likewise, perivascular (PV) fibrosis was significantly
increased by Angll in males, but not females (Figure 14A). A similar pattern of cardiac fibrosis
was observed upon 28 days of Angll infusion (Figure 14B). The relative amount of cardiac
fibrosis was generally higher after 28 days of Angll treatment compared to 7 days of treatment.
Again, a significant difference in comparison to the vehicle group was only observed in Angll-

treated males, but not in females.
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Figure 14 | Cardiac fibrosis after 7 to 28 days of Angll infusion.
A-B. Interstitial and perivascular (PV) fibrosis were measured after 7 days (A) and 28 days (B) of Angll

infusion. Representative images of Sirius red staining of midventricular transverse sections were taken
in 10x magnification (scale bar=100um). Tile scans taken in 10x magnification for each sample were
used for total fibrosis quantification. Three coronary vessels per mouse heart were analyzed for PV
fibrosis. Each dot represents a mouse (n=3-6). Data are shown as mean + SEM. Two-way ANOVA with

Sidak’s multiple comparisons; p<0.05 was considered significant.
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4.3 Angll expands cardiac fibroblasts and induces pro-fibrotic genes only in males

To further investigate the biological sex effects on cardiac fibrosis, the expansion of cardiac
fibroblasts and pro-fibrotic gene expression in the heart was measured via flow cytometry and
RT-gPCR, respectively. Cardiac fibroblasts were identified by flow cytometry in digested
hearts based on the fibroblast marker MEFSK4 and further gated as CD45°CD31" (Figure 15A).
In line with the fibrosis staining results, females did not show an expansion of cardiac
fibroblasts, while males had significantly more cardiac fibroblasts after 7 days of Angll infusion
(Figure 15B-C). Furthermore, pro-fibrotic genes including collagen 1a2 (Col1a2), collagen 3a1
(Col3at), connective tissue growth factor (Ctgf), C-C motif chemokine ligand 2 (Ccl2), and
interleukin 6 (/-6) were significantly induced after Angll infusion in males but not in females
(Figure 16). Taken together, these results indicate that females are protected against Angll-
induced cardiac fibrosis despite comparable hypertrophic responses.
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Figure 15 | Quantification of cardiac fibroblasts after 7 days of Angll infusion.

A. Flow cytometry gating for cardiac fibroblast (CD45-CD31-MEFSK4*). B. Flow cytometric analysis of
the number of cardiac fibroblasts per mg heart after 7 days of Angll treatment. (n=5-6). C.
Representative FACS plot and MEFSK4* of cardiac fibroblasts in Angll-treated mice, with the
percentage of gated MEFSK4* indicated. In panel B, each dot represents a mouse and data are shown
as mean = SEM. Two-way ANOVA with Sidak’s multiple comparisons; p<0.05 was considered
significant.
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Figure 16 | Cardiac pro-fibrotic gene expression after 7 days of Angll infusion.

Gene expression analysis (RT-qPCR) to detect pro-fibrotic genes encoding for collagen 1a2 (Col1a2),
collagen 3a1 (Col3aT), connective tissue growth factor (Ctgf), C-C motif chemokine ligand 2 (Ccl2), and
interleukin 6 (/l-6) in heart lysates after 7 days of Angll treatment. Gapdh was used as the reference
gene. Data are normalised over male saline 7d. (n=4-6). Each dot represents a mouse. Data are shown
as geometric mean + geometric SD. Two-way ANOVA with Sidak’s multiple comparisons; p<0.05 was
considered significant.

4.4 Angll treatment downregulates genes associated with detoxifying reactive oxidative

species in male cardiac fibroblasts

Cardiac fibroblasts, the main drivers of cardiac fibrosis,'** were sorted for bulk RNA-seq in
order to assess global transcriptomic changes during Angll-induced cardiac fibrosis. Since
changes in fibrosis and pro-fibrotic gene expression were already evident after 7 days of Angll
treatment, this time point was chosen for the transcriptomic analysis. The principal component
analysis (PCA) plot showed a clear clustering of the saline and Angll groups (principal
component (PC1), 39% of variance), and of the male Angll versus female Angll groups (Figure
17A). The comparison between male Angll-treated and male saline-treated groups provided
the highest number of differentially expressed genes (DEGs=854), followed by the comparison
between female Angll-treated and female saline-treated groups (DEGs=506). While 134
DEGs were detected for the comparison between male saline-treated and female saline-
treated groups, the comparison between male Angll-treated and female Angll-treated groups
gave the lowest number of DEGs (DEGs=34) (Figure 17B).

The volcano plots showed that, in both male and female, several upregulated genes in the
Angll-treated groups compared to saline groups are related to ECM remodelling and assembly.

These include Col1a1, Col3a1, Fn1, Lox, and Timp1.'*>'® Furthermore, Angll infusion in
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males led to the downregulation of genes associated with detoxifying reactive oxidative
species (ROS), such as Hspala, Gpx3, and Atg7,"*""'*® which could enhance oxidative stress.
In contrast, the downregulated genes in the female Angll-treated group are involved in
fibroblast activation and signalling, such as Smad3, KIf9, and Ddr2,"*%"%2 which could partly
explain the observed prevention of extensive collagen deposition in response to cardiac stress

in females (Figure 17C-D).

Next, a Venn diagram was constructed to determine unique and common DEGs in males and
females upon Angll treatment. Of the 506 DEGs observed in Angll-treated females, 192
(37.9%) did not overlap with the DEGs in Angll-treated males. In addition, 540 out of 854
genes (63.2%) were uniquely regulated in male Angll-treated mice. Furthermore, 314 DEGs

were commonly up- or downregulated by Angll, independent of sex (Figure 17E).

Functional enrichment analysis for the gene ontology biological process (GOBP) revealed that
the shared upregulated DEGs in Angll-treated groups were involved in ECM organisation,
TGF-B receptor signalling, and EndMT, while the downregulated DEGs were associated with
cell communication and differentiation (Figure 18A). The genes uniquely differentially
upregulated in the male Angll-treated group were linked to cell migration, while downregulated
genes were associated with cell communication, heart contraction, and epithelial cell
proliferation. GO terms cell differentiation, programmed cell death, and cellular response to
growth factor stimulus were associated with both up- and downregulated DEGs (Figure 18B).
Lastly, among the genes that were uniquely differentially regulated in the Angll-treated female
group, the upregulated genes were associated with response to stress, autophagy and
apoptosis, while the downregulated were related to cell differentiation and communication
(Figure 18C). Taken together, these data suggest that female cardiac fibroblasts may be more
resistant to Angll-induced stress responses through mechanisms involving autophagy and
apoptosis, thereby resulting in a less activated state, while male cardiac fibroblasts have a

reduced ability to detoxify ROS, resulting in pro-fibrotic remodelling.



Results 41

A B
10 o Male Saline
A e MaleAngll No. of DEGs for MEFSK4*
§ 5 A & Female Saline
Q
'g 4 Female Angl Female Angll vs. Male Angll ]2«
s
3 0- § Female Saline vs. Male Saline-:| 134
©
; . a° Female Angll vs. Female Saline- ]s0e
(n-_) o Male Angll vs. Male Saline X
1040 0 200 400 600 800 1000
1 1 1
-10 0 10 20

PC1: 39% variance

C D
Female Angll vs. Female Saline Male Angll vs. Male Saline
Downregulated Upregulated in Downregulated Upregulated in
in Female Angll Female Angll in Male Angll Male Angll
i (x) i Fri)
i Fn1 '
> i [Fstit -) . i |
@ : 1 | ? - Atg? : Mfap5 .L°"./
f. i *\Coltat (Cthret )= s (Tgm2 ng«|1 —+* _Comat]  [Cthrc1]
—— : o G
3 [Ploknas) | S e g 2 Akdb?| sl Tne|
= i — Cenz-{Emp1] “Aspn)* E 20 - f
2 o _(smad3] ! ® o | [ S Gstm1| "Aidhiat . 8
| . ; @ . b |p°5m ] Inmt . 7 - vy
et 2 ¥ it =
apin [z~ % i . . et
j=Re g e L] g ]

Female Angll vs. Female Saline Male Angll vs. Male Saline

Figure 17 | Bulk RNA-seq analysis of sorted cardiac fibroblasts upon 7 days of Angll infusion.
Male and female cardiac fibroblasts were sorted (10,000 cells per sample) for bulk RNA sequencing
after 7 days of Angll or vehicle treatment (n=6 per group). A. Principal component analysis (PCA) plot
to visualize the heterogeneity of transcriptomic profiles between the experimental groups. Each symbol
represents a mouse. B. Number of differentially expressed genes (DEGs) with padj<0.05 and FC > +
0.2 for each comparison. C-D. Volcano plot with up- (red) and downregulated (blue) DEGs in female
Angll (C) and male Angll (D) compared with their respective saline group. E. Venn diagram of DEGs
(padj<0.05) in female Angll (yellow) vs. male Angll (blue). Both the total number of DEGs and the
number of up- and downregulated DEGs are indicated.
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Figure 18 | Gene ontology analysis of DEGs in cardiac fibroblasts.

Gene ontology biological process (GOBP) terms associated with shared DEGs in both Angll-treated
groups (A), unique DEGs in male Angll vs. male saline (B) or unique DEGs in female Angll vs. female
saline (C), performed using g:Profiler based on the results shown in the previous Figure.
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4.5 Angll promotes circulating and cardiac Ly6C'"° monocyte expansion in females

Inflammation is known to contribute to cardiac remodelling, and sex differences in immune
cells have been reported. Therefore, the next aim was to investigate the effects of sex
differences in the driving of cardiac inflammation during Angll-induced cardiac remodelling.
Flow cytometry was used to determine the changes in the distribution of the circulating and

cardiac leukocyte subpopulations (Figure 19).

Angll-treated males had significantly higher neutrophil counts compared to saline-treated
males and Angll-treated females (Figure 20A). Although the total number of monocytes was
comparable between the groups, Angll-treated females presented a shift in the relative
proportion of monocyte subsets, with a reduction in the Ly6C" subset and an increase in both
the Ly6C™™ and Ly6C" subsets compared to Angll-treated males (Figure 20A-B). Furthermore,
CD8" T cells were higher in the female Angll-treated group compared to the male AnglI-treated
group (Figure 20C). No significant differences between the groups were observed in the other
analysed leukocyte subsets, namely the total number of myeloid cells, B cells, T cells, and
CD4" T cells (Figure 20A, C).

Differently from the blood, the myeloid cell counts in the heart were significantly increased in
male Angll-treated group. Among the myeloid cell subsets, Angll infusion induced an
expansion of neutrophils in male Angll-treated group compared to female Angll-treated group
(Figure 21A). Similar to the blood, a shift in the relative proportion of monocyte subsets was
observed. It was found that females generally have a lower relative proportion of cardiac
Ly6C" monocytes than males, irrespective of treatment. Upon Angll infusion, the relative
proportion of cardiac Ly6C™ monocytes increased in females compared to their corresponding
saline-treated group and the male Angll-treated group. The relative proportion of Ly6C"
monocytes decreased in males upon Angll treatment compared to their corresponding saline-
treated group and the female Angll-treated group (Figure 21B-C). In addition, macrophages
in Angll-treated males, particularly of recruited macrophages (CD64'TIMD4") counts, were
significantly increased compared to saline-treated males and Angll-treated females (Figure
21D-E). Of note, no changes in cardiac lymphocyte subsets were found between the groups
(Figure 22).

Taken together, an increase in recruited cardiac macrophages in the Angll-treated male group
may promote adverse cardiac inflammation and fibrosis, whereas a higher relative proportion
of Ly6C'"° monocytes in the females after Angll infusion may potentially contribute to protective

effects against maladaptive cardiac fibrosis.
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Figure 19 | Gating strategy for leukocyte subsets in the blood and in the heart.
Flow cytometry gating for blood myeloid cells (A), cardiac myeloid cells (B), blood lymphoid cells (C),
and cardiac lymphoid cells (D).
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Figure 20 | Circulating immune cell subsets upon 7 days of Angll infusion.

Flow cytometric analysis of the number of circulating myeloid (A) and lymphoid cell subsets (C) after 7
days of Angll treatment. B. Representative FACS plots and pie chart of Ly6C* monocyte subset average
distribution for male Angll 7d (left) and female Angll 7d (right). Each dot represents a mouse (n=6-7).
Data are shown as mean + SEM. Two-way ANOVA with Sidak’s multiple comparisons; p<0.05 was
considered significant.
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Figure 21 | Cardiac myeloid cell subsets upon 7 days of Angll infusion.
A,B,D. Flow cytometric analysis of the number of myeloid cell subsets normalised to heart weight after
7 days of Angll treatment. C. Representative FACS plots and pie charts of Ly6C* monocyte subset
gating and average distribution for male Angll 7d (left) and female Angll 7d (right). E. Representative
FACS plots of recruited macrophages (CD64*TIMD4") for male Angll 7d (left) and female Angl| 7d (right).
(n=5-6). Each dot represents a mouse. Data are shown as mean + SEM. Two-way ANOVA with Sidak’s

multiple comparisons; p<0.05 was considered significant.
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Figure 22 | Cardiac lymphoid subsets upon 7 days of Angll infusion.

Flow cytometric analysis of the number of cardiac lymphoid cell subsets after 7 days of Angll treatment.
(n=5-6). Each dot represents a mouse. Data are shown as mean + SEM. Two-way ANOVA with Sidak’s
multiple comparisons; p<0.05 was considered significant.

4.6 Angll-treatment downregulates protective genes in male cardiac macrophages

As an expansion of cardiac macrophages was observed in males after Angll treatment, the
transcriptomic profile of cardiac macrophages was assessed via bulk RNA-seq 7 days after
Angll infusion. The PCA plot showed a clear clustering between the four groups, with PC1
distinguishing between Angll-treated and saline-treated groups, and PC2 distinguishing
between the male and female groups (Figure 23A). Similar to cardiac fibroblasts, the
comparison between the Angll-treated and saline-treated group in males resulted in the
highest number of DEGs (DEGs=359), followed by the comparison between the Angll-treated
and saline-treated group in females (DEGs=220). For the comparison between males and
females, 117 DEGs were detected within the saline-treated group, while only 5 DEGs were

detected within the Angll-treated group (Figure 23B).

As highlighted in the volcano plots (Figure 23C-D), some of the Angll-induced genes in both
male and female mice, in particular Ccr2, Arg1, Fn1, and Mmp14 are related to the activation
of fibrosis and inflammatory signalling.®'**'** Among the downregulated genes in AnglI-
treated females were //1rl1, Pik3r6, and KIf7, which are associated with enhanced cardiac
remodelling.”®*"%" Downregulated genes in the male Angll-treated group included LyveT,

Rhob, and Aldh2, which have been linked to protective effects during cardiac remodelling."*®
160
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The Venn diagram revealed that 117 out of 220 genes (53.2%) were uniquely differentially
expressed in Angll-treated females (Figure 23E). In contrast, 256 out of 359 genes (71.3%)
were uniquely differentially expressed in Angll-treated males. GO analysis showed that the
shared DEGs (47 genes) upregulated in both Angll-treated groups were associated with
antigen processing and presentation, cell proliferation, and tissue remodelling. The shared
downregulated genes (56 genes) were involved in the regulation of IL-6 production,
cardiomyocyte proliferation, and blood vessel diameter maintenance (Figure 24A).
Furthermore, the DEGs upregulated uniquely in Angll-treated males were related to innate
immune response activation, while the downregulated DEGs were involved in apoptosis,
epithelial cell migration, and blood vessel morphogenesis (Figure 24B). On the other hand,
the DEGs upregulated uniquely in the female Angll-treated group were associated with
cytoplasmic translation, while the downregulated DEGs were involved in intracellular signal
transduction and cell differentiation (Figure 24C). Taken together, these results hint towards
a more inflammatory phenotype of cardiac macrophages in males after Angll infusion

compared to females.



Results 49

A _ B
© Male Saline
104 © MaleAngl No. of DEGs for CD64*
° a Female Saline
Femal I
g 5 00 4 Femaie/ng Female Angll vs. Male Angll5
g " © o Female Saline vs. Male Saline |17
2 4
o S o Female Angll vs. Female Saline- J220
S 54 N Male Angll vs. Male Saline |ase
o A T T T T 1
0 100 200 300 400 500
-10 1 1 1 1 1
-10 -5 0 5 10 15
PC1: 30% variance
C D

Female Angll vs. Female Saline Male Angll vs. Male Saline

< B < B

Downregulated Downregulated Upregulated in

Upregulated in

in Female Angll Female Angll in Male Angl| _ Male Angll
i Jcerz] 04 "
154 ) ! . Ccr2
[cdae| !
_ . : Msda7|
3 (Bank1 i (Mmpia 3 i
2 1o : : - S | Dnajb1 P
L i [Trem2) a . ! [Ctsd]
ki i || e 2 1 ; %3
é i Ctsd 3‘?“_ (Semada| | Mmp14] Fn1
o= i J T 1
3 Mﬁ’,' /Jnaacsf {Pou2f2}—-«*[Lgals3 3, (®2] (Rpon] " ‘Ccls};._Slrpmc_
g e (seges)l S I+ "1 = g2 el e W\ ]! [Lgais3) 7 Sirpb1b
L Hsph1 9 .
0 \ (Adam19) | KIf7 . [ceis ; P~ L, s\ e ot e
A Li1d R 177} R\ <o . [sep1] [ merv)
[[IZINSE Y o ot W58 ) et W Aldh2) 8 7 %, if: e
Rty .--—"‘{E’L‘_ 1Hspa1a—-L;.;—. '\Q A vae .. "—Postn
A el & I sparch I O | LY bst] .
0 e ¢ [Ssept 04 =3 & \Arg1
" 0 1 - 75 -4 -2 o 4
loga(FC) logs(FC)

Female Angll vs. Female Saline

Male Angll vs. Male Saline

117

t DEGs
=55

| DEGs
=62

Figure 23 | Bulk RNA-seq analysis of sorted cardiac macrophages upon 7 days of Angll infusion.
Male and female cardiac macrophages were sorted (10,000 cells per sample) for bulk RNA sequencing
after 7 days of Angll or vehicle treatment (n=5-6 per group). A. Principal component analysis (PCA) plot
to visualize the heterogeneity of transcriptomic profiles between the experimental groups. Each symbol
represents a mouse. B. Number of differentially expressed genes (DEGs) with padj<0.05 and FC > +
0.2 for each comparison. C-D. Volcano plot with up- (red) and downregulated (blue) DEGs in female
Angll (C) and male Angll (D) compared with their respective saline group. E. Venn diagram of DEGs
(padj<0.05) in female Angll (yellow) vs. male Angll (blue). Both the total number of DEGs and the
number of up- and downregulated DEGs are indicated.
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Figure 24 | Bulk RNA-seq analysis of DEGs in cardiac macrophages.

Gene ontology biological process (GOBP) terms associated with shared DEGs in both Angll-treated
groups (A), unique DEGs in male saline vs. male Angll (B) or unique DEGs in female saline vs. female
Angll (C), performed using g:Profiler based on the results shown in the previous Figure.
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4.7 Transcriptomic profiling of circulating Ly6C" and Ly6C'® monocytes

The shift in the relative proportions of blood and heart monocyte subsets in response to Angl|
provided the rationale to also perform bulk RNA-seq of Ly6C" and Ly6C" monocyte subsets.
The number of Ly6C™ monocytes was too small for sorting and was therefore not included for
transcriptome profiling.

Due to the low number of monocytes in the heart, especially the Ly6C"° monocyte subset, the
cells were sorted from the blood (Figure 25A). The PCA plot showed that the PC1 (accounting
for 77% of the total variance) clearly separated the Ly6C" and the Ly6C" monocytes, while
the PC2 (which explains 6% of the variance) distinguished the samples based on sex,
although the latter did not form distinctly separated clusters (Figure 25B). To verify the
differences between the detected Ly6C" and Ly6C" populations, the expression of specific
markers previously assigned for each monocyte subset was further investigated. As expected,
Ly6C" monocytes were enriched in Ccr2 expression while Ly6C" monocytes had a higher
Cd274 (Pd-I1) expression level (Figure 25C).""7:126
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Figure 25 | Transcriptomic profiling of circulating monocyte subsets after 7 days of Angll
infusion.

Male and female circulating Ly6C" and Ly6C" monocytes were sorted (10,000 cells per sample) for
bulk RNA sequencing after 7 days of Angll or vehicle treatment (n=10-12 per group). A. Flow cytometry
gating for circulating Ly6C" and Ly6C'® monocytes. B. Principal component analysis (PCA) plot to
visualize the heterogeneity of transcriptomic profiles between the experimental groups. Each symbol
represents a mouse. C. C-C chemokine receptor type 2 (Ccr2) and programmed death-ligand 1 (Cd274)
gene expression of circulating Ly6C" and Ly6C' monocytes. Data are shown as mean + SEM. Unpaired
t-test; p<0.05 was considered significant. FPKM=fragments per kilobase of transcript per million
mapped reads.
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4.8 Ang Il treatment upregulates genes linked to antigen presentation and type |

interferon response in female Ly6C" monocytes

To further study the gene expression changes within each monocyte subset, Ly6C" and Ly6C'"
monocyte data were extracted and analysed individually. For the Ly6C" monocyte subset, the
PCA plot did not show a pronounced and distinct separation between the four experimental
groups. Nevertheless, PC1 predominantly distinguished between sexes, whereas PC2
generally separated the Angll-treated groups from the saline-treated group (Figure 26A). The
comparisons between male and female saline-treated groups gave the highest number of
DEGs (DEGs=76), followed by the comparison between male and female AngllI-treated groups
(DEGs=61). Surprisingly, there were only 9 DEGs detected in the comparison between the
Angll-treated and control group in females and no DEGs were detected in males with a cut-
off value of padj<0.05 and minimum fold change + 0.2 (Figure 26B). Ly6C" monocytes of
female Angll-treated mice had higher gene expression of major histocompatibility class | (MHC
I) genes such as H2-D1, H2-K1, and H2-Q7 compared to the male AnglI-treated group (Figure
26C). GO enrichment analysis revealed that the upregulated genes in the female Angll-treated
group were mostly related to antigen processing and presentation (Figure 26D), which aligns
with the observed increase in histocompatibility 2, class Il antigen A, beta 1 (H2-AbT)
expression in the Ly6C" monocytes (Figure 27A). In addition, the expression of transcription
factor Nr4a1 was significantly higher in females than in males, suggesting that Ly6C"
monocytes in females are more prone to the conversion to Ly6C'" monocytes in the circulation
(Figure 27B)."

Furthermore, GSEA hinted towards enrichment in genes associated with cellular response to
interferon beta and the activation of innate immune response in the female Angll-treated group
compared to the male Angll-treated group (Figure 27C). The Ifnb1 expression in the heart
lysate was slightly higher in the female vehicle group compared to the corresponding male
group, but lower in females after Angll infusion compared to the sex-matched vehicle group,
although these differences did not reach significance (Figure 27D). IFNB production could be
linked to a response to cytoplasmic nucleic acid accumulation released from stressed
mitochondria via cytosolic GAMP synthase-stimulator of IFN genes (cGAS-STING)
signalling.’®" In general, Ly6C" monocytes in females showed an increased expression of the
genes involved in type | IFN signalling (TIr7, Irf5, Irf7, Janus kinase 2 (Jak2), and Tnf) (Figure
27E).
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Figure 26 | Bulk RNA-seq analysis of sorted circulating Ly6C" monocytes after 7 days of Angll
infusion.

A. Principal component analysis (PCA) plot of circulating Ly6C" monocytes to visualize the
heterogeneity of transcriptomic profiles between the experimental groups Each symbol represents a
mouse. B. Number of differentially expressed genes (DEGs) with padj<0.05 and FC > + 0.2 for each
comparison. C. Volcano plot with up- (red) and downregulated (blue) DEGs in female Angll compared
with male Angll. Sex-linked genes: X-inactive specific transcript (Xist) and DEAD-Box Helicase 3 Y-
Linked (Ddx3y) were removed from the volcano plot to enhance visualisation of other DEGs. D. Gene
ontology biological process (GOBP) associated with DEGs (padj<0.05) upregulated in Ly6C"
monocytes of female Angll compared with male Angll (analysed using g:Profiler). (n=5-6).



A 1500+
*0.02
S
£ 1000+ °
€ ° o 2
3 %+
< 500 0° ° e
N
N £ .
0 T T
Male Female

Enrichment plot:

GOBP_CELLULAR_RESPONSE_TO_INTERFERON_BETA

1 NES=1.93
' FDR =0.086

L

Enrichment score (ES)

; e
1]
5 Rark n Oered Dutaset
T oo — T Rarking mewi ooy
E
200 *0.049
oo °
—~ -4 o °
E 150 ° _é} =
)
@:/100— % _?
[; 00 °
|\ 50_
0 T T
Male Female
150
R *0.01
S 1004 L 0n®
& ° a8 T° o
= '§% o
S s
8
0 T T
Male Female

Results 54
*0.005
600 - )
0.01 o o Saline 7d
o
s ° e Angll 7d
S w0 o F
\LI-/ oo %
- o
= o
0 T T
Male Female
D
Enrichment plot:
GOBP_ACTIVATION_OF_INNATE_IMMUNE_RESPONSE Ifnb 1
T 31
% p=006  p=006 o Saline 7d
01/ NES =183 ° .
g FDR =0.122 ——" 24 Ang” 7d
ml T . F
F§ | | 3. [¢]
b1 bl | 3 N %’ ° °
1. 13 3
32 )
£o o )
i,
I e e R '
e Dt il — e T Male Female
*0.01 800 — *
600 oo 0.01
% &° 600 p=0.05 °
— 2 ° o ; g
S 4004 & e °° < ° &
X o e & 4004 o 4oy -
' Nt ° °
= i e
£ 200+ = 2004 °
0 0 T T
T T Male Female
Male Female
*0.02
20+ : .
0.04 o Saline 7d
o <)
< 15 ° e Angll 7d
v
< I
L 109 oo -
S [ Oo ° o
< 220
= 5 3
o) o
o
0 T T
Male Female

Figure 27 | Type | IFN gene expression in circulating Ly6C" monocytes after 7 days of Angll

infusion.

Gene expression levels (obtained by bulk RNA-seq) of histocompatibility 2, class Il antigen A, beta 1
(H2-Ab1) (A) and nuclear receptor subfamily 4 group A member 1 (Nr4a1) (B) in circulating Ly6C"
monocytes. C. Gene Set Enrichment Analysis (GSEA) of circulating Ly6C" monocytes of female Angll
compared with male Angll. D. Expression of interferon beta 1 (/fnb7) in heart lysate measured by RT-
gPCR (n=4-5). Gapdh was used as the reference gene. Data are normalised over male saline 7d. E.
mMRNA expression levels from the bulk RNA-seq data of Toll-like receptors (TIr7), IFN-regulatory factor
5 (Irf5), IFN-regulatory factor 7 (Irf7), Janus kinase 2 (Jak2), and Tumour necrosis factor (Tnf) in
circulating Ly6C" monocytes. (n=5-6). Each dot represents a mouse. Data are shown as mean + SEM.
Two-way ANOVA with Sidak’s multiple comparisons;
FPKM=fragments per kilobase of transcript per million mapped reads.

p<0.05 was considered significant.
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4.9 Ang Il treatment upregulates genes linked to antigen presentation and cell killing in
female circulating Ly6C'> monocytes

Next, RNA-seq data from circulating Ly6C"° monocytes were analysed. Similar to Ly6C"
monocytes, the PCA plot did not show a clear separation between the four experimental
groups. PC1 (25%) predominantly distinguished between sexes, whereas PC2 (17%)
separated the Angll-treated groups from the saline group (Figure 28A). The highest number
of DEGs was obtained from the comparison between male and female Angll-treated groups
(DEGs=18; Figure 28B). Among these, of particular interest was the elevated expression of
B2m, H2-K1, and H2-Q7 in the female Angll-treated group (Figure 28C). 9 DEGs were
detected when comparing Angll-treated and saline-treated females, followed by 6 DEGs
detected when comparing male and female saline-treated groups. No DEGs were found when
comparing Angll-treated and saline-treated males (Figure 28B). In addition, both GO analysis
and GSEA showed that the genes upregulated in the female Angll-treated group compared to
the male Angll-treated group were associated with antigen processing and presentation and
positive regulation of cell killing (Figure 29A-B), which aligns with an increased circulating
CD8" T cells in Angll-treated females (Figure 20C).
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Figure 28 | Bulk RNA-seq analysis of sorted circulating Ly6C' monocytes after 7 days of Angll
infusion.

A. Principal component analysis (PCA) plot of circulating Ly6C" monocytes to visualize the
heterogeneity of transcriptomic profiles between the experimental groups. Each symbol represents a
mouse. B Number of differentially expressed genes (DEGs) with padj<0.05 and FC > + 0.2 for each
comparison. C. Volcano plot with up- (red) and downregulated (blue) DEGs in female Angll compared
with male Angll. Sex-linked genes: X-inactive specific transcript (Xist) and DEAD-Box Helicase 3 Y-
Linked (Ddx3y) were removed from the volcano plot to enhance visualisation of other DEGs.



Results 56

Upregulated in Female Angll (vs. Male Angll)

antigen processing and presentation (GO:0019882)
antigen processing and presentation of peptide antigen via MHC class Ib (GO:0002428)
antigen processing and presentation of endogenous peptide antigen via MHC class | (GO:0019885)
immune system process (GO:0002376)

response to other organism (G0:0051707)

response to external biotic stimulus (G0:0043207)

response to biotic stimulus (GO:0009607)

biological process involved in interspecies interaction between organisms (G0:0044419)

positive regulation of T cell mediated cytotoxicity (GO:0001916)

T T T 1

0 1 2 3 4 5
-logo(padj)
Enrichment plot: Enrichment plot:
GOBP_ANTIGEN_PROCESSING_AND_PRESENTATION GOBP_POSITIVE_REGULATION_OF_CELL_KILLING
gos g..
.§,“' NES =171 .§. NES =178
%, FDR =025 2, FDR =023
$,.! p-value =0.02 $ . p-value =0.004

(IR T

]
3
2
1

LA T

3
2
1
1

0 L0 130

Ranked list metric (Signal2Nol:
Ranked list metric (S gnal2Nolse)

00 2000 0
Rank in Ordered D:

[ Cchment profle — ks Rarking et cores [Cemamentoroiie —es— Rankiog met 363

Figure 29 | Gene Ontology biological process analysis in circulating Ly6C'> monocytes after 7
days of Angll infusion.

A. Gene Ontology biological process (GOBP) associated with DEGs (padj<0.05) upregulated in Ly6C"
monocytes of female Angll compared with male Angll (analysed using g:Profiler). B. GOBP enriched in

Ly6C of female Angll compared with male Angll analysed using Gene Set Enrichment Analysis
(GSEA).

4.10 Gene expression of AT1R, ERa, and ER in various cell types

The cellular expression level of Angll type 1 receptor (AT1R) may affect the magnitude of the
Angll downstream signalling and cardiac remodelling. Thus, the fragments per kilobase of
transcript per million mapped reads (FPKM) values for the AT1R encoding gene Agtria in
various cell types involved in Angll-induced cardiac remodelling were extracted from the RNA
sequencing data and compared. Cardiac fibroblasts expressed the highest level of Agtria,
followed by cardiac macrophages. The expression level of Agtria in CMs, NCMs, and ECs
was very low or non-detectable. However, no significant differences were detected in the gene
expression level between the groups for each cell type (Table 13).

Furthermore, various receptors can be involved in oestrogen signalling, depending on the cell
type, including ERa (Esrra) and ERp (Esrrb). This may differentially affect the downstream

signalling in male and female mice in this study using young premenopausal mice. Therefore,

the RNA sequencing FPKM values of Esrra and Esrrb were compared between the cell types.
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In general, ERa was more expressed than ERp throughout all analysed cell types. While CMs
have the highest expression of ERa (Table 14), fibroblasts have the highest expression of
ERp, followed closely by cardiac macrophages (Table 15). Similarly, biological sexes and

Angll did not significantly affect the expression of ERa and ERp on each cell type.

Table 13 | Gene expression of Agtr1a in each cell type

Cell type Male saline 7d Male Angll 7d Female saline 7d Female Angll 7d
CMs 0.269+0.3 0.000 £ 0.0 0.588 + 0.4 0.618+0.3
NCMs 0.127 £ 0.1 0.250 + 0.2 0.000 + 0.0 0.109 £ 0.1
Macrophages 0.960 + 0.5 0.594 £ 0.4 0.989 + 0.4 0.475+0.3
Fibroblasts 2515+0.6 1.998 + 0.5 4374 +1.1 3.155+0.7
ECs 0.000 £ 0.0 0.000 £ 0.0 0.095+ 0.1 0.096 + 0.1

CMs = Classical monocytes (Ly6C"); NCMs = Non-classical monocytes (Ly6C'°); ECs = Endothelial cells. Data are
shown as mean + SEM. Two-way ANOVA with Sidak’s multiple comparisons; No significance observed between
groups.

Table 14 | Gene expression of Esrra in each cell type

Cell type Male saline 7d Male Angll 7d Female saline 7d Female Angll 7d
CMs 78.677 £4.8 79.786 £ 3.7 84.178 £ 3.9 76.898 £ 4.8
NCMs 40.589 £ 6.7 40.129 £ 3.5 39.466 £ 1.0 38.089 + 3.2
Macrophages 21.339+£3.7 23.248 + 2.1 21.016 £ 2.7 29.798 £ 1.9
Fibroblasts 16.837 + 2.3 16.687 £ 0.9 15.302+ 1.4 16.263 + 1.6
ECs 5.259+2.3 9.660 + 0.4 6.731+0.8 9.099+1.6

CMs = Classical monocytes (Ly6C"); NCMs = Non-classical monocytes (Ly6C'°); ECs = Endothelial cells. Data are
shown as mean + SEM. Two-way ANOVA with Sidak’s multiple comparisons; No significance observed between
groups.

Table 15 | Gene expression of Essrb in each cell type

Cell type Male saline 7d Male Angll 7d Female saline 7d Female Angll 7d
CMs 0.764 £0.2 1.056 + 0.3 0.809 + 0.6 1.255+0.4
NCMs 0.294 £ 0.2 0.288 + 0.2 0.299 + 0.2 1.101+0.5
Macrophages 2447 +0.8 3.073+0.5 1.833+0.3 2430+1.2
Fibroblasts 3.578 £ 0.9 2374+ 0.6 3.793+0.7 2.868 + 0.7
ECs 0412+ 0.4 0.469 + 0.2 0.414+0.3 0.712+ 0.4

CMs = Classical monocytes (Ly6C"); NCMs = Non-classical monocytes (Ly6C'°); ECs = Endothelial cells. Data are
shown as mean + SEM. Two-way ANOVA with Sidak’s multiple comparisons; No significance observed between
groups.
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4.11 Nr4a1se_2" mice as a Ly6C'° monocyte ablation model

To study whether Ly6C"® monocytes play a role in cardiac remodelling in response to Angll
treatment, Nr4a1se_ 2’ mice were used as an NCM ablation model, hereafter referred to as
KO mice for simplicity (Figure 30A). The depletion of Ly6C'"° monocytes was confirmed by flow
cytometry analysis of monocyte subsets in the blood. While around 8% Ly6C" monocytes
were observed in WT mice, less than 0.1% Ly6C'"° monocytes were present in KO mice (Figure
30B). To assess whether the ablation of Nr4a1 super-enhancer subdomain E2 (Nr4a1se_2)
affects Nr4a1 expression in other cell types, Nr4a1 expression was measured in B cells, T
cells, cardiac fibroblasts, and cardiac ECs. The Nr4a1 expression in B cells, T cells, and
cardiac ECs in KO mice was comparable between KO and WT mice, while the expression in
cardiac fibroblasts was unexpectedly significantly reduced in KO mice (Figure 30C-D). In
addition, cardiac fibroblasts in WT females also showed a significantly lower Nrda1 expression
compared to WT males (Figure 30D). This indicates that the Nr4a7se_2 is also relevant for

the transcriptional regulation of Nr4a1 in fibroblasts.

Next, to investigate whether Nrd4a1se 2 deficiency affected cardiovascular functional
parameters or the body weight under baseline conditions and after Angll treatment, blood
pressure, body weight, heart weight, and cardiac functions of the mice were measured after
28 days of Angll infusion. Under baseline conditions, no difference in the systolic and diastolic
blood pressure was observed between the groups. However, the KO male mice significantly
increased systolic and diastolic blood pressure compared to WT male mice after 28 days of
Angll treatment (Figure 32E). While females in general have a lower body weight compared
to males independent of the genotype, the Angll-induced increase in normalized heart weight,
due to the development of cardiac hypertrophy, was comparable between WT and KO mice
(Figure 30F). The evaluation of cardiac functional parameters suggested a more preserved
LV function in females subjected to Angll compared to males (Figure 31). However, the only
significant differences were found when comparing male and female KO mice subjected to
Angll. In particular, ejection fraction and fractional shortening were more preserved in the KO
female Angll-treated group compared to the corresponding male group after 28 days of Angll
infusion. The latter developed more dilated LV remodelling with higher LV end-diastolic volume
(LVEDV), end-systolic volume (LVESV), diastolic (LVID;d) and systolic internal diameter
(LVID;s).
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Figure 30 | Phenotypic analysis of Nr4a1se_2" mice.

A. Non-classical monocyte (NCM) depletion in mice with global deletion of Nr4a1 super-enhancer 2. B.
Representative FACS plots of circulating Ly6C* monocyte subsets in wildtype C57BL/6J (WT) and
Nr4a1se_2" (KO) mice. C-D. Nr4a1 gene expression normalised to Gapdh in B cells and T cells by RT-
gPCR (n=3) (C) and cardiac fibroblasts, and cardiac endothelial cells (ECs) by RNA-seq (n=10-12) (D).
E. Systolic and diastolic blood pressure (BP) were measured by non-invasive BP monitoring using a
tail-cuff at 0- and 28 days of Angll treatment. F. Body weight, heart weight, heart weight/body weight
ratio (HW/BW), and heart weight/tibia length ratio (HW/TL) were measured after 28 days of Angll
treatment. (n=4-9). Each dot represents a mouse. Data are shown as mean + SEM. Two-way ANOVA
with Sidak’s multiple comparisons; p<0.05 was considered significant.
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Figure 31 | Echocardiography analysis for cardiac function measurements after 28 days of Angll

infusion.

Heart rate, ejection fraction, fractional shortening, left ventricular (LV) end-diastolic volume (LVEDV),

LV end-systolic volume (LVESV), LV diastolic internal diameter (ID; LVID;d), and LV systolic ID, (LVID;s)
after 28 days of Angll treatment. (n=6-9). Each dot represents a mouse. Data are shown as mean +

SEM. Two-way ANOVA with Sidak’s multiple comparisons; p<0.05 was considered significant.

4.12 Nr4a1se_2 deficiency reverses anti-fibrotic effects in females with Angll infusion

To investigate the effects of Nr4a1se_2 deficiency on Angll-induced cardiac fibrosis, heart
sections were stained with Sirius red solution and cardiac pro-fibrotic gene expression was
determined 7 days after Angll infusion. The protection against Angll-induced cardiac fibrosis
observed in WT females was not observed in KO females, which presented a similar extent of
interstitial fibrosis as observed in WT and KO males. Interestingly, both KO male and female
Angll-treated groups showed more pronounced PV fibrosis compared to the sex-matched WT
Angll-treated groups. Furthermore, the relative amount of PV fibrosis was higher in KO males

compared to KO females (Figure 32A).

The number of cardiac fibroblasts determined by flow cytometry increased only in the WT male
Angll-treated group but not in the KO groups (Figure 32B). Gene expression analysis revealed
differentially regulated pro-fibrotic gene expression after Angll treatment. While Col1a2 and II-
6 were significantly elevated in both KO Angll-treated groups compared to their respective WT
Angll-treated group, Ctgf was increased only in the KO female Angll-treated group compared
to the WT female Angll-treated group. Furthermore, Col3a1 and Ccl/2 were augmented in the
WT male Angll-treated group compared to the corresponding KO group and WT females
(Figure 32C). Taken together, these data suggest that Nr4a1se_2 deficiency reverses the anti-

fibrotic effects in females during Angll-induced cardiac remodelling. However, it cannot be
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excluded that the enhanced fibrotic response is a consequence of reduced fibroblast Nr4a1

expression in the KO mice (Figure 30D) rather than the NCM depletion.
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Figure 32 | Impact of Nr4a1se_2 deficiency on Angll-induced cardiac fibrosis.

A. Total and perivascular (PV) fibrosis were measured after 7 days of Angll treatment. Representative
images of Sirius red staining of midventricular transverse sections were taken in 10x magnification
(scale bar=100 uym). Tile scans taken in 10x magnification for each sample were used for total fibrosis
measurement. Three vessels per mouse heart were measured for PV fibrosis. Data are shown as mean
+ SEM. B. Flow cytometric analysis of the number of cardiac fibroblasts per mg heart after 7 days of
Angll treatment. C. RT-gPCR analysis of collagen 1a2 (Col1a2), collagen 3a1 (Col3a1), connective
tissue growth factor (Ctgf), C-C motif chemokine ligand 2 (Ccl2), and interleukin 6 (//-6) of heart lysate
after 7 days of Angll treatment. Gapdh was used as the reference gene. Data are normalised over male
saline 7d (data not shown). (n=4-6). Each dot represents a mouse. Data are shown as geometric mean
+ geometric SD. Two-way ANOVA with Sidak’s multiple comparisons; p<0.05 was considered

significant.
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413 Nr4a1se_2 deficiency promotes the Angll-induced expansion of recruited

macrophages in females

To assess the impact of Nr4aise_2 deficiency on circulating and cardiac leukocyte
subpopulations, flow cytometry analysis was performed after 7 days of Angll infusion. Apart
from the expected reduction of circulating Ly6C™ and Ly6C'® monocytes in Nr4da1se 2" mice,
other circulating and cardiac immune cells were not affected by the genotype, neither in males
nor females (Table 16-17). Furthermore, an increase in the number of cardiac recruited
macrophages was observed only in the KO Angll-treated female group, but not in the WT

Angll-treated female group compared to the corresponding saline-treated group (Figure 33).
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Figure 33 | Cardiac leukocyte quantification in females after 7 days of Angll infusion.

Flow cytometric analysis of total cardiac macrophages (CD64*) and recruited macrophages
(CD64"TIMD4) normalised to heart weight after 7 days of Angll treatment in females (n=4-5). Each dot
represents a mouse. Data are shown as mean + SEM. Two-way ANOVA with Sidak's multiple
comparisons; p<0.05 was considered significant.

Table 16 | Circulating immune cell counts in WT and Nrda1se_2’ mice after 7 days of Angll

infusion

Cell type WT Male Angll KO Male Angll WT Female Angll KO Female Angll
Leukocytes 1.6x10° £ 1.8x10*  1.7x10°+ 3.1x10*  1.6x10° +5.4x10* 2.0 x10° + 4.0x10*
Myeloid cells 5.8x10* +9.2x10°®  5.6x10* + 1.0x10*  3.8x10* + 1.2x10*  4.9x10* + 1.2x10*
Lymphocytes 1.2x10% £ 2.0x10*  1.1x10°+2.2x10*  1.2x10°+4.1x10* 1.4 x10° + 2.8x10*
Neutrophils 3.2x10* £ 6.7x10°  2.8x10* +4.6x10°  1.5x10* + 5.2x10®  2.2x10* + 5.9x103
Monocytes 1.3x10* £ 2.2x10%  1.6x10*+4.2x10°®  1.0x10* +4.2x10°  1.2x10* + 3.0x10°
LyeCh 1.2x10* £2.2x10%  1.6x10*+4.2x10°  9.9x10° +4.0x10°  1.2x10* + 3.0x10°
LyeC 353 + 64 99 + 22 27579 78+17*
Ly6C' 408 + 69 87 £ 41 309 + 96 70+23*

B cells 5.0x10° + 1.0x10°  5.7x10°+ 6.5x10* 5.2x10° + 8.0x10* 5.5 x10° + 7.0x10*
T cells 2.8x10° +4.3x10*  3.0x10°+3.5x10* 4.2x10°5+4.1x10*  3.7x10° + 2.0x10*
CD4* T cells 1.4x10% +£ 2.3x10*  1.5x10°+ 1.7x10* 2.2x10°+2.3x10*  2.0x10° + 9.7x10°
CD8* T cells 1.0x10% £ 1.7x10*  1.1x10° + 1.6x10* 1.5 x10°+ 1.9x10*  1.4x10° + 1.1x10*

Data are shown as cells/mL (n=6-8). mean + SEM; Two-way ANOVA with Sidak’s multiple comparisons; *p<0.05
vs. corresponding WT Angll.
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Table 17 | Cardiac immune cell counts in WT and Nr4a1se_2" mice after 7 days of Angll infusion

Cell type WT Male Angll KO Male Angll WT Female Angll KO Female Angll
Leukocytes 1622 + 252 1457 + 181 887 + 83 1031 + 106
Myeloid cells 1266 + 204 1046 + 127 550+ 72 688 + 82
Macrophages 1058 + 199 826 + 91 447 £ 62 523 + 65
TIMD4* 205 £+ 28 172+ 8 154 + 26 149 + 21
TIMD4 853 + 196 654 + 91 294 + 60 374 + 51
Neutrophils 41+9 58 £ 17 19+2 25+5
Monocytes 36+ 10 38+12 24+ 4 29+4
LyeCh 207 28+9 7+2 16+ 3
LyeCint 8+2 6+2 8+2 6+1
Ly6Cle 8+2 5+1 9+1 8+1
Lymphocytes 158 + 31 206 + 64 194 + 27 188 + 20
B cells 99 + 20 141 £ 42 132+ 16 121 £ 16
T cells 27+5 27+8 26+4 28+4
CD4* T cells 20+ 4 19+5 20£3 24+ 4
CD8* T cells 2+1 3+2 2+04 1+£0.5

Data are shown as cells/mg (n=4-6). mean + SEM; Two-way ANOVA with Sidak’s multiple comparisons; No
significance observed between groups.

4.14 Nr4a1se_2 deficiency promotes vascular permeability after Angll infusion in

females

Previous experimental studies have reported patrolling functions of NCMs that are important
for maintaining vascular endothelial integrity.'*>'?” Thus, cardiac ECs were sorted for bulk
RNA-seq to investigate phenotypical and functional changes in cardiac ECs upon Ly6C"
monocyte ablation (Figure 34A). In the PCA plot, PC1 (14% variance) showed a clear
separation between the genotypes. However, no pronounced separation for PC2 (8%
variance), which distinguished between sexes, was observed. In addition, treatment did not
contribute to a distinct separation between Angll-treated and saline-treated groups (Figure
34B). Therefore, the samples were pooled for downstream analysis and split into only two
groups, namely WT and KO, for further transcriptomic analysis. The volcano plot revealed that
Nr4alse 27 mice upregulated genes such as mt-Nd1, mt-Nd5, and mt-Co1, which are
associated with elevated response to oxidative stress when subjected to GOBP analysis
(Figure 34C-D).
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Figure 34 | Bulk RNA-seq analysis of sorted cardiac endothelial cells after 7 days of Angll
infusion.

Male and female cardiac endothelial cells (ECs) were sorted (10,000 cells per sample) for bulk RNA
sequencing after 7 days of Angll treatment (n=5-6). A. Flow cytometry gating for cardiac ECs (CD45
CD31%). B. Principal component analysis (PCA) plot to visualize the heterogeneity of transcriptomic
profiles between the experimental groups. Each symbol represents a mouse. C. Volcano plot with up-
(red) and downregulated (blue) DEGs in KO mice when compared with WT mice. D. Gene ontology
biological process (GOBP) terms associated with DEGs (padj<0.05) upregulated in cardiac ECs of KO
mice compared with WT mice (analysed using g:Profiler).

Moreover, GSEA showed enrichment for gene sets linked to the regulation of vascular
permeability, extracellular matrix assembly, and cardiac epithelial-to-mesenchymal transition
in KO cardiac ECs (Figure 35A). To functionally confirm a disruption of endothelial integrity in
Nr4alse_ 27 mice, vascular permeability was tested in WT and KO female mice 7 days after

Angll treatment. As expected, significantly elevated Evans blue relative fluorescence units
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were observed after dye extraction from KO hearts compared to WT hearts, indicating an
increase in vascular permeability (Figure 35B). These data suggest that Nr4a1se_2 deficiency
promotes vascular permeability and the expansion of recruited macrophages and cardiac
fibroblasts during Angll-induced cardiac remodelling in females.
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Figure 35 | Gene set enrichment analysis of cardiac ECs and Evans blue assay after 7 days of
Angll infusion.

A. GOBP enriched in cardiac endothelial cells of KO mice compared with WT mice by Gene Set
Enrichment Analysis (GSEA). (n=5-6). B. After 7 days of Angll treatment, Evans blue (40 mg/kg) was
administered into the tail vein of female WT and KO mice. Hearts were collected for dye extraction 70
min after injection to measure relative fluorescence units (RFU), which were normalised to heart weight.
Formamide was used as blank. (n=4). Each dot represents a mouse. Data are shown as mean + SEM.
Unpaired t-test; p<0.05 was considered significant.
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5. Discussion

Sex differences in the clinical characteristics and pathophysiology of HF have been described
in clinical studies, with women more prone to HFpEF, and men more susceptible to HFrEF.'%2°
However, animal models of HF often focus on just one sex, which could restrict their
applicability for translation to human disease context. Chronic hypertension is a risk factor for
both HFpEF and HFrEF development and promotes the pathogenesis of HHD, which is the
second leading cause of HF after ischaemic heart disease.** Therefore, this project aimed to
study sex-specific differences during chronic hypertension-induced cardiac remodelling by
Angll infusion in mice. Chronic AT1R stimulation by Angll in this mouse model results in

vasoconstriction and elevated blood pressure.'®

5.1 Female mice are protected from adverse cardiac fibrosis during Angll infusion

Data presented in this thesis show that Angll infusion promoted cardiac and cardiomyocyte
hypertrophy independent of sex. However, previous studies have revealed that patients with
hypertension show different features of cardiac hypertrophy, where women are more prone
towards concentric hypertrophy while men are oriented towards eccentric hypertrophy with
chamber dilatation.’®®'® Interestingly, in the present study, Angll-induced cardiac fibrosis
occurred only in male mice, with elevated pro-fibrotic gene expression and cardiac fibroblast
expansion. This result is consistent with data from patients with pressure overload, where men
have a more frequent occurrence of cardiac fibrosis, with more pronounced pro-fibrotic marker
activation in men compared to women.**'®* Consistent with these observations in human
patients, the RNA-seq data presented in this thesis reveal a profound alteration of the
transcriptomic profile in male cardiac fibroblasts subjected to Angll compared to female
fibroblasts. Furthermore, cardiac fibroblasts in Angll-treated males downregulated genes
related to detoxifying ROS, which could enhance ECM assembly by promoting cardiac
fibroblast proliferation. On the other hand, Angll treatment in females led to a downregulation
of genes associated with fibroblast activation and signalling, thus preventing excessive

collagen deposition during cardiac remodelling.

In addition, the higher number of recruited macrophages into the myocardium of Angll-treated
male mice, as observed in this study, could contribute to the release of pro-fibrotic mediators
such as TGF-B, interleukin-10, and platelet-derived growth factor that directly stimulate the
proliferation and activation of cardiac fibroblasts, resulting in increased collagen
deposition.'®'% Macrophages can also secrete TIMPs that inhibit ECM degradation, thereby
facilitating microscar formation and the progression of adverse cardiac remodelling.'®’

Transcriptomic profiling of cardiac macrophages highlighted that Angll infusion in males
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downregulated genes related to cardioprotective mechanisms - primarily the heat shock
proteins’®® — in line with the worse cardiac outcome in males. In contrast, the genes
downregulated in the female Angll-treated group were associated with maladaptive cardiac
remodelling, thereby protecting females against cardiac inflammation and fibrosis. Together,
the difference in the extent of cardiac fibrosis could be mainly attributed to the number of
cardiac fibroblasts and pro-inflammatory macrophages in the myocardium and the relative

proportion of resting and activated fibroblasts.

5.2 Angll promotes antigen processing and presentation in Ly6C" and Ly6C"

monocytes during cardiac remodelling in females

Another key finding of this thesis was that the relative proportion of Ly6C"° monocytes
increased significantly in females upon Angll infusion, which was not observed in males. This
could be due to a higher expression of Nr4a1 in Ly6C"™ monocytes of females, promoting the

conversion of Ly6C" to Ly6C" monocytes in the circulation.

Furthermore, the upregulated genes in Ly6C" and Ly6C'"° monocytes in Angll-treated females
were mainly related to antigen processing and presentation via MHC class |. This data is also
supported by the observed increase in circulating CD8" T cells in the female Angll-treated
group. MHC | plays a crucial role in mediating cytotoxic T-cell adaptive immune response to
eliminate viral, pathogens and tumour cells.'®® Cancer studies in mice revealed that the loss
of MHC | antigen presentation machinery helps the tumour cells to evade immune surveillance
and eradication."® Therefore, lower expression of the genes associated with MHC | antigen
processing and presentation in monocytes of male Angll-treated mice may fail to induce
damage responses to danger signals that normally help maintain tissue homeostasis.
Insufficient clearance of damaged vascular ECs and cell debris, in turn, may induce cardiac

inflammation and fibrosis, as observed in male mice subjected to chronic Angll infusion.

5.3 Angll induces TLR7 signalling in female Ly6C" monocytes

Transcriptomic data from circulating Ly6C"™ monocytes revealed a significant increase of
genes associated with the TLRY7 signalling pathway in females independent of treatment
received compared to males. An experimental mouse model of lipopolysaccharide-induced
kidney injury showed that the exposure of TLR7 to damage-associated molecular patterns
promotes fractalkine expression on NCMs and thereby enhances intravascular retention of
NCMs. Prolonged contact of NCMs with the endothelium via TLR7 activation triggered the
recruitment of neutrophils to mediate focal necrosis of the damaged endothelial cells. NCMs,

in turn, scavenged the cellular debris, maintaining the vascular integrity and homeostasis of
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the vasculature.'®? Although the transcriptomic data presented in this thesis suggest that TLR7
signalling per se is stronger in female monocytes, no evidence for upregulation of the TLR

signalling pathway after Angll infusion was observed, at least at the gene expression level.

5.4 Impact of global Nr4a1se_2 deficiency on various cell types

The increased relative proportion of NCMs and attenuated cardiac fibrosis in females after
Angll treatment led to the hypothesis that NCMs may provide cardioprotective effects during
cardiac remodelling. To study the role of NCMs during Angll-induced cardiac remodelling, the
Nr4a1se 2" mouse model with Ly6C" monocyte ablation was utilised in this thesis. The
depletion of NCMs in the circulation was validated through flow cytometry, and no
morphological abnormalities were observed in the KO mice. Since Nr4af1 is expressed by
various cell types, it was important to clarify whether global Nr4a1se_2 deficiency only affected
NCMs, without changing the Nr4a1 expression level in other cells. While Nr4a1 expression in
Nrd4a1se 27" mice was not affected in B cells, T cells, and cardiac ECs, its expression in
cardiac fibroblasts was significantly reduced in Nr4alse_ 2 mice compared to WT mice.
Studies have shown that NR4A1 is crucial to dampen macrophage inflammatory responses,
while global Nr4a1 deficiency facilitates cell migration and enhances phagocytic activity'?°.
Nr4a1 deficiency was also reported to enhance CCR2 expression on Ly6C" monocytes,
facilitating myocardial infiltration and the differentiation to inflammatory macrophages that
contribute to adverse cardiac outcomes.”® Furthermore, elevated Nr4al expression was
shown to inhibit effector T cell differentiation, while Nr4a1 deficiency could overcome T cell
tolerance and amplify effector function.’®' In reference to the previous study reporting the
establishment of the Nr4a1se_ 27 mouse model, Nr4ai1se 2 deletion did not affect Nr4a1
expression in lung alveolar macrophages, large and small peritoneal macrophages. However,
the Nr4a1 expression in splenic red pulp macrophages and circulating Ly6C" monocytes was
significantly reduced." These results suggested that the effects of Nr4a1se_2 deletion on

Nr4a1 expression are dependent on the cell types and tissue origin.

5.5 Nr4a1se_2 deficiency promotes perivascular fibrosis

Unlike WT females, Nr4a1se_2” females showed a similar degree of cardiac fibrosis to males
when subjected to Angll treatment. This result suggests a cardioprotective role of NCM in
females during cardiac remodelling. In addition, certain pro-fibrotic mediators such as Col71a2,
Ctgf, and lI-6 were significantly elevated and more pronounced perivascular fibrosis was
observed in Nr4a1se 2" mice compared to WT mice after Angll infusion. As NCMs have been
described as patroling monocytes that are responsible for maintaining vasculature

homeostasis and immune surveillance,''® aggravated perivascular fibrosis in Nr4a1se 27
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mice after Angll treatment may be due to the disturbance of vascular integrity in the absence
of NCMs. However, the interpretation of these results as to whether the effect is indeed due
to NCM depletion or rather the direct effects of the genetic modification on fibroblasts is
complicated by the fact that Nr4a1se_2 depletion also affects Nr4a1 expression levels in these
cells. Studies in patients with systemic sclerosis, as well as mice with liver fibrosis and
idiopathic pulmonary fibrosis, revealed that NR4A1 is involved in TGF-B signalling and the

inhibition of NR4A1 expression and activation worsens the disease outcome.'”"

5.6 Nr4a1se_2 deficiency increases endothelial permeability and oxidative stress

Bulk RNA-seq data of cardiac ECs presented in this thesis revealed a significant alteration in
the transcriptomic profile of Nr4a1se 27" mice compared to WT mice. Nrda1se_2 deficiency
leads to elevated gene expression associated with increased vascular permeability, EndMT,
ECM assembly, and increased oxidative stress. These results were further supported by the
functional Evans blue assay showing aggravated vascular permeability in Nrdalse 27
females after Angll treatment. In addition, flow cytometry analysis also revealed an expansion
of recruited macrophages and cardiac fibroblast in female Angll-treated KO mice compared
to their corresponding saline-treated group. In patients with chronic hypertension, endothelial

dysfunction and oxidative stress are frequently observed.'?

Under physiological conditions, reactive oxygen species (ROS) such as superoxide anion
(O2*), hydrogen peroxide (H202), hydroxyl radical (OH.), and peroxynitrite (ONOQO~) act as
second messengers in transducing intracellular signalling for a variety of biological
processes.'”® However, when the production of ROS exceeds the capability of the antioxidant
defence system, oxidative stress occurs, leading to vascular and myocardial damage.'”*'"®
Nitric oxide (NO) plays a critical role in maintaining vascular homeostasis. Disturbance in NO
bioavailability via superoxide anion leads to decreased NO generation or elevated NO
degradation, contributing to the onset of endothelial dysfunction.'” Chronic stimulation of
AT1R through Angll infusion promotes the activity of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX) in endothelial and smooth muscle cells, generating large
amounts of superoxide anion.'® Further amplification of ROS production through the
mitochondrial electron transport chain can trigger maladaptive cardiac remodelling and
diastolic dysfunction in response to Angll treatment, as previously reported.'”” In addition,
endothelial nitric oxide synthase (eNOS) that is normally responsible for NO production can
be uncoupled by peroxynitrite during Angll-induced hypertension, which oxidises the eNOS
cofactor tetrahydrobiopterin (BH.) to 7,8-dihydrobiopterin (BH.), facilitating superoxide anion
formation (Figure 38)."7° Together, the presence of NCMs may help to encounter the adverse

effects of Angll-induced oxidative stress, thereby mitigating endothelial dysfunction and
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perivascular fibrosis. The underlying mechanisms of how NCMs may counterbalance ROS

production remain to be clarified.

Figure 38 | Contribution of reactive oxidative species in endothelial dysfunction.

Chronic angiotensin Il (Angll) stimulation of the Angll type | receptor (AT1R) activates nicotinamide
adenine dinucleotide phosphate oxidase (NOX) in endothelial cells, which generates large amounts of
superoxide anion (O2"). Mitochondria also contribute to the production of Oz~ via the electron transport
chain. Under steady state, endothelial nitric oxide synthase (eNOS) releases nitric oxide (NO), which
helps in maintaining endothelial homeostasis. Increased oxidative stress triggers the uncoupling of
eNOS cofactor tetrahydrobiopterin (BH4) by peroxynitrite (ONOQO") via oxidation to 7,8-dihydrobiopterin
(BHz), resulting in Oz~ synthesis.'”® (generated using BioRender.com)

5.7 Study limitations and future perspectives

The main finding of this thesis is that biological sex has an impact on the manifestation and
disease progression of Angll-induced cardiac remodelling in this experimental mouse model,
with females being protected against the development of cardiac fibrosis. Previous studies
have revealed that sex hormones crucially affect the pathogenesis of HF.'82556178 However,
their specific contribution to the observed phenotype was not investigated in this project. Sex
hormones have been demonstrated to modulate the expression and activity of the RAAS.'™®
Oestrogen favours the vasodilatory arm of the RAAS by promoting the generation of
angiotensinogen, ACE2, Angll type 2 receptor (AT2R), and eNOS, whereas testosterone
stimulates the increased production of renin, ACE, and AT1R, favouring the vasoconstrictor
arm of the RAAS."®%"8" |n a setting of pressure overload, the binding of oestrogen on female
cardiac fibroblasts preferentially phosphorylates ERa, repressing collagen production. In
contrast, oestrogen predominantly phosphorylates ERp in male cardiac fibroblasts, which
facilitates collagen synthesis, thereby leading to a greater extent of myocardial fibrosis.'®?
Furthermore, infiltrated inflammatory cells, especially recruited macrophages, express TGF-3
receptors that are involved in modulating the inflammatory response. ERB binding by

oestrogen on female cardiac fibroblasts inhibits TGF- production, preventing TGF-3 receptor
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activation that promotes the conversion of fibroblasts to myofibroblasts.'®'®* Although the
expression of ERa and ERp in each cell type assessed by RNA sequencing did not show
significant differences between males and females, the effects of a higher concentration of
oestrogen in females during cardiac remodelling cannot be ruled out. Therefore, gonadectomy

could be used in future studies to dissect the effects of sex hormones on cardiac remodelling.

In addition, the results of this thesis also demonstrated that WT females had a higher
proportion of NCMs with better cardiac outcomes upon Angll infusion. However, the attempts
to reverse the adverse cardiac fibrosis in Nr4a1se_2” mice by adoptive transfer of WT female
NCMs in this study have so far proved unsuccessful (data not shown). Another strategy that
could help to shed light on the protective role of female NCMs could be the transplantation of
female bone marrow into irradiated male mice to investigate if the protective effect against
Angll-induced cardiac fibrosis is transferable. This experiment could also provide insights into
the question of whether the preferential expansion of NCMs upon Angll-induced stress is an
intrinsic effect of the monocytes or rather triggered by sex-specific differences in endothelial

cells.

Finally, although the Nr4a7se_2” mouse model has improved in retaining Nr4a1 expression
and functions on most of the cell types analysed, Nr4a1 expression in cardiac fibroblasts was
unfortunately affected by Nr4a1se_2 depletion. Thus, a mouse model that specifically ablates
the NCMs without affecting the phenotypes and functions of other cell types, for example by
using bone marrow chimeric mice, transplanted with bone marrow from WT vs Nrdalse 2"

mice, should be considered.
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6. Conclusion

In conclusion, males and females presented sex-specific differences in regulating Angll-
induced cardiac remodelling. A better cardiac outcome observed in WT females is associated
with an elevated relative proportion of NCMs. Nr4a1se_2 depletion has demonstrated that
NCMs are pivotal in maintaining vascular homeostasis. Therefore, these findings suggest that
the increased percentage of NCMs in WT females upon Angll treatment may contribute to the
maintenance of cardiac endothelial integrity, reducing oxidative stress in the vasculature and
limiting inflammatory cell infiltration. A lower number of inflammatory cardiac macrophages
could inhibit the activation of cardiac fibroblasts, thus mitigating Angll-induced cardiac fibrosis
(Figure 39). The underlying mechanisms leading to a preferential cardiac NCM expansion in
females, but not males when subjected to chronic Angll infusion and implications for human

pathophysiology deserve further investigation.
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Figure 39 | Role of NCMs in Angll-induced cardiac remodelling

Non-classical monocytes (NCMs) patrol the endothelium to maintain vascular homeostasis. Ablation of
NCMs by Nrdaise 27 disrupts vascular integrity and increases reactive oxidative species (ROS)
production and vascular permeability. Recruited macrophages release pro-fibrotic mediators, activating
cardiac fibroblasts that lead to excess collagen fibre deposition. (generated using BioRender.com)
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