MONASH University

Targeting CCL18 and its cognate receptor,
CCRS to treat hypertension-associated

end-organ damage

Mingyu Zhu

Bachelor of Biomedical Science Advanced with Honours

A thesis submitted for the degree of Doctor of Philosophy at
Monash University in 2020
Cardiovascular Disease Program, Biomedicine Discovery Institute,

Department of Pharmacology



Table of Contents

(000 o)V T4 o s T d ol SRR 5
SUNMIMIAIY ttttitiieee e et ettettiiee s e e e eertteta e sseeeerteatssassseeeeseessssnssssesesseessssnssssseeeseessssnnnnsssessesnssnnnnnnns 6
DCIAATION ..t 8
Publications and awards during enrolment..........ooccuiiiiiieiii e 9
ACKNOWIEAGEMENTS. ...cci ittt e e e e e s e e e e e e e s snaetreeeeeeeesennnnnnnnees 11
List Of ADDIrEVIQtIONS ...c.viiiiieiieee e e 13
General COVID-19 impact StatemMENT ....cevii i e e 16
(1 0= ] =1 SRR 17
GeNeral INTrOAUCTION ....eiiiiiiiie e s e e 17
1.2 INErOAUCTION . e e s e e e sbe e e s 18
1.2 Hypertension and fibrosSis.........coccuiieieiiiiee ettt e e e e ibe e e e e enae e e e e 19
1.3 CCL18, a pro-fibrotic ChemMOKINE .......cccuviiiieiiiee e 30
1.4 CCL18 iN diSEASE STATES ....eeiiuiiiiiiieiiiee ettt 40
1.5 CCL18 N hYPEITENSION ...eeeeeiiiieeeee ettt e e e e e e e s e e e e e e s e annreaeeeaeesesnnnnes 42
H S VT a0 g =T A=Y e I 11 .4 - PEPPRRS 45
1.7 REFEIENCES ...t 47
(00T ] =1 USRS 59
GENETAl IMELNOAS ... e 59
D S T Tot =Y o] o o )z | RO PPPPPRRROt 60
2.2 Animals and genotype identification .......cceeeiiiiiiicciiiieeee e 60
2.3 Angiotensin infusion models of hypertension in MiCe .........ccccvivveeiiiieeicciiieeee e, 62
2.4 Tail cuff plethySMOZIaPNY . ..cuuiieieeee e e e e e e e eanes 63
2.5 WIr€ MYOBIAPNY ceevvriieiiee ittt et e e e e e e seebrreeeeeeeesessatraeeeeeeeeessassssaeseeeeeesennanes 64
2.6 FIOW CYtOMBEIIY ..ottt e e et e e e e e e e e ttreeeeeeeeeessnansaeeeeeeeeeenanes 64
D o 11 o] FoT={Tor=Y Iy (U o [ T=T RO PPPRPRRRROt 68
2.8 Cell cutUNINg and TreatMENTES ..vveeeiiiii et e e e erarr e e e e e e e e eeaanes 69
2.9 WESTEIN DIOTEING c.uvvvvieeieei ettt e e e e s e brre e e e e e e eesssaaraeeeeeeeseennnnes 70
2.10 RNA MEASUIEMENTS ....uviiiiiiiiiiiiiiiie ittt br e s s eras e e s s 71
2.11 Enzyme-Linked Immunosorbent Assay (ELISA).....ccoveeeeeeeiiiiiiiireeeee e eecreirreeeeeeeeeeanns 73
2.12 Single-cell RNA sequencing (SCRNA-SEQ) ...ceieiiiiiiiiiriieiiee et eeseenrreee e e e e eeanes 74
2.13 Bioluminescence resonance energy transfer (BRET) @SSays.....ccccvveeeeevrcinvrereeeeerennnnnns 75



2.14 StAtiStiCal @NAIYSIS vuvveeeeiiiiieiieiiee e e e e e e e e e enanes 75

2.15 REFEIENCES ...ttt sttt sb e st e e e sr e e e eas 76
(00T ] =1 . SRR 77
CCL18 is elevated in resistant hypertension and promotes vascular fibrosis ...........cccccueeennee 77

3.1 COVID-19 impact statemeNnt ... coe i s s 79

3.2 ABSTIACT ... it 80

3.3 INErOUCTION . 81

B4 MELNOAS ... 83

B 5 RESUIES e 86

T T = UL = 89

3.7 DISCUSSION. ...etiiiiiiiiiii ittt e s s b e e s s a e e e s s bb e e e s s raa e e e sans 95

BLB REFEIENCES ...t ettt st e st e e et e e e e e s b e e eans 101

3.9 Supplementary figures and tables.........ccueeiiiiiieiiece 105
(01 0T o) =T PP RRRPPN 109
Genetic deletion of CCR8 does not modulate the development of angiotensin Il (14-day)-
induced hypertension iN MICE ........ciiiiiiiie i e e e e e e s e e s s s areeeesnes 109

4.1 COVID-19 impact statement ........cueviiiiiiiiiiiiiiiiiieiieeieieeererererereeererere e ereeeeereeereeereeeeereae 111

A Y ¢ 1 4 - [ TP PR PR TRON 112

S [ 416 e Yo [0 Ao o ISP PR TR 113

B4 MEEROUS ..o e 115

A5 RESUITS ...ttt 120

G T~ U < U 125

L 11 o{ U 13 [ o PSP 137

B.8 RETFEIENCES ...ttt r e e e nnee 146

4.9 SUPPIEMENTATY FISUIES ..uvvveeeiiiee ittt ettt e e e ee e ctree e e e e e e e e e snarraereeeeeesennnnrreneens 151
(00 =Y ] ] ol USSR 155
Genetic or pharmacological targeting of CCR8 does not confer protection in an angiotensin |l
(28-day)-induced hypertension iN MICE.......cc.ueiiieciiie et ee e e e e e e earee e e e 155

5.1 COVID-19 impact StatemMeNT ... .cie e 157

5.2 ADSTIACT ...ttt et 158

5.3 INErOTUCTION .t ettt e e e s e s 160

5.4 MEENOAS ...t 162



DD RESUIES 1 titittttieee ettt ettt ettt e e s e ee e et taara e seseeetaeasanaassseessesssanansssseessessssnnnnnsseeesen 168

O T = (UL = 173
5.7 DISCUSSION. ...cviiiiiiiiiii ittt e e s e e e s ba e e e s sbba e e e s sbar e e s 192
5.8 REFEIEINCES ..ottt ettt b e st e sae e e bt e sneeenees 201
5.9 SUPPIEMENTArY fIGUIES ....eii it e e e e e e e e e e e aaeeaean 207
(80T ] =1 S PURT 209
GENEIAl DISCUSSION ..ceniiiiiiiiieitee ettt sab e s b e e s e e e sane e e sanee s 209
6.1 SuMMary of Key findiNgS....cccuvieiieee e e 210
6.2 Effects of genetic or pharmacological targeting of CCR8 on hypertensive male and
FEIMIAIE MNICE ..ttt ettt e s bb e e s bt e e st e e s b e e s areenan 210
6.3 Role of CCL18 in resistant hypertenSioN ........cccueeeevciveei i 224
5.4 CONCIUSIONS ..ttt e ettt e et e e e bt e e s bt e e e bt e e eabeeesabeeesaneeeenns 230
6.5 REFEIENCES ..ttt et e s e e st e e s e e e 231
A oY 0= g o 1ol PRI 240



Copyright notice

© Mingyu Zhu (2020). Except as provided in the Copyright Act 1968, this thesis may not be

reproduced in any form without the written permission of the author.

| certify that | have made all reasonable efforts to secure copyright permissions for third-party
content included in this thesis and have not knowingly added copyright content to my work

without the owner's permission.



Summary

Hypertension is associated with end-organ damage in the vasculature, heart and kidneys.
Patients with resistant hypertension have uncontrolled blood pressure (BP), despite
concurrent use of 3 of more antihypertensive medications. Resistant hypertension leads to
severe end-organ damage and a higher risk of a cardiovascular event as compared to patients
with controlled hypertension. M2 macrophages contribute to hypertension associated end-
organ damage, and such function may be mediated by the chemokine, C-C motif chemokine
ligand 18 (CCL18). CCL18 activates its recently identified cognate receptor, C-C motif
chemokine receptor 8 (CCR8). There is no current biomarker for resistant hypertension, and
the CCL18-CCR8 axis has not been studied in the context of hypertension or the associated

organ damage.

To assess the role of CCL18 in resistant hypertension, and its pro-fibrotic efficacy in the human
vasculature, Chapter 3 measured plasma CCL18 levels in resistant hypertensive patients, and
treated human vascular cells with CCL18. This chapter provided the first evidence that
resistant hypertension is associated with elevated plasma CCL18 levels. CCL18 also targeted
aortic adventitial fibroblasts and endothelial cells in the vascular wall to promote collagen
synthesis and endothelial-mesenchymal transition, respectively. Therefore, we have

identified CCL18 as a potential biomarker and/or therapeutic target for resistant hypertension.

The role of the CCL18-CCR8 axis in hypertension was also investigated via global deletion of
CCR8 in mice (CCR8 KO mice). In Chapter 4, the development of angiotensin ll-induced
hypertension (Ang Il 0.7 mg/kg/d, 14d) and its associated end-organ damage were assessed
in CCR8 KO male and female mice. We have found that the genetic deletion of CCR8 provides
little protection for male and female mice from systolic BP elevation or the hypertension-
associated end-organ damage, in this 14d Ang Il model of hypertension. However, 14 days of
Ang Il infusion did not cause robust end-organ damage, suggesting that a longer Ang Il
infusion period was required to confirm our findings. As such, we utilised a 28d Ang Il (0.7
mg/kg/d) model of hypertension in Chapter 5, to explore the effects of genetic and
pharmacological targeting of CCR8 on hypertension and its associated end-organ damage in
mice. Similar to the findings of Chapter 4, neither genetic deletion, nor pharmacological

targeting (by a CCR8 antagonist, R243), of CCR8 provides protection from the development of



hypertension and the associated vascular remodelling or cardiac hypertrophy, in the 28d Ang
Il infusion model in mice. Although vascular expression of mouse CCL8, a recently identified
functional analogue of human CCL18, was elevated in hypertension, its target remains to be
determined as we found both human CCL18 and mouse CCL8 were unable to activate CCR8

in chinese hamster ovary cells.

In conclusion, although CCR8 signalling may not play a role in the development of
hypertension, this thesis challenges the idea that CCR8 is the cognate receptor of CCL18. We
have identified CCL18 as a potential biomarker of resistant hypertension and have
demonstrated a pro-fibrotic capacity of CCL18 in the vasculature. Thus, the use of CCL18 as a
biomarker, together with its therapeutic targeting, will contribute to the improvement of the

clinical management of resistant hypertension.
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of this pandemic.
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of littermate control mice. Relevant impacts that are specific to each chapter are further

detailed in Sections 3.1, 4.1 and 5.1.
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Chapter 1

1.1 Introduction

Hypertension is a major risk factor for cardiovascular events, including ischemic heart disease,
heart failure and stroke (Bromfield & Muntner, 2013). As a main characteristic of
hypertension, fibrosis occurs in various organs including blood vessels, the heart and kidneys,
which can lead to vascular stiffening and end-organ damage (Harvey et al., 2016). While
current anti-hypertensive agents (e.g. angiotensin converting enzyme inhibitors, angiotensin
receptor blockers) effectively lower blood pressure, they do not directly target hypertension-
associated fibrosis. As such, many patients remain at risk of a cardiovascular event, despite
adequate blood pressure control (Kannel, 2009), or are resistant to anti-hypertensive
therapies per se (Achelrod et al., 2015). Therefore, treatment approaches which target the

underlying disease mechanism are urgently required.

Our laboratory has recently published evidence that M2 polarised macrophages accumulate
in the vascular wall and contribute to the elevated blood pressure, vascular stiffening and
fibrosis associated with hypertension (Moore et al., 2015). M2 macrophages serve as a major
source of the pro-fibrotic chemokine, C-C motif chemokine ligand 18 (CCL18) and we
hypothesise that CCL18 activates its cognate receptor, C-C motif chemokine receptor 8 (CCR8)
(Islam et al., 2013) to mediate the pro-fibrotic actions of M2 macrophages in hypertension.
Indeed, CCL18 is a chemoattractant and has been implicated in inflammatory skin and lung
diseases, promoting pulmonary fibrosis (Schutyser et al., 2005). While CCL18 has also been
associated with cardiovascular pathologies in man, including atherosclerosis (Hagg et al., 2009)
and unstable angina pectoris (Kraaijeveld et al., 2007), its role in hypertension-associated

fibrosis is unknown.

This thesis aims to identify the mechanisms by which CCL18 promotes fibrosis and end-organ
damage in the cardiovascular and renal system and to assess the therapeutic utility of
targeting the CCL18-CCR8 axis in the treatment of hypertension and its associated

complications.
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Chapter 1

1.2 Hypertension and fibrosis

1.2.1 Hypertension

Hypertension is generally defined as systolic blood pressure (BP) of no less than 140 mmHg
and/or diastolic BP of no less than 90 mmHg (Australian Bureau of Statistics, 2018).
Hypertension affects 23% of adult Australians (Australian Bureau of Statistics, 2018), and it
increases the risk of ischemic heart disease, which is the leading cause of death in Australia
(Australian Bureau of Statistics, 2020) and globally (World Health Organization, 2020). Due to
its high prevalence and serious consequences, hypertension has become a major health issue

worldwide (Bromfield & Muntner, 2013).

Under physiological conditions, BP is controlled via the interaction of the heart (cardiac
output), vasculature (constrict and dilate to control total peripheral resistance) and kidney
(Na*/H20 excretion and blood volume control) (Drummond et al., 2019) (Figure 1).
Hypertension arises as a consequence of disturbances to these systems and in particular,
increased activity of the sympathetic nervous system (SNS) and overactivation of the renin-
angiotensin-aldosterone system (RAAS) contribute to elevated BP (Drummond et al., 2019).
Specifically, the SNS innervates key BP controlling organs and will lead to in increase in heart
rate, vasoconstriction and increased Na*/H,O reabsorption (Drummond et al., 2019). In
addition, SNS activation of the kidney leads to the release of renin which, together with
angiotensin converting enzyme (ACE), leads to the conversion of angiotensin | to angiotensin
II (Ang Il ) (Justin Rucker & Crowley, 2017; Messerli et al., 2018). Ang Il is a powerful
vasoconstrictor and also targets the adrenal medulla to release aldosterone which increases

Na*/H,0 reabsorption in the kidney (Justin Rucker & Crowley, 2017).

Hypertension is associated with changes in the structure and function of multiple target
organs (end-organ damage), including the vasculature, heart and kidneys (Drummond et al.,
2019). End-organ damage leads to an increased risk of cardiovascular events and renal failure
(Oparil et al., 2003), and may further exacerbate the rise in BP (Drummond et al., 2019),
creating a vicious cycle in chronic hypertension. Hypertension-associated vascular damage
includes endothelial dysfunction (impaired vascular relaxation) (McMaster et al., 2015),
vascular contraction (Touyz et al., 2018), vessel wall thickening and elastin dysregulation

(breakage, irregular structure, distension) (Humphrey Jay, 2008), fibrosis (adventitial collagen
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Chapter 1

deposition) and stiffening (Drummond et al., 2019). Cardiac hypertrophy and fibrosis also
occur in hypertension (Weber, 2000), whilst renal damage in hypertension is mainly
characterised by inflammation (Wei et al., 2014) and interstitial fibrosis (Mezzano Sergio et

al., 2001).

There has been an increasing body of evidence highlighting that females are protected from
the development of hypertension and its detrimental consequences, with a lower rate of
hypertension-associated mortality observed in females before menopause (Go Alan et al.,
2014). Although the gender difference in the pathophysiology of hypertension requires
further investigation, it has been suggested that estrogen and estrogen receptor-beta (ER-B)
protects women from cardiac damage (Kessler et al., 2019). Estrogen may also exert
protective effects by downregulating the expression or activity of angiotensin receptor type
1 (AT1) in kidneys and the vasculature, and/or by limiting endothelin receptor expression in
blood vessels, kidneys and the heart (Colafella & Denton, 2018). By contrast, the Y
chromosome is associated with a higher BP rise in the setting of hypertension (Sampson

Amanda et al., 2012).

Current pharmacological treatments for hypertension include various drug classes, with the
primary treatments being ACE inhibitors, angiotensin receptor blockers (ARBs), calcium
channel blockers, and diuretics (Whelton et al., 2017). As ACE is required for the conversion
of angiotensin | to Ang Il, ACE inhibitors reduce Ang Il production and hence decrease BP
(Messerli et al., 2018). Via blockade of AT;i receptors, ARBs limit vasoconstriction and the
release of aldosterone/ vasopressin in hypertension (Wright et al., 2018). Calcium channels
blockers inhibit the contraction of vascular smooth muscle and myocardium, leading to
subsequent BP decrease (Wright et al., 2018). Furthermore, various subclasses of diuretics,
such as thiazide diuretics, lower BP by limiting sodium and water retention via various
mechanisms, such as blockade of the electroneutral sodium-chloride cotransporter or the

Na-K-Cl cotransporter (Blowey, 2016).

Despite the large number of therapeutic options, 5-10% of patients have treatment resistant
hypertension (de la Sierra et al., 2011), where treatment resistance is generally defined having
uncontrolled BP (= 140/90 mmHg) with at least 3 classes of antihypertensive medications (de

la Sierra et al., 2011). Of note, resistant hypertension may sometimes arise as patients are
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Chapter 1

nonadherent to anti-hypertensive medications (Achelrod et al., 2015), which may account for
the variability in the reported prevalence of resistant hypertension. Nonetheless, after
controlling for medication adherence, patients with resistant hypertension are still under
increased risk of cardiovascular events, such as myocardial infarction, heart failure and stroke
(Daugherty et al., 2012). Recently, researchers have reported renal denervation (surgical
ablation of renal nerves) as a potential treatment option for resistant hypertension (Azizi et
al., 2018; Townsend et al., 2017), where pharmacological therapies are ineffective. In addition,
even with their BP well controlled, up to 25% patients are still at risk of a cardiovascular event
(Kannel, 2009). This is due, to a large extent, to the inability of current anti-hypertensive
medications to directly target the end-organ damage and fibrosis that is associated with
hypertension. As such, new treatment approaches are needed which target the underlying

disease mechanisms.

Increased sympathetic outflow, catecholamines,
angiotensin Il and aldosterone

R! )

[ Vasoconstrictionl TNa*andH,0 | T Heart rate |

L reabsorption J

Increased blood pressure

Figure 1. Schema of blood pressure controlling organs in hypertension (Adapted from
Drummond et al., 2019).

1.2.2 Hypertension-associated fibrosis

A key role of the immune system in hypertension and its associated end-organ damage has
recently been identified, with effector T cells and monocyte/ macrophages infiltrating into
arteries, heart and kidney promoting cardiovascular and renal damage, fibrosis and

associated dysfunction (Norlander et al., 2018). The proposed roles of T cells and
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Chapter 1

macrophages are summarised in Table 1. Thus effector CD4+ helper T cells and CD8+ T cells
both accumulate in target organs and release inflammatory cytokines, such as Interferon
gamma (IFNy), to stimulate inflammation in hypertension (Drummond et al., 2019). T cell-
derived cytokines promote infiltration of other immune cells, including monocytes/
macrophages, into target organs to potentiate hypertension-associated inflammation and
fibrosis (Drummond et al., 2019). In addition, CD4+ T cells may stimulate autoantibody
production from B cells, which can in turn exacerbate BP elevation. Of note, the role of T cells
in hypertension has not been fully elucidated, and other T cell subtypes may also play integral
roles in the disease pathophysiology (Drummond et al., 2019), a concept which will not be the
focus of this thesis. During hypertension, monocytes also infiltrate into the vessel wall, and
they undergo differentiation followed by polarisation (Chinetti-Gbaguidi et al., 2015; Hilgers,
2002). This process results in the accumulation of both the pro-inflammatory “M1” and the
pro-fibrotic “M2” subtypes of macrophages in the vasculature, with the M2 macrophages
being the predominant subtype in chronic hypertension (Moore et al., 2015). M1
macrophages promote vascular inflammation and endothelial dysfunction in hypertension,
via the generation of reactive oxygen species (ROS) and inflammatory cytokines (Kossmann
etal., 2014). By contrast, M2 macrophages release pro-fibrotic cytokines and chemokines (e.g.
transforming growth factor-B; TGF-B), causing not only endothelial dysfunction, vascular
remodelling and fibrosis, but also diastolic dysfunction in the heart (Chinetti-Gbaguidi et al.,
2015; Drummond et al., 2019). The M2 macrophage subtype will be the main focus of this
thesis due to the finding that M2 macrophages are the key player in chronic hypertension
(Moore et al., 2015). The role of M2 macrophages in hypertension-associated fibrosis is

further described in Section 1.2.3.

A main characteristic of hypertension is vascular stiffening, which mainly occurs in conduit
arteries such as the common carotid artery and the aorta (Oparil et al., 2003). Stiffened
arteries have lowered capacity to buffer cardiac pulse, leading to increased cardiac afterload
(resistance) and higher pulse waves in the periphery (Figure 2) (Briet et al., 2012). The high
pulse pressure can cause target organ damage (including left ventricular hypertrophy) and
impaired coronary perfusion, which increases the risks of myocardial infarction, heart failure
and stroke (Oparil et al., 2003). Stiffening in the hypertensive vasculature can arise as a

consequence of elastin fibre loss and the replacement with rigid collagen (fibrosis) (Oparil et
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al., 2003). Hypertension is associated with the disorganisation and breakage of elastin fibers,
and the loss of elastin content in the vasculature (Oparil et al., 2003). Such changes reduce
elasticity of conduit arteries and hence contribute to arterial stiffness, which has been
suggested to precede hypertension (Le et al., 2011). In addition, in response to inflammation
associated vascular injury during the development of hypertension, myofibroblasts, vascular
smooth muscle cells (VSMCs) and fibrocytes (a monocyte-derived myofibroblast precursor)
generate collagen to promote tissue healing (An et al., 2015; Wanjare et al., 2015; Wu et al.,
2016). Whilst an acute wound healing response is necessary to maintain tissue integrity and
function, persistent and chronic immune activation can stimulate excessive collagen
generation, which can lead to fibrosis and end-organ damage (Harvey et al., 2016). Therefore,
chronic inflammation might be responsible for the excessive collagen deposition and

subsequent vessel stiffening in hypertension.

Specifically, hypertension causes increased release of pro-fibrotic mediators, such as TGF-B
(Harvey et al., 2016), which target collagen-producing vascular cells to stimulate fibrosis. TGF-
B has been reported to promote the differentiation of monocyte-derived fibrocytes and
resident fibroblasts into myofibroblasts (Mori et al., 2005). Myofibroblasts are characterised
by increased expression of a-smooth muscle actin (a-SMA), and they possess a high capacity
to generate collagen (Wang et al.,, 2017) (Figure 3). Endothelial cells can also undergo
endothelial-mesenchymal transition (End-MT) in response to TGF-B, and the resultant
mesenchymal progenitors adopt a myofibroblast-like phenotype to produce collagen (Zhang
et al., 2016). The process of End-MT is characterised by the loss of endothelial markers (such
as VE-cadherin and von Wilebrand factor), and the up-regulation of myofibroblast markers

(such as a-SMA and vimentin) (Sanchez-Duffhues et al., 2018).

The above-mentioned pro-fibrotic processes may increase the generation of different
collagen types. In the vasculature, the fibrillary collagen types |, lll and V, and the basement
membrane collagen type IV are present (Osidak et al., 2015). Collagen |, lll, and, to a lesser
extent, V, are produced by VSMCs and myofibroblasts in the media and adventitia,
respectively (Osidak et al., 2015). Collagen | and Ill are the major contributors to the vascular
stiffness in hypertension, with collagen | being the most abundant among all types,
constituting approximately two thirds of total collagen mass in the aorta (Osidak et al., 2015).

Thus collagen producing cells synthesize pro-collagen chains with N- and C-propeptides at
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either end, such as two collagen 1A1 and one collagen 1A2 chains for collagen | (Canty &
Kadler, 2005). These pro-collagen chains are cleaved by specific N- and C-proteinases to
generate collagen fibrils, which subsequently assemble to form collagen fibres the key
component of extracellular matrix (ECM) (Canty & Kadler, 2005). Moreover, collagen fibres
can be degraded into fragments by matrix metalloproteinases (MMPs), which also play a
complex role (pro-fibrotic or anti-fibrotic depending on MMP subtypes) in ECM remodelling
(Giannandrea & Parks, 2014).

Arterial stiffness is an independent risk factor for cardiovascular diseases and hypertension
(Dumor et al., 2018). In fact, there is growing evidence that vascular stiffening precedes
hypertension (Golob et al., 2015; Herrera et al., 2014; Kaess et al., 2012; Le et al., 2011). On
the other hand, cardiac and renal fibrosis normally occur subsequent to the chronic elevation
in blood pressure. In the heart, interstitial and perivascular fibrosis are both associated with
hypertension, which might arise due to exposure of the heart to high pulse pressure as a
consequence of arterial stiffening (Diez, 2007). It is also proposed that inflammation and
oxidative stress contribute to cardiac fibrosis in hypertension, by chronically stimulating tissue
reparative mechanisms (Diez, 2007). Similarly, it has been suggested that glomerular and
tubulointerstitial fibrosis in kidneys may be promoted by arterial stiffening and/or oxidative
stress (Jia et al., 2014; Zhao et al., 2008). Therefore, it is not surprising that hypertension-

associated fibrosis is closely linked to inflammation, where macrophages play a crucial role.

Current anti-hypertensive therapies do not directly target hypertension-associated fibrosis
(Whelton et al., 2017). While ACE inhibitors and ARBs effectively lower BP, they may only
delay the progression of fibrosis and end-organ damage by a matter of months (Yu, 2003). In
general, the number of approved anti-fibrotic medications are limited, and the first anti-
fibrotic drug pirfenidone was approved recently by the American Food and Drug
Administration in 2014 (Margaritopoulos et al., 2016; Tsou et al., 2014). Pirfenidone is a
treatment for idiopathic pulmonary fibrosis, targeting TGF-B mediated lung fibrosis via
unclear mechanisms (Margaritopoulos et al., 2016; Tsou et al., 2014). However, pirfenidone
produces various off-target side effects including gastrointestinal symptoms and
photosensitivity reactions (Margaritopoulos et al., 2016). As such, new therapeutic strategies
for hypertension and the associated fibrosis are urgently required and targeting the immune

component of the disease may represent a novel approach.
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Table 1. The roles of M1 and M2 macrophages, CD4+ T helper cells and CD8+ T cells in

hypertension.

Cell type Function Evidence of contribution to hypertension
M1 Production of inflammatory Promote vascular inflammation and endothelial
Macrophages | cytokine (e.g. IL-1B) and ROS dysfunction

Cause endothelial dysfunction, vascular
Production of pro-fibrotic and | remodelling and fibrosis, and promote diastolic
M2 L
inflammatory cytokines, such | dysfunction in the heart
Macrophages

as TGF-B and CCL18

Role of CCL18 in hypertension has not been
studied

CD4+ T helper
cells

Release of inflammatory
cytokines, such as IFNy, in
target organs;

Activation of B cells

Attract and activate other immune cells, such
as monocytes/ macrophages, may impact
vascular and cardiac function as described for
M1 and M2 macrophages above

Promote inflammation of the target organs;

May further elevate BP via B cell-derived
autoantibodies

CD8+ cytotoxic
T cells

Release of inflammatory
cytokines, such as IFNy and
TNF, in target organs

Attract and activate other immune cells, such
as monocytes/ macrophages, may impact
vascular and cardiac function as described for
M1 and M2 macrophages above

Impair renal tubular sodium transport and
promote endothelial dysfunction

ROS = reactive oxygen species, IFNy = Interferon gamma, TNF = tumour necrosis factor, BP =

blood pressure. Relevant evidence of contribution to hypertension is based on data published

from experimental models of hypertension. Summarised from (Drummond et al., 2019) and

(Chinetti-Gbaguidi et al., 2015).
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Figure 2. Schema of arterial stiffening, and its impacts on pulse pressure and diastolic flow

(Briet et al., 2012).
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Figure 3. Schema of the general fibrotic pathways. ECM = extracellular matrix, MMP =

matrix metalloproteinases, TIMP = tissue inhibitors of matrix metalloproteinases. Adapted

from (Wang et al., 2017).

1.2.3 Role of M2 macrophages in hypertension-associated fibrosis

As mentioned in Section 1.1, it is believed that pathological fibrosis is the primary cause of

vascular stiffening in hypertension and contributes to cardiac and renal dysfunction. Fibrosis
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occurs to assist in tissue healing, whilst pathological fibrosis usually involves chronic excessive
production of collagen that forms ECM, predominantly from fibroblasts /myofibroblasts
(Harvey et al., 2016). This process is initiated by chronic inflammation with unsolved tissue
injury, mediated by pro-fibrotic stimuli (such as Ang Il and TGF-B) and counteracted by MMPs,
while MMPs can also be inhibited by tissue inhibitors of metalloproteinases (TIMPs) (Harvey

et al., 2016) (Figure 3).

It has been suggested that macrophages play a key role in not only hypertension but also its
associated fibrosis. Thus the loss of macrophage colony-stimulating factor (M-CSF) in mice
limits macrophage accumulation in the vessel wall, which in turn protects mice from Ang II-
induced hypertension and the associated vascular remodelling (De Ciuceis et al., 2005).
Similarly, M-CSF deficient mice are also protected in a one kidney/deoxycorticosterone
acetate (DOCA)-salt model of hypertension (Ko et al., 2007). In addition, selective depletion
of circulating monocytes markedly reduced macrophage numbers in the vessel wall and
attenuated Ang llI-induced hypertension as well as vascular dysfunction (Wenzel et al., 2011).
Such protective effects in hypertension were lost with adoptive transfer of Ly6C"&" monocytes,
suggesting a key role of monocytes/macrophages in hypertension (Wenzel et al., 2011). As
mentioned in Section 1.2.2, the subsets of macrophages in hypertension are of interest.
Macrophages can be polarised to multiple phenotypes by different cytokines, with the two
ends of the spectrum being M1 and M2 macrophages (Chinetti-Gbaguidi et al., 2015). The M1
phenotype is promoted by type 1 T helper (Th1) cytokines such as IFN-y, and M1 macrophages
are key contributors to vascular damage in the early stages of hypertension, via the secretion
of pro-inflammatory cytokines, ROS and MMPs (Chinetti-Gbaguidi et al., 2015; Kossmann et
al.,, 2014). On the other hand, Th2 cytokines such as interleukin- (IL)-4 and IL-13 polarise
macrophages towards the M2 phenotype, which oppose the effects of M1 macrophages
(Chinetti-Gbaguidi et al., 2015) (Figure 4). M2 macrophages promote resolution of
inflammation by releasing anti-inflammatory cytokines, whilst in the later stages of
hypertension, they contribute to vascular fibrosis (Chinetti-Gbaguidi et al., 2015; Moore et al.,
2015). Thus, M2 macrophages have been reported to accumulate in the vessel wall during the
later stages of hypertension in mice (0.7 mg/kg/d Ang Il, 28-day infusion) (Moore et al., 2015).
The infiltration of Ly6CM&" monocytes in this hypertension model is also blocked with a CCR2

antagonist, INCB3344, which led to a subsequent decrease in aortic M2 macrophages (Moore
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et al., 2015). As such, findings that INCB3344 reduces systolic BP, reverses aberrant collagen
deposition and vascular stiffening further support a causal role of M2 macrophages in
hypertension-associated vascular fibrosis. Moreover, M2 macrophages have been implicated

in myocardial and renal fibrosis in hypertension (Falkenham et al., 2015; Guiteras et al., 2016).

Collectively, these findings suggest that targeting M2 macrophage accumulation and/or
function may represent a novel approach for reducing blood pressure and associated end-
organ fibrosis and damage. Indeed, it is well recognised that M2 macrophages release growth
factors such as insulin-like growth factor 1 (IGF-1) to promote VSMC proliferation and
subsequent vascular remodelling, and they also produce pro-fibrotic agents such as TGF-B to
induce collagen deposition (Chinetti-Gbaguidi et al., 2015). Interestingly, M2 macrophages
also generate a pro-fibrotic chemokine known as C-C motif chemokine ligand 18 (CCL18)
(Schutyser et al., 2005), and we have shown that they release much higher levels of CCL18
than TGF-B (Lewis, 2017) (Figure 5A-B). Currently, the role of CCL18 in hypertension-

associated fibrosis remains to be explored.

LPS + IFN-y . . IL-4, IL-13

ok o
/1 \ /70N

ECM

ROS ; MMPs Anti-inflammatory
(0,", H,0,) Pro-lnfla::lmatory cytokines Growth factors  Precursors
cytokines (IL-4,1L-10, TGF-B)  (VEGF, IGF-1)

(IFN-y , TNF-q, IL-1, IL-12)

Resolution of inflammation
VSMC proliferation
ollagen deposition

Inflammation
Oxidative stress
Endothelial dysfunction

Figure 4. Characteristics and functions of M1 and M2 macrophages. IFN-y: interferon-y, ROS:
reactive oxygen species, TNF: tumour necrosis factor, MMPs: matrix metalloproteinases, TGF-
B: transforming growth factor-B, VEGF: Vascular endothelial growth factor, IGF-1: insulin-like
growth factor 1, ECM: extracellular matrix, VSMC: vascular smooth muscle cell. (Courtesy of

McConaghy TE, 2015).
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Figure 5. Effects of IL-4 (M2 stimulus) on the expression of TGF-B1 and CCL18 in human
primary macrophages. TGF-f1 mRNA (A), CCL18 mRNA (B-C) and CCL18 protein (D)
expression following treatment of M-CSF (50ng/ml) differentiated human primary
macrophages with IL-4 (5ng/ml; 6-24h). Data presented as mean + SEM, mRNA fold changes
expressed relative to MO (untreated), n= 4-7. * p<0.05 vs. MO (at the same time point); #
p<0.05 vs. 6h and 24h; $ p<0.05 vs. 6h, 24h and 48h (One-way ANOVA, Sidak’s post hoc test).
(Lewis, 2017; Zhu, 2016)
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1.3 CCL18, a pro-fibrotic chemokine

1.3.1 General actions and signalling of CCL18

CCL18, also known as pulmonary and activation-regulated chemokine (PARC) or macrophage
inflammatory protein-4 (MIP-4), is generated predominantly by monocytes/macrophages.
Other cellular sources of CCL18 include dendritic cells, dermal fibroblasts and leukaemia cells
(Schutyser et al., 2005). Alveolar macrophages constitutively express high levels of CCL18
(Schraufstatter et al.,, 2012), and while the constitutive expression of CCL18 in other
monocytes/macrophages is low, the expression can be up-regulated by LPS (pro-
inflammatory) and Th2 cytokines (promotes M2 macrophage polarisation) (Schutyser et al.,
2005). Consistent with the published findings, studies in our laboratory have shown that in
human primary macrophages, the M2 stimulus IL-4 substantially increased CCL18 mRNA and
protein expression by up to 400- and 1500-fold, respectively (Lewis, 2017; Zhu, 2016) (Figure
5C-D below Section 1.2).

The human CCL18 gene is located on chromosome 17q11.2 (Hieshima et al., 1997), which
encodes a precursor protein of 89 amino acids, followed by cleavage of 29 amino acids to
produce mature CCL18 (60 amino acid) (Hieshima et al., 1997). To date, three isoforms of
human CCL18 have been identified: 1-68, 3-69 and 4-69 (Schutyser et al., 2002; Schutyser et
al., 2001), all of which contain two-disulfide bonds (Cys10-Cys34 and Cys11-Cys50), with the
Cys10-Cys34 disulfide bond key to CCL18-mediated chemotaxis (Legendre et al., 2013). Whilst
the CCL18 gene and protein in rhesus macaque are approximately 90% similar to human
CCL18 (Basu et al., 2002), no rodent ortholog has been identified (Chenivesse & Tsicopoulos,
2018). Despite being only 31% identical to human CCL18, mouse CCL8 has been identified as

the functional analogue of human CCL18 (Islam et al., 2013) (detailed in Section 1.3.2).
Chemotactic and inflammatory effects of CCL18

CCL18 plays an important role in various inflammatory and fibrotic pathways. It has a
chemotactic effect on human naive T cells (Glinther et al., 2005) and to a lesser extent Th2
cells, memory T cells, B cells, immature dendritic cells and bone marrow progenitor cells
(Chenivesse & Tsicopoulos, 2018; Ginther et al., 2005; Schutyser et al., 2005). CCL18 also acts

on monocytes /macrophages to promote chemotactic responses, as well as M2 polarisation,
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calcium mobilization and actin polymerization (Schraufstatter et al., 2012; Schutyser et al.,
2005). In addition, human CCL18 is found to attract mouse memory T cells (Glnther et al.,

2005) and mouse splenocytes (Bruna-Romero et al., 2003).

Of note, the chemotactic actions of CCL18 are not as strong as many other chemokines, such
as CXCL12 (Chenivesse & Tsicopoulos, 2018). Whilst it attracts regulatory T cells and Th2 cells,
CCL18 simulates generation of IL-10 from dendritic cells (Azzaoui et al., 2011), which in turn
inhibits proliferation of effector T cells and hence may limit excessive inflammation
(Chenivesse et al., 2012). This process is suggested to maintain tolerance of the human body
to environmental stimuli, protecting healthy humans from allergy (Azzaoui et al., 2011).
CCL18 may also inhibit chemotaxis by antagonising CCR3 and negating the chemoattractant
response to CCL11 and CCL13 (Nibbs et al., 2000). In addition, it inhibits CCR1-, CCR2-, CCR4-
and CCR5-mediated chemotactic responses, via binding to glycosaminoglycans, resulting in
the displacement of Cis-presented glycosaminoglycan-bound chemokines (Krohn et al., 2013)
(further described in Section 1.3.3). As such, CCL18 is generally considered to have a

regulatory role under physiological conditions.

To further support the regulatory role of CCL18, this chemokine, as mentioned previously,
promotes monocyte differentiation to the M2 macrophage phenotype (as mentioned above)
(Schraufstatter et al., 2012). M2 macrophages have a high capacity of for phago/pinocytosis
and led to up-regulation of the expression of inflammatory chemokines such as CXCL8, CCL2,
CCL3 and CCL22, was well as anti-inflammatory cytokines such as IL-10 (Chinetti-Gbaguidi et
al., 2015). Although not tested to date, CCL18 may also promote inflammation via stimulating
ROS generation from immune cells. As will be discussed subsequently, CCL18 can activate
PKCa (protein kinase C alpha) (Luzina et al., 2006a), a key activator of NADPH oxidase 2 (NOX2)
(Brandes et al., 2014). The primary function of NOX2 is the generation of the ROS, superoxide
(-O2-) (Paik et al., 2014). Moreover, NOX2 is the predominant isoform in macrophages and is
involved in pathogen removal as well as organ damage (Lewis et al.,, 2019). Indeed our
laboratory has shown that M2 macrophages generate H,0; to promote fibrosis (Lewis et al.,
2019). These findings collectively suggest complex roles of CCL18 in chemotactic,

inflammatory and fibrotic responses.
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Pro-fibrotic activity of CCL18

The pro-fibrotic actions of CCL18 have been demonstrated in the healthy lung and skin
(Atamas et al., 2003). CCL18 may also facilitate the recovery of burn injury (Ridiandries et al.,
2018), and is substantially elevated in chronic skin wounds (Kroeze et al., 2012). The pro-
fibrotic actions of CCL18 are due, in part to its ability to stimulate T cell infiltration
(Pochetuhen et al., 2007; Wynn & Ramalingam, 2012). Thus, CCL18 overexpression induces
pulmonary fibrosis in mice, via the recruitment of a5 integrin-expressing T cells and the
subsequent increase in collagen production from lung fibroblasts (Luzina et al., 2009). CCL18
can also directly stimulate collagen production from healthy lung fibroblasts, via activation of
an unidentified G-protein coupled receptor and the subsequent phosphorylation and
activation of the extracellular signal-regulated kinase (ERK) pathway (ERK1 or ERK2) (Atamas
et al., 2003; Schutyser et al., 2005). Phosphorylated ERK1/2 modulates the expression of cell
cycle regulator genes and hence leads to increased proliferation of fibroblasts and
myofibroblasts (Fujiwara et al., 2014), which will be further described in Section 1.3.3.
Importantly, anti-fibrotic effects of CCL18 have also been reported in a bleomycin-induced
pulmonary fibrosis model (Pochetuhen et al., 2007). As such, CCL18 might have biphasic
effects on fibrosis depending on different milieu (Pochetuhen et al., 2007), a concept that

remains to be investigated.

In the vasculature, CCL18 promotes End-MT in human umbilical vein endothelial cells
(HUVECGs) (further details in Section 1.3.2), an action that is particularly relevant in the context
of cancer angiogenesis and metastasis (Lin et al.,, 2015). In fact, tumour associated
macrophages, as well as cancer cells themselves, generate high levels of CCL18 (Leung et al.,
2004; Meng et al., 2015). In cancer, CCL18 also promotes the transition of epithelial cells to a
mesenchymal phenotype (epithelial-mesenchymal transition), which is associated with
tumour metastasis (Meng et al., 2015). Other than their ability to migrate, endothelial or
epithelial-derived mesenchymal cells gain the ability to generate collagen (Goldmann et al.,
2018; Lin et al., 2015), and hence may promote fibrosis in other disease states, a concept yet

to be explored.
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1.3.2 CCL18 receptor and functional analogue

Until recently, research on CCL18 has been limited by the lack of identified receptors and a
murine orthologue. In 2013, a G-protein coupled receptor, CCR8 was found to be activated
by CCL18 (Islam et al., 2013). Islam et al. (2013) showed that CCL18 induced calcium influx
and the migration (chemotaxis) of CCR8-transfected 4DE4 cells (mouse pre-B cell line) in a
concentration-dependent manner. CCL18 also causes internalisation of CCR8 following
activation. Researchers have reported CCR8 expression on various subtypes of T cells,
including Th2 cells, skin homing CLA+ T cells and regulatory T cells, but not naive T cells
(Chenivesse & Tsicopoulos, 2018). To date, a role of CCR8 in mediating the pro-fibrotic actions
of CCL18 has not been reported. It should also be noted that CCL1 can also activate CCR8 on
leukocytes (mainly Th2 cells) (Connolly et al., 2012; Zingoni et al., 1998), mediating the
migration and infiltration of these immune cells to sites of inflammation, in an ERK1/2-
dependent manner (Connolly et al., 2012; Louahed et al., 2003). Furthermore, consistent with
the chemotactic effects of CCL18, CCL1 activates CCR8 to promote monocyte/macrophage
chemotaxis (Haque et al., 2004; Islam et al., 2013). Despite the ability of both chemokines to
activate CCR8, the chemotactic actions of CCL1 are greater than those of CCL18 (Islam et al.,
2013). However, as CCL18 is more highly expressed in inflammation (Islam et al., 2011), it is

likely to be the key modulator of CCR8 function in diseases such as hypertension.

In addition to T cells and monocytes/macrophages, CCRS8 is also expressed on cultured VSMCs
and human umbilical vein endothelial cells (HUVECs) (Haque et al., 2004). Preliminary
research from our laboratory has demonstrated CCR8 expression in intact mouse aorta (both
normotensive and hypertensive), in the adventitia and perivascular fat (Zhu, 2016; Figure 6).
Although CCR8 mRNA has been found in chicken adipose tissue (Hausman et al., 2014), there
is little evidence supporting a role of adipocytes in hypertension-associated fibrosis. Rather,
cells that have pro-fibrotic capacities in the perivascular fat include T cells, fibroblasts and
fibrocytes. We anticipate that CCL18 may target CCR8 on these cell types, thereby promoting
collagen deposition and leading to vascular fibrosis (Atamas et al., 2003; Wanjare et al., 2015;
Yeager et al., 2011). We have also found co-localisation of CCR8 and endothelial cells in mouse
aorta (Zhu, 2016; Figure 6). Interestingly, it has been reported that CCL18 can promote
endothelial-mesenchymal transition (End-MT) in HUVECs (Lin et al., 2015), and by undergoing

End-MT, endothelial cells gain the ability to produce collagen and stimulate hypertension-
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associated fibrosis (Wu et al., 2016). Collectively, VSMCs, T cells, fibroblasts, fibrocytes, and
endothelial cells are potential cellular targets of CCL18 in the vasculature, which might

promote hypertension-associated fibrosis following CCR8 activation.

In addition to CCR8 activation, CCL18 can also competitively antagonise CCR3 (Krohn et al.,
2013). Such antagonism might limit inflammation as CCR3 mediates leukocyte (mainly Th2
cells and eosinophils) infiltration into inflammatory sites in the setting of allergy (Nibbs et al.,
2000). Furthermore, CCR3 activation contributes to pulmonary fibrosis (Komai et al., 2010),
possibly via ERK1/2 signalling (Shamri et al., 2013) and subsequent modulation of collagen-
producing fibroblasts (Huber et al., 2002). These relevant studies suggest that the pro-fibrotic

effects of CCL18 might be tempered by its ability to antagonise CCR3.

Furthermore, an ability of CCL18 to modulate CCR1, CCR2, CCR4 or CCR5 may counter its pro-
fibrotic actions. Thus, although CCL18 is not a ligand for these chemokine receptors, it inhibits
their activation by displacing glycosaminoglycan-bound chemokines on these receptors
(Krohn et al., 2013). These receptors promote infiltration of monocytes/macrophages
(expressing CCR1, 2 and 5) and T cells (expressing CCR4) into sites of inflammation, and are
also expressed on collagen producing VSMCs (CCR1 and 2) (Hayes et al., 1998). In addition,
given that CCR1, 2, 4 and 5 are all pro-fibrotic (Pignatti et al., 2006; Seki et al., 2009a; Seki et
al., 2009b), the inhibitory action of CCL18 is likely to reduce its ability to stimulate fibrosis via
CCRS. Collectively, the ability of CCL18 to activate CCR8 and to inhibit CCR1-5 might account
for its previously mentioned biphasic effects on pulmonary fibrosis (Pochetuhen et al., 2007)

(Table 2).

In addition to CCR8, CCL18 has been shown to activate two other receptors under
pathophysiological conditions, namely PITPNM3 (Chen et al., 2011) and G protein-coupled
receptor 30 (GPR30) (Catusse et al., 2010). PITPNM3 is overexpressed in cancer cells,
mediating CCL18-induced migration of breast cancer cells as well as tumour-associated naive
T cells (Su et al., 2017). CCL18 also inhibits the migration and proliferation of lymphocytes by
activating GPR30 on acute lymphocytic leukemia B cells (Catusse et al., 2010). However, the
agonist action of CCL18 on PITPNM3 and GPR30 has only been reported in cancer or tumour-

associated cells.
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Together with the identification of CCR8 as the cognate receptor for CCL18, mouse CCLS8
(mCCL8) has also recently been identified as functional analogue of human CCL18 (hCCL18)
(Islam et al., 2013). Thus, like macrophage-derived hCCL18, mCCL8 mRNA expression in
mouse macrophages is up-regulated by the M2 stimuli, IL-4 and IL-10 (Islam et al., 2013). Both
hCCL18 and mCCL8 activate CCR8, and produce similar concentration-dependent chemotactic
effects on polarised Th2 cells that have elevated CCR8 expression (Islam et al., 2011; Islam et
al., 2013). The identification of the CCL18 receptors and mouse functional analogue allows
the physiological and pathophysiological roles of CCL18 to be more thoroughly investigated.
For example, genetic and pharmacological tools can be used to delineate the role of the
hCCL18/mCCL8-CCR8 axis in health and disease. CCR8 knockout mice have been used to
investigate the role of CCR8 in acute colitis, with mice being viable and without reported
phenotypic changes (Oshio et al., 2014). Furthermore, treatment of mice with a small
molecule CCR8 antagonist, R243, has been used to explore the role of CCR8 in acute colitis
(Oshio et al., 2014) and extracellular vesicle uptake mechanisms in cancer (Berenguer et al.,
2018). AZ084, another small molecule CCR8 antagonist, has been shown to inhibit in vitro
leukocyte infiltration mediated by CCR8 (Connolly et al., 2012). However, AZ084 was not

commercially available when this research program commenced.
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Figure 6. Localization of CCR8 and endothelial cells in the aorta from normotensive and
Angiotensin ll-induced hypertensive mice. Localization of (A-B) CCR8 and (C-D) von
Willebrand Factor (VWF, endothelial marker), and (E-F) co-localization of DAPI (nucleated
cells), CCR8 and vWF in the aorta, from 28d saline (top panels) or Angiotensin Il (bottom
panels) treated mice. Images were taken at a magnification of X40. Representative images

from n=6 are shown. (Zhu, 2016)
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Table 2. Characteristics of chemokine receptors targeted by CCL18.
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Stimulated/ Cell types expressin Actions of
X i i
Receptors Inhibited by vp P & References
receptors receptors
CCL18
Chemotaxis,
Leukocytes, VSMCs, (Haque et al., 2004;
CCR8 Stimulated possibly pro-
HUVECs Islam et al., 2013)
fibrotic
Mainly eosinophils, (Huber et al., 2002;
Inhibited Chemotaxis,
CCR3 Th2 cells and Komai et al., 2010;
(antagonism) pro-fibrotic
fibroblasts Krohn et al., 2013)
(Krohn et al., 2013;
Matsuo et al., 2016;
Inhibited (via CCR1 and CCR2:
monocytes, Pignatti et al., 2006;
CCR1, 2,4, | displacement Chemotaxis,
macrophages, VSMCs Seki et al., 2009a;
5 of bound GAG | CCR4: mainly T cells pro-fibrotic
Seki et al., 2009b;
macrophages Vestergaard et al.,
2004)

VSMCs: vascular smooth muscle cells, HUVECs: human umbilical vein endothelial cells, Th2

cells: type 2 T helper cells, GAG= glycosaminoglycan.

1.3.3 Mechanisms via which CCL18 regulates fibrosis

Given the CCL18 receptor and murine functional analogue have only been recently identified
(Islam et al., 2013), the mechanism(s) via which CCL18 promotes fibrosis remain unclear.
However, studies to date have proposed the potential involvement of several signalling

pathways (Figure 7).

First, in the setting of pulmonary fibrosis, CCL18 was found to increase the phosphorylation
and activity of a transcription factor, specificity protein 1 (SP1) (Luzina et al., 2006b). SP1
functions in conjunction with the basal activity of another transcription factor, mothers

against decapentaplegic homolog 3 (SMAD3), although SMAD3 is not directly modulated by
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CCL18 (Luzina et al., 2006b). Following activation, SMAD3 and phosphorylated SP1 translocate
from the cytosol to the nucleus (Tan & Khachigian, 2009), where they bind to specific DNA
regions to regulate gene transcription. This results in increased alpha-smooth muscle actin
(a-SMA) expression, as well as collagen from fibroblasts, myofibroblasts, and End-MT derived
cells, all of which promote fibrosis (Ghosh et al., 2013). Importantly, this signalling pathway is
thought to be independent of TGF-B (Luzina et al., 2006b).

Second, as mentioned in Section 1.3.1, extracellular signal-regulated kinases 1 and 2 (ERK1/2)
might also play a role in CCL18 signalling (Atamas et al., 2003). Luzina et al. (2006a) found that
CCL18 upregulated collagen synthesis in lung fibroblasts via protein kinase C alpha (PKCa)
activation, followed by the downstream ERK1/2 phosphorylation. Phosphorylated ERK1/2
serves as a transcription factor, changing the expression of cell cycle regulator genes (Fujiwara
et al., 2014). Consequently, the proliferation rates of fibroblasts and myofibroblasts can be
elevated (Benelli et al., 2013; Fujiwara et al., 2014). Moreover, studies have demonstrated
interactions between ERK1/2 and the SMAD3-SP1 signalling. Thus ERK1/2 contributes to TGF-
B induced SMAD3 activation in human mesangial cells (pericytes in the glomerulus), although
this does not occur in all cell types, being absent in mouse mammary epithelial cells
(Hayashida et al., 2003). Yan et al. (2013) also reported reduced binding capacity of SP1
following inhibition of ERK1/2, which suggests that ERK1/2 can modulate SP1 activity.

Third, CCL18 might also regulate fibrosis by modulating matrix metalloproteinase (MMP)-2
and MMP-9, enzymes that promote the breakdown of extracellular matrix (ECM).
Overexpression of CCL18 in mouse lungs was found to increase the levels of MMP-2 and
MMP-9, via unknown mechanisms (Pochetuhen et al., 2007). MMP-2 is generally anti-fibrotic
in various fibrosis models, whilst MMP9 can be pro-fibrotic, anti-fibrotic, or neither,
depending on the nature of the fibrosis model studied (Giannandrea & Parks, 2014). The anti-
fibrotic effects of MMPs are thought to be a result of ECM breakdown, however the relevant

pro-fibrotic mechanisms remain unidentified (Giannandrea & Parks, 2014).

It is important to note that the role of the signalling pathways mentioned above, in pro-
fibrotic actions of CCL18, were elucidated prior to the identification of the CCL18 cognate
receptor, CCR8. As such, it remains to be confirmed whether these mechanisms are

downstream of CCR8 activation.
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Figure 7. Proposed CCL18 signalling pathways involved in fibrosis. Summarized from (Benelli

et al., 2013; Fujiwara et al., 2014; Ghosh et al., 2013; Hayashida et al., 2003; Luzina et al.,

2006a; Luzina et al., 2006b; Pochetuhen et al., 2007; Yan et al., 2013). Dotted lines: effects

have not been confirmed. MMP: matrix metalloproteinase, SMAD3: Mothers against

decapentaplegic homolog 3, ®- SP1: phosphorylated specificity protein 1, PKCa: protein

kinase C alpha, ®- ERK: phosphorylated extracellular signal-regulated kinase, a-SMA: alpha-

smooth muscle actin, End-MT-derived cells: endothelial-mesenchymal transition derived cells.

* Role of CCR8 in pro-fibrotic action yet to be confirmed.
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1.4 CCL18 in disease states

Given its pro-fibrotic capacity, it is likely that CCL18 contributes to fibrosis in pathological
settings. Indeed, elevated levels of M2 macrophage-derived hCCL18/ mCCL8 have been
reported to be associated with cancer angiogenesis, pulmonary fibrosis, inflammatory
disorders, and cardiovascular diseases (Schutyser et al., 2005). A pro-fibrotic role of CCL18 in
these conditions is anticipated given the ability of the chemokine to increase collagen
production from healthy human dermal and lung fibroblasts (Atamas et al., 2003), stimulate
T cell recruitment (Glnther et al., 2014), and promote polarisation of macrophages towards
the pro-fibrotic M2 phenotype (Schraufstatter et al., 2012). Indeed, in patients with idiopathic
pulmonary fibrosis, high bronchoalveolar lavage fluid levels of CCL18 are associated with
collagen accumulation (Prasse et al., 2006), and serum CCL18 levels positively correlates with
the impairment of lung function (Prasse et al., 2009). In addition, in patients with systemic
sclerosis, an immune disorder characterised by marked fibrosis, elevated serum CCL18 levels
may predict progression of lung fibrosis, lung function, and mortality at 5 and 10 years since

diagnosis (Hoffmann-Vold et al., 2016).

While a role for CCL18 in lung disease is clearly recognised, there is a growing body of evidence
to suggest that CCL18 may also play a pathological role in cardiovascular diseases, including
coronary artery disease (acute coronary syndrome and angina), atherosclerosis, and
aneurysm. Thus, plasma levels of CCL18 are elevated in patients with acute coronary
syndrome such that those with high serum CCL18 (>70.9 ng/ml) have a 3 times greater risk of
having a future fatal cardiovascular event, compared to those with low CCL18 levels (< 43.0
ng/ml) (de Jager et al., 2012). Plasma levels of CCL18 are also elevated in patients with
obstructive coronary artery disease (Versteylen et al., 2016) and transiently increased during
unstable angina pectoris episodes; thereby serving as a marker of refractory unstable angina
pectoris (Kraaijeveld et al., 2007). In addition, CCL18 is co-localised with macrophages in
human carotid atherosclerotic lesions (Hagg et al., 2009), and interestingly its expression here
is 10-fold higher than that in the lung (Hagg et al., 2009), a site where CCL18 is the most

abundant.

Elevated serum CCL18 has also been observed in aneurysm patients, especially in those with

metabolic active aneurysms (Courtois et al., 2014). Since metabolic active aneurysms present
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greater inflammatory responses and a higher risk of aneurysm rupture, it has been suggested
that CCL18 may serve as a marker of aneurysm rupture risk (Courtois et al., 2014). Together,

these data point to a clinically significant role of CCL18 in cardiovascular disease.

41



Chapter 1

1.5 CCL18 in hypertension

1.5.1 Potential role of CCL18 in hypertension

Although the association between CCL18 and the cardiovascular diseases discussed above has
been established, little is known about the role of CCL18 in hypertension. Nonetheless,
several lines of evidence support a potential contribution of CCL18 to hypertension. First,
Gunther et al. (2014) reported that autoantibodies (IgG) from systemic sclerosis patients
activated AT; and endothelin receptor type A (ETa) to increase CCL18 expression in peripheral
blood mononuclear cells (PBMCs), especially monocytes. This effect was inhibited by the AT
antagonist valsartan and the ETa antagonist sitaxsentan, further confirming the role of AT;
and ETa receptors in promoting CCL18 generation (Glnther et al., 2014). In general,
autoantibodies act as ligands to activate receptors, typically in bivalent forms (Bradbury et al.,
2011). Autoantibodies are also elevated in hypertensive patients, and can target AT:
receptors on the endothelium and VSMCs (Chen et al., 2009; Yang et al., 2014), leading to
downstream ERK1/2 activation which may promote fibrosis (Lu et al., 2020). In addition,
autoantibodies as well as the cognate ligands themselves (Ang Il and endothelin 1), may
activate AT: and ETa receptors on macrophages (Glinther et al., 2014) to promote CCL18

generation, a concept which remains to be explored.

The potential contribution of CCL18 to hypertension is further supported by findings utilising
the angiotensin IllI-infusion model of hypertension in mice (Moore et al., 2015). Thus, mCCL8
MRNA expression and M2 macrophage accumulation are both elevated in the aorta of
hypertensive, as compared to normotensive, mice (Moore et al., 2015). Moreover,
macrophage depletion leads to a reduction in systolic blood pressure, and a reduction in
aberrant aortic collagen deposition and stiffening (Moore et al., 2015), suggesting that M2
macrophage-derived mCCL8 promotes hypertension-associated fibrosis. Consistent with the
published data, our laboratory has recently shown an increased number of mCCL8 expressing
M2 macrophages in the vascular wall of hypertensive mice (Figure 8). In addition, we have
confirmed expression of the CCL18 receptor, CCR8 in the aorta from hypertensive mice

(Figure 6 under Section 1.3).

Collectively, these findings suggest that CCL18 may play a role in pathogenesis of

hypertension, yet it remains to be determined if CCL18 is elevated in hypertensive patients.
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In addition, while CCL18 may modulate VSMCs, T cells, fibroblasts, fibrocytes, or endothelial
cells to promote fibrosis (see Section 1.3), confirmation of the cellular targets of CCL18 and
interrogation of the relevant signalling pathways in the setting of hypertension are required.
Moreover, the role of the cognate receptor CCR8 in hypertension and the associated fibrosis
and end-organ damage remains unknown, and the effects of pharmacologically targeting the

CCL18-CCR8 axis are yet to be explored.

1.5.2 Animal models to study the role of CCL18-CCRS8 axis in hypertension

The identification of the cognate receptor (CCR8) and mouse functional analogue (CCL8) of
CCL18 (Islam et al., 2013), has made it possible to study the role of CCL18 in animal models of
hypertension. In particular, Ang Il infusion (typically = 0.7 mg/kg/d, 14- or 28-day) models of
hypertension in mice, which are based on the well recognised overactivation of the RAAS in
hypertension, cause robust BP elevation, cardiac hypertrophy, and vascular remodelling/
dysfunction/ fibrosis in mice (Li et al., 2007; Madhur et al., 2010; Moore et al., 2015). These
models are commonly used to study the pathophysiology of hypertension and demonstrate

the efficacy of antihypertensive medications.

To our knowledge, studies using the above-mentioned Ang Il models have not investigated
the prevalence of cardiac or renal fibrosis in this setting. Although higher doses of Ang Il
(typically > 2.1 mg/kg/d) have been found to induce cardiac and renal fibrosis (Yu et al., 2018;
Zhao et al., 2018), such doses represent models of abdominal aortic aneurysm, which can
cause high mortality rates (Amin et al., 2019). Moreover, whilst DOCA-salt models of
hypertension also cause robust fibrosis in the kidneys (Krishnan et al., 2019), they may not

lead to cardiac or vascular fibrosis (Omarjee et al., 2019).

In the current thesis, we wished to examine the impact of targeting the CCL18-CCR8 axis on
the elevation in BP and vascular, cardiac and renal remodelling and fibrosis. As such the Ang
I model of hypertension in mice (0.7 mg/kg/d, 14- and 28-day) was chosen due to ability to
induce hypertension without the need for addition surgical intervention (e.g. removal of a
kidney) and the key vascular and immune component to the disease pathophysiology. This

was of particular importance, given our hypothesis that M2 macrophages in the vascular wall
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generate CCL18 which targets CCR8 on vascular cell types to contribute to hypertension and

associated end-organ damage.
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Figure 8. Localization of M2 macrophages and CCL8 in the aorta from normotensive and Ang
ll-induced hypertensive mice. Imnmunohistochemical staining for CD206 (M2 marker, green),
CCL8 (red), and DAPI (nucleated cells, blue) in the aorta, from 28d saline (top panels) or Ang
Il (bottom panels) treated mice. Representative images from n=6 shown and quantified below.
Data normalized to area (mm?) and presented as mean + SEM, n=5-6. * p<0.05 vs. saline

(Student’s unpaired t-test). (Zhu, 2016)
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1.6 Summary and aims

CCL18, which activates its cognate receptor CCR8 (Islam et al., 2013), is a key contributor to
fibrosis in various pathological conditions, and is implicated in several types of cardiovascular
diseases (Courtois et al., 2014; de Jager et al., 2012; Hagg et al., 2009; Kraaijeveld et al., 2007,
Versteylen et al., 2016). However, the cellular targets and signalling pathways of CCL18 in
hypertension are yet to be determined, and the role of the CCL18-CCR8 axis in hypertension-

associated fibrosis is unknown.

Based on the current literature and the preliminary data from our lab, we hypothesise that
targeting the CCL18-CCR8 axis can reverse hypertension and associated cardiovascular and
renal fibrosis, and protect against end-organ damage (Figure 9). To address this hypothesis,

the research program aims to:

1) determine if CCL18 serves as a biomarker of hypertension and evaluate the pro-fibrotic

effects of CCL18, using clinically-relevant human cells/cell lines (Chapter 3);

2) investigate the role of CCL18-CCR8 axis in the development of hypertension in male and

female mice (Chapter 4);

3) assess the therapeutic utility of targeting the CCL18-CCR8 axis via genetic and
pharmacological approaches to protect against hypertension and the associated end-organ

damage (Chapter 5).

This project will provide essential pre-clinical data on the therapeutic utility of targeting
CCL18-CCR8 to control blood pressure and end-organ damage, and hence may provide a novel

therapeutic option for hypertension and its associated cardiovascular complications.
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organ damage. (Courtesy of Kemp-Harper B, 2018).
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2.1 Ethics approval

Human plasma

Human plasma samples were collected during studies conducted at the Heart Centre of Alfred
Hospital (2001-2017), under ethics numbers 92/00, 51/03, 7/05, 8/12, 87/12 and 215/12.
Relevant studies were conducted in collaboration with Prof Markus Schlaich (Dobney
Hypertension Center, The University of Western Australia), Dr Nina Eikelis and Prof Gavin
Lambert (lverson Health Innovation Research Institute, Swinburne University of Technology),
where ambulatory BP, body mass index (BMI), heart rate, age, medication history and C-
reactive protein (CRP; from the plasma of some patients) were measured or recorded. Plasma

from the subjects was collected and stored by Dr Nina Eikelis and Prof Gavin Lambert.

The study cohort consisted of 14 normotensive subjects (control, male: female = 11:3), 20
untreated essential hypertensive patients (male: female = 10:10) and 20 resistant

hypertensive patients (male: female = 14:7).

Animal studies

Studies were approved by the Monash Animal Research Platform Ethics Committee (Ethics
Number: MARP/2017/104), and were conducted in accordance with the “Australian Code for

the Care and Use of Animals for Scientific Purposes 8th Edition”.

2.2 Animals and genotype identification

Animals

All mice in this project were of a C57BL/6J background. CCR8”" (CCR8 KO) mice were

generated via CRISPR/Cas9, by the Australian Phenomics Network, Monash University.

In the 14-day angiotensin infusion model (for Chapter 4), CCR8 KO male and female mice, and
their wildtype (WT) littermates were used (generated via CCR8*/- x CCR8*/ breeding). Female

mice were at the age of 10-14 weeks, and male mice were 8-13 weeks old.
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In the 28-day angiotensin infusion model (for Chapter 5), CCR8 KO male mice were used
(generated via CCR8*" x CCR8*" breeding or straight CCR87- x CCR8”7- mating). WT male mice
were either bred from the CCR8 KO colony (CCR8*- x CCR8*- or WT x WT breeding) or
obtained from Monash Animal Research Platform (MARP; Monash University, Clayton,

Australia). These CCR8 KO and WT mice were 10-12 weeks old.

All above-mentioned mice were bred and housed at the Animal Research Laboratories, MARP
or Pharmacology Mouse Room (Monash University, Clayton, Australia). Mice were
maintained on a 12-hour light-dark cycle and provided with free access to chow diet and

drinking water. When required, mice were transported in high barrier SPF containers.

Genotyping

A REDExtract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich, Germany) was used to identify the
genotype of each mouse, as per manufacturer’s instructions. The extraction mixture was
added into 1.5 ml Eppendorf tubes, each of which contained a tip of mouse tail. DNA was
extracted from these samples by a 10-minute incubation at room temperature followed by a
3-minute incubation at 95 °C. Reaction was stopped by Neutralization Solution B, and the
extracted DNA was amplified with REDExtract-N-Amp PCR Reaction Mix and 100 ng custom-
made primers for CCR8 (Sigma-Aldrich, Germany). Sequences of custom-made primers were
as follows: 5’-CTTGCCGCACACTAACACCC 3 (Forward primer), 5’
TCTTTTAAAGTAGGATGGTGCTGG 3’ and 5 CTGGCCGTCCTCACCTTGAT 3’ (Reverse primers).
DNA amplification was performed using a thermal cycler (Bio-Rad Laboratories MyCycler; Bio-
Rad Laboratories, USA), with annealing temperature set at 59 °C. Amplified DNA was then
loaded into 5% agarose gels that contained SYBR safe dye (ThermoScientific, USA) for
electrophoresis. 1x Tris-acetate-EDTA (TAE) buffer was used as a solvent for agarose and the
running buffer for electrophoresis at 100 V. Resultant DNA bands were visualised by a

ChemiDoc MP system (Bio-Rad Laboratories, USA) to determine the genotype of each mouse.
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2.3 Angiotensin infusion models of hypertension in mice

14-day and 28-day models

In the 14-day angiotensin Il (Ang Il) infusion model of hypertension, male and female WT mice
were randomly assigned to a saline or Ang Il (0.7 mg/kg/d, 14 days; GL Biochem, China)
treatment group. Male and female CCR8 KO mice were all treated with Ang Il (0.7 mg/kg/d)
for 14 days. WT and CCR8 KO mice were littermates. In the 28-day Ang Il infusion model of
hypertension, male WT and CCR8 KO mice were randomly assigned to a saline or Ang Il
infusion (0.7 mg/kg/d, 28 days) group, and mice were not littermates. Treatments were
administered subcutaneously via osmotic minipumps (Model 2002 for 14 days or Model 2004
for 28 days; Alzet, USA). Treated animals per group: n= 3-10 for the 14-day model (highly
impacted by COVID-19 as mentioned in Chapter 4, Section 4.1), and 9-13 for the 28-day model.

All mice were under isoflurane anaesthesia (0.4 L/min, 2% inhaled with oxygen) during
minipump implantation, where a lateral incision of =10 mm was made through the skin at the
neck. A subcutaneous pouch was created through this incision, in which minipumps were
inserted, followed by the closing of incision with monofilament sutures and the application of
topical antibiotics (Tribactril; Jurox, Australia). During the surgery, mice were monitored for
hind paw withdrawal, blink reflexes and respiratory rate. After the surgery, mice were allowed
to recover and then returned to home cages, followed by daily monitoring for 2 days and

twice weekly thereafter.

R243 treatment protocol (for Chapter 5)

Using the 28-day Ang Il hypertension model, a cohort of WT male mice were further treated
with R243 (CCR8 antagonist, 1.1 mg/kg/d; Glixx Laboratories, USA) or vehicle (2:1 warm
mixture of 30% hydroxypropyl-B-cyclodextrin: 100% DMSO). Treatment commenced 14 days
after the hypertension induction surgeries and continued for a further 14 days. For each of
these mice, R243 or vehicle was administrated via another osmotic minipump (Model 2002;
Alzet, USA). The dose and vehicle of R243 were chosen and adapted based on a study by

Berenguer et al. (2018), and the minipump implantation procedures and health monitoring
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are as described above. Treated animals per group: n= 4-6 (COVID-19 impact stated in

Chapter 5, Section 5.1).

Body weights and monitoring

During the course of treatments, all mice were monitored twice weekly to assess their state
of health. They were also weighed weekly, with additional weighing and monitoring when

there were signs of abnormality or weight loss.

2.4 Tail cuff plethysmography

Systolic blood pressure (BP) of mice was measured using tail cuff plethysmography (MC4000
multi-channel blood pressure analysis system; Hatteras Instruments, USA). After mice were
acclimatised to the BP monitoring equipment, BP was recorded 3 days before, 1 day before,
and just prior to surgeries (Day 0) to obtain an average baseline BP. During the 14-day
treatment period, BP was measured on Days 3, 7, 10 and 14; for the 28-day model of
hypertension, BP was further monitored on Days 17, 21, 24 and 28. BP was recorded for 25-
30 measurement cycles on each day of measurement, where mice were placed in restraints
on a heated platform (40°C), with an inflatable cuff around the base of each tail. The pulse
was detected using a sensor with an LED light source, and systolic BP was recorded as the cuff

inflation pressure required to fully occlude blood flow in the tail.

At the end of the treatment periods, mice were killed by CO; overdose. Mice assigned to the
28-day hypertension model were then perfused through the left ventricle using phosphate-
buffered saline (PBS) with 0.2% clexane (400 IU, Sanofi, Australia), in preparation for flow
cytometric analysis (section 2.6). The aorta (thoracic and abdominal), kidneys, heart, spleen,
liver and lungs of each mouse were removed and weighed before being processed for end

point measures.
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2.5 Wire myography

To assess vascular function, abdominal aortae were isolated from CCR8 KO and WT mice, the
fat and connective tissues removed and aortae cut into 2 mm sections. Aortic sections were
mounted in a small vessel myograph (Danish Myo Technology A/S, Denmark) on pin mounts
(200 pum diameter) and changes in isometric tension recorded (LabChart 8, ADI Instruments,
New Zealand). Vessels were kept at a resting tension of 5mN at 37 °C in Kreb’s solution (in
mM: 118 NaCl, 4.5 KCl, 0.5 MgS0a, 1 KH2PQOa, 25 NaHCOs3, 11.1 glucose, 2.5 CaCly; pH 7.4), and
bubbled with carbogen (5% CO,, 95% oxygen). Arteries were contracted maximally with the
thromboxane A; mimetic, U46619 (0.3 uM). Once the contraction had reached a plateau,
vessels were washed, tension allowed to return to baseline and then arteries were

rechallenged with U46619 (0.3 uM; Fmax).

Endothelium-dependent and -independent vasorelaxation responses were assessed by
constructing cumulative concentration-response (CR) curves to acetylcholine (ACh; 1 nM- 30
uM) and the NO donor, diethylamine NONOate (DEA-NO; 0.3 nM- 30 uM), respectively in
aortae pre-contracted to =65 % FmaxWwith titrated concentrations of U46619. In separate aortic
sections, cumulative CR curves to phenylephrine (PE; 1 nM-30 uM), were constructed.
Arteries were then washed with Krebs’, pre-contracted to =20-30 % Fmax with U46619 prior to
the addition of N(w)-nitro-L-arginine methyl ester (L-NAME, 100 uM) to assess endogenous
NO bioavailability.

2.6 Flow cytometry

Isolation of leukocytes from aortae, kidneys and spleens

Flow cytometry was performed to characterise the effects of genetic deletion of CCR8 on
infiltration of inflammatory cells into target organs. Following euthanasia, mice were perfused
through the left ventricle with phosphate-buffered saline (PBS; with 137 mM NaCl, 2.7 mM
KCl, 10.1 mM NazHPO4 and 1.8 mM KH2POa, pH = 7.4) containing 0.2% Clexane (400 IU/ml;
Sanofi Aventis, France). The thoracic aorta (with perivascular fat intact), left kidney (cut in half

along the transverse plane, the cranial half used), and spleen were then excised for flow
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cytometry. These samples were mechanically disrupted using scissors, where aortae and
kidneys were further digested via the addition of 1 ml of digestion buffer for 45 minutes at
37 °C. The digestion buffer contained collagenase I-S (450 U/ml), collagenase XI (125 U/ml)
and hyaluronidase (450 U/ml), which were dissolved in PBS containing calcium and

magnesium (Sigma, USA).

Processed samples were passed through 70 um filters (BD Bioscience, USA), followed by
centrifugation (all centrifugation for flow cytometry was at 4 °C, 1500 rpm for 5 minutes
unless otherwise specified). Cell pellets were resuspended in 0.8 ml FACS buffer (PBS
containing 1% bovine serum albumin) for aortae, 30% Percoll (GE Healthcare Life Science, UK)
for kidneys, or Red Blood Cell Lysis Buffer (5-minute incubation on ice; BD Biosciences, USA)
for spleens. Kidney samples were then under-laid with 70% Percoll and centrifuged at 25 °C,
2500 rpm for 25 minutes. The mononuclear cell layer between the Percoll gradients were
collected, centrifuged and re-suspended in FACS buffer (1 ml). For spleen samples, lysis buffer
was neutralised with PBS after the incubation, followed by centrifugation and re-suspension

in FACS buffer (30 ml).

Antibody staining and sample analysis

Single cell suspensions in FACS buffer were pelleted onto 96 U-bottom plates, and then
stained using an antibody cocktail (20 minutes incubation on ice). The cocktail included AF-
700 anti-CD45, BV605 anti-CD11b, PE-Cy7 anti-F4/80, PE anti-CD206, APC anti-CD3, FITC anti-
CD4, BV785 anti-CDS8, all were of rat anti-mouse isotype (anti-CD11b from Invitrogen, USA;
anti-CD3 from eBioscience, USA; others from BioLegend, USA) (Table 1). Each antibody was
also individually incubated with UltraComp eBeads® (eBioscience, USA) for single-colour
compensation. After the antibody incubation, cells were washed by FACS buffer, centrifuged,
and pellets resuspended with 200 ul FACS buffer. Prior to sample running, CountBright
counting beads (Invitrogen, USA) were added for data normalisation, and 7-AAD (BiolLegend,

USA) was used as a viability stain.
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Table 1. Antibodies used for flow cytometry and their sources.

Antigen Fluorophore Tag Source

CD45 AF-700 BioLegend, USA
CD11b BV605 Invitrogen, USA
F4/80 PE-Cy7 BioLegend, USA
CD206 PE BioLegend, USA
CD3 APC eBioscience, USA
Cb4 FITC BioLegend, USA
CD8 BV785 BioLegend, USA

Gating strategy

Chapter 2

Data from stained samples were obtained using a Fortessa X-20 instrument controlled by the

FlowDiva software (BD Biosciences, USA) and processed using FlowJo software v10 (FlowJo,

USA). Gating was performed as shown in Figure 1, where non-cellular debris were excluded

by having low forward scatter area (FSC-A) and low side scatter area (SSC-A). Then singlets

with similar FSC-A as compared to forward scatter height (FSC-H) values were selected,

followed by the selection of live cells that were 7AAD-negative (7AAD-). Subsequently,

leukocytes, myeloid cells and total T cells were gated by CD45+, CD11b+ CD3- and CD11b-

CD3+ events, respectively. Myeloid cells were further gated by F4/80+ events (total

macrophages) and F4/80+ CD206+ events (“M2”-like macrophages), whereas T cells were

further gated for CD4+ CD8- and CD4- CD8+ T cells (Figure 1).
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Figure 1. Example of gating strategies used for flow cytometric analysis. FSC-A = forward scatter area, SSC-A = side scatter area, FSC-H = forward

scatter height.
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2.7 Histological studies

A distal section of mouse thoracic aorta (=4 mm; for Chapters 4-5), a transverse section of the
heart (representing 1/3 of the heart taken near the basal region) (for Chapter 5), and the
cranial half of each right kidney (for Chapter 5) was fixed in 10 % neutral buffered formalin
for 3 days. Fixed tissues were then embedded in paraffin and cut into transverse sections for
kidney and heart (4 um), or cross sections of 4-5 um for aortae. 4 um aortic sections were
stained with Verhoeff-Van Gieson (VVG), 5 um sections were stained with hematoxylin and
eosin (H&E) or Picrosirius red staining. Heart sections were stained with H&E and Picrosirius
red, and kidney sections underwent Masson’s Trichrome staining. The embedding and cutting
of tissues were performed by Monash Histology Services (Monash University, Clayton,

Australia).

Picrosirius red staining was used to measure the collagen content in the target organs. For
Chapter 4, aortic sections were firstly de-waxed by being submerged in xylene and a series of
graded ethanol solutions (2 washes in 100% then one in 70%). The de-waxed sections were
rinsed with water, followed by immersion in Bouin’s fixative (9.7% formaldehyde, 71%
aqueous picric acid, 5% acetic acid) for 1 hour at 60 °C. Fixed slides were washed in water and
stained by picrosirius red (0.01%; Sigma-Aldrich, USA) for 1 hour. After staining, sections were
washed with tap water, 3 changes of 80% ethanol, and 3 changes of xylene, successively. To
prepare slides for imaging, non-aqueous DPX (VWR International, USA) was used as a
mounting medium for cover-slipping. For Chapter 5, aortic and cardiac sections were stained
using the above-mentioned protocol by Monash Histology Services (Monash University,
Clayton, Australia). For both Chapters 4 and 5, aortic slides were imaged at x10 and x20
magnification using both bright-field and polarised microscopy (Olympus BX51, Olympus Life
Science, Australia). Images for hearts were captured at up to x40 magnification by a slide

scanner (Aperio Scanscope AT Turbo, Leica Biosystems, Germany).

VVG and H&E stains were also performed assess elastin dysregulation and the structure of
mouse aortae, respectively (Chapters 4-5), or the structure of heart (H&E for Chapter 5).
Masson’s Trichrome was used to assess collagen deposition in the kidneys (Chapter 5). The

above-mentioned stains were performed by Monash Histology Services (Monash University,
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Clayton, Australia) (See Appendices 1-3 for detailed protocols). Images for these stains were
captured at up to x40 magnification by a slide scanner (Aperio Scanscope AT Turbo, Leica

Biosystems, Germany).

Each section of the above-mentioned staining was analysed in a blinded manner, with 6-8
fields of view (1 section per animal) (aortic picrosirius staining of the 14-day model and
assessment of renal/ cardiac fibrosis), or as a whole with data averaged from 3 sections per

animal (all other measures).

2.8 Cell culturing and treatments

Aortic adventitial fibroblasts (AoAFs)

Human aortic adventitial fibroblasts (AoAFs; Cell Applications, Australia) were used to explore
the effects of CCL18 on vascular fibrosis. AoAFs were cultured in Stromal Cell Growth Medium
(SCGM; Lonza, Switzerland) with 5% FBS, and passages 2 to 8 were used in this study. Cells
were grown in T-75 flasks, incubated in a humidified incubator (5% CO2; Sanyo MCO-18AIC
CO; incubator, Quantum Scientific, USA) at 37 °C. Confluent cells were passaged using
Trypsin-EDTA (Lonza, Switzerland), or seeded on 6-well plates at 10° cells/well with serum
free SCGM. Cells were either left untreated (control), or treated with TGF-B1 (10 ng/ml; R&D
systems, USA), or CCL18 (3, 10, 30, 300 ng/ml; R&D systems, USA). Time courses of treatments
were used for AoAFs: 3, 6, 24 hours (h) for mRNA measurements and 24, 48, 72 h for western
blotting. At the end of the treatment periods, AoAFs were rinsed with PBS (Sigma-Aldrich,
USA). For protein extraction, cells were then incubated with Accutase (Sigma-Aldrich, USA)
for 5 minutes at 37 °C for detachment. Detached cells underwent centrifugation of 7000 rpm,
5 minutes at 37 °C. Cell pellets were re-suspended in radioimmunoprecipitation assay lysis
and extraction buffer (RIPA buffer; Cell Signalling Technology, USA), followed by protein
extraction and western blotting (Section 2.9). For mRNA measurements, Buffer RLT (Qiagen,
Germany) with 1% B-mercaptoethanol (B-ME; Sigma-Aldrich, USA) were added in the wells of

rinsed AoAFs to lyse the cells, followed by RNA extraction and measurements (Section 2.10).
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Human aortic endothelial cells (HAECs)

Human aortic endothelial cells (HAECs; Cell Applications, Australia) were used to assess the
pro-fibrotic effects of CCL18. These cells were grown in endothelial growth serum (Sigma-
Aldrich, USA), and passages 3 to 8 were used. Cells were grown in T-75 flasks, incubated in a
humidified incubator (5% CO,; Sanyo MCO-18AIC CO; incubator, Quantum Scientific, USA) at
37 °C. Confluent cells were passaged using Trypsin-EDTA (Lonza, Switzerland), and seeded on
6-well plates at 10° cells/well. Cells were either left untreated (control), or treated with TGF-
B1 (10 ng/ml; R&D systems, USA), or CCL18 (3, 10, 30, 300 ng/ml; R&D systems, USA). Cells
were treated for 7 days (treatments replaced on day 3) for subsequent protein extraction and
western blot analysis. HAECs were detached, pelleted and re-suspended, using the same

procedures as described for AoAFs.

2.9 Western blotting

Protein was extracted from AoAFs and HAECs by incubation (30-60 minutes on ice) with the
RIPA buffer, containing 1ImM phenylmethylsulfonyl fluoride (PMSF) and 1x protease/
phosphatase inhibitor cocktail (Cell Signalling Technology, USA). Following the incubation,
cells debris were pelleted by centrifugation (13000 rpm, 10 minutes, 4 °C), and supernatants
(containing cellular proteins from the membrane, nuclear and cytoplasm) were collected and

stored at -20 °C for western blotting.

Prior to western blotting, total concentrations of the extracted protein samples were
measured via a bicinchonic acid (BCA) assay according to manufacturer’s instructions
(PierceTM BCA Protein Assay, ThermoScientific, USA). In each sample, equivalent amounts of
protein were then topped up to the same volume by 1.5x Laemmli buffer (7.5% glycerol, 3.75%
B-ME, 2.25% SDS, 75 mM Tris-HCl pH 6.8, 0.004% bromophenol blue), heated at 95 °C for 3
minutes, and loaded into 7.5% or 10% polyacrylamide gels with molecular weight markers

(Precision Plus Protein Standards, Dual Color ladder, Bio-Rad Laboratories, USA). Proteins
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were separated by Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
200V; ChemiDoc MP system, Bio-Rad Laboratories, USA), and then transferred onto low
fluorescence polyscreen polycinylidene fluoride (LF PVDF) membranes via the Bio-Rad Trans

Blot Turbo transfer system (USA).

Following the transfer, membranes were blocked by 5% skim milk in Tris-Buffered Saline (TBS;
200 mM Tris, 150 mM NacCl, pH 7.5) with 0.1 % tween-20, for 1h. Subsequently, membranes
were probed with primary antibodies overnight at 4 °C. Primary antibodies included a-SMA
(1:2500 dilution; Abcam, ab5694), GAPDH (housekeeping protein, 1:20000; Abcam, ab8245)
and CCR8 (1:500; suitable for human and mouse samples; Novus Biologicals, novnb100709,
USA) for both cell types, collagen | (1:1000; Abcam, ab34710) for AoAFs, and VE-cadherin
(1:2000; Cell Signalling Technology, D87F2) for HAECs. On the next day, membranes were
washed and incubated with secondary antibodies for 1h, including horseradish peroxidase
(HRP)-conjugated anti-mouse (1:10000; Jackson ImmunoResearch Laboratories, USA) for
GAPDH, and anti-rabbit HRP (1:10000; Dako, Denmark) for all other markers. Resultant
protein bands were visualised by Clarity ECL substrates and the ChemiDoc MP system, with

densitometries quantified using Image Lab Software (Bio-Rad Laboratories, USA).

2.10 RNA measurements

RNA extraction from human AoAFs

RNA was extracted from human AoAFs using the RNeasy Mini Kit (Qiagen, Germany). Cells
were firstly lysed using Buffer RLT, as described in Section 2.8, and then scraped with the base
of RNase-free 1 ml pipette tips. Scraped lysates were mixed with 70% ethanol (1:1 volume)
and transferred to RNeasy spin columns (RNeasy Minikit; Qiagen, Germany). After
centrifugation at 10000 rpm for 15s (flow-through discarded), RNA samples were purified
using a series of washing buffers (Buffer RW1 and RPE from the Minikit) and one DNase
incubation (5ul per sample, in 35ul Buffer RDD; RNase-free DNase Kit; Qiagen, Germany),
according to manufacturer’s instructions. Purified RNA was eluted from spin columns with

RNase-free H,0, and 2pl of the eluted RNA was used for the assessment of yield and purity
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by the QlAxpert system (Qiagen, Germany). The system measured samples at absorbances (A)

of 260nm and 280nm, where an A260: A280 ratio of > 2 was considered sufficiently pure.

RNA extraction from mouse aortae

The top third section of thoracic aorta from each mouse was snap frozen in liquid nitrogen
for mMRNA measurements. Aortic samples were placed in Buffer RLT with 1% B-ME (150 ul per
sample), and minced with fine scissors. Minced samples were further disrupted by a sonicator
(UP50H; Hielscher, Germany), followed by the digestion of proteins by an incubation with
proteinase K (55°C for 10 minutes; Qiagen, Germany). Following centrifugation at 10000 rpm
for 5 minutes, the supernatants were mixed with 100% ethanol (2 sample: 1 ethanol by
volume). Subsequent RNA purification was performed using the RNeasy Micro Kit (Qiagen,
Germany) according to manufacturer’s instructions, with RNA yield and purity assessed by
QiaExpert (Qiagen, Germany). Procedures of RNA purification, yield measurement and purity

assessment has been described in the paragraph above (for RNA extraction from AoAFs).

cDNA conversion and RT-qPCR

1 ug or 0.5 pug (depending on yields) of each AoAF RNA and aortic RNA sample was converted
to cDNA, using a High-capacity cDNA reverse transcription kit (as per the manufacturer’s
instructions; Applied Biosystems, Australia), and a thermal cycler (BioRad MyCycler; BioRad,
USA). On the thermal cycler, the reaction parameters were set as follows for four steps: 25 °C
for 10 minutes, 37 °C for 2h, 85 °C for 5 minutes, and 4 °C for holding. Resultant cDNA samples

were used for RT-gPCR or stored at -20 °C until ready for use.

RT-qPCR where were then used to determine mRNA expression, with all Tagman primers

purchased from Life Technologies, USA. For human AoAFs, genes of interest included collagen

[, 11, V(COL1A1, COL3A1, COL5A1) and a-SMA (ACTA2); 18S was used as a house-keeping gene.

For mouse aortae, gene expression of CD206 (M2 macrophage marker), CCL8, CCR8, and the

oxidative stress markers NOX2 (NADPH oxidase 2), eNOS (endothelial nitric oxide synthase),

SOD1 and SOD3 (superoxide dismutase 1 and 3) were measured; GAPDH was used as the
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house-keeping gene. AoAF and aortic cDNA samples were loaded in triplicates with the above-

mentioned primers and Tagman Universal PCR Master Mix (Applied Biosystems, USA) into 96-
well plates. These plates were run in the Bio-Rad CFX96 Real-Time PCR Detection System (Bio-
Rad Laboratories, USA), with the following cycling conditions: 50°C initiation for 2min,
subsequent denaturation at 95°C for 10min, and 40 cycles of 95°C denaturation (15s) with
60°C annealing and extension (1min). Fluorescence was recorded at the end of each PCR cycle,
allowing mRNA expression to be determined by the comparative cycle threshold (Ct) method
(Schmittgen & Livak, 2008), normalised to 18S or GAPDH and expressed relative to the control

values (from untreated AoAFs or saline-treated WT mice).

2.11 Enzyme-Linked Immunosorbent Assay (ELISA)

CCL18 levels from human plasma samples were measured using a CCL18 ELISA kit (Human
CCL18/PARC DuoSet ELISA; R&D Systems, USA), and CCL8 levels from mouse plasma samples
were measured using a CCL8 ELISA kit (Mouse CCL8/MCP-2 DuoSet ELISA; R&D Systems, USA).
The ELISA kits contained capture antibody, detection antibody, standards (all specific to CCL18
or CCL8), and Streptavidin conjugated to horseradish-peroxidase (Streptavidin-HRP). Other
reagents (PBS, wash buffer, reagent diluent, substrate solution, and stop solution) were
included in an ancillary kit (DuoSet Ancillary Reagent Kit 2; R&D Systems, USA). ELISA was
performed as per manufacturer’s instructions, with all relevant incubations at room
temperature, and every washing step involved 3 washes with the working concentration of

wash buffer.

Prior to the assay, working concentrations of the capture antibody (specific for CCL18 or CCL8)
were used to coat the ELISA plate (100 pl/well, overnight incubation). On the day of assay,
the capture antibody was aspirated, and the ELISA plate washed. To prevent non-specific
binding, the plates were blocked by 1x reagent diluent (300 pl/well, 30-60 minutes
incubation), followed by aspiration and washing. During the incubation period, CCL18 or CCL8
standards were prepared by 1:2 serial dilutions in reagent diluent supplemented with 30%

fetal bovine serum (FBS; Life technologies, USA), to concentrations ranging from 7.81 pg/ml
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to 1 ng/ml. Plasma samples were diluted in the same FBS-supplemented diluent, using 1:150

dilution for human plasma and 1:2000 dilution for mouse plasma.

After blocking, samples, standards or FBS-supplemented diluent (blank control) were added
to the plates (100 pl/well, in duplicates), which were then incubated for 2h before being
aspirated and washed. To allow detection of the target protein in samples, working
concentration of CCL18 or CCL8 detection antibody was added to the wells (100 pl/well, 2h
incubation), followed by aspiration and washes. Subsequently, Streptavidin-HRP (diluted
1:200 in reagent diluent) was added to the plates (100 ul/well, 20-minute incubation in the
dark). After the incubation, plates were aspirated and washed, followed by a final 20-minute
incubation in substrate solution (1:1 mixture of hydrogen peroxide and tetramethylbenzidine;
100 pl/well). In this time the substrate solution was converted by the enzyme to a coloured

product.

The enzymatic reactions were terminated by the addition of stop solution (50 pl/well), with
gentle tapping of the plate for thorough mixing. Finally, the colour density was determined
using a micro-plate reader at 450 nm wavelength, and a CCL18 or CCL8 standard curve was
created with a 4-parameter logistic (4-PL) curve-fit. The intensity of the coloured product was
directly proportional to the [CCL18] or [CCL8] in the sample. The amount of CCL18 or CCL8
was therefore estimated by comparing the optical density (OD) values of the samples with

the OD values of the standards.

2.12 Single-cell RNA sequencing (scRNA-Seq)

ScRNA-Seq and relevant analysis were performed by Dr. Antony Vinh, Prof. Grant Drummond
and Dr. Alexander Pinto at La Trobe University, using the aortae of a cohort of WT saline- or
Ang ll- treated mice, as described by McLellan et al. (2020). In brief, metabolically active
nucleated aortic cells were isolated by Fluorescence-Activated Cell Sorting (FACS) to form a
single cell preparation. This preparation was processed by a Chromium controller with the
Chromium Single Cell 3’ v2 reagent kit (10X Genomics, USA), and then sequenced using HiSeq
4000 (Ilumina, USA).
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2.13 Bioluminescence resonance energy transfer (BRET) assays

BRET assays were performed by Dr. Herman Lim (Department of Biochemistry, Monash
University), as described by Lim et al. (2021). Briefly, Flp-In Chinese hamster ovary (CHO) cells
were transfected by human CCR8 (hCCR8) or mouse CCR8 (mCCR8). CHO cells were then
stimulated with human- or mouse- CCL1 (hCC1/ mCCL1; established CCR8 agonists), or
hCC18/ mCCL8 (chemokines of interest). G-protein activation was assessed by measuring
activation of different G-protein subunits: Gai,+ GB1 tagged by venus'®®-22°, Gy, tagged by
venus''>>, GRKct tagged by Rluc, with CCR8 constructed by PCR amplification and tagged by
myc. cAMP inhibition assay was performed using 10uM forskolin, where CCR8 was tagged by
myc. B-arrestin2 recruitment was measured with CCR8 tagged by Rluc and B-arrestin tagged
by YFP. The BRET signal was measured as a ratio of fluorescence at 450-500 nm: 515-560 nm,

and expressed as a percentage of maximal response to CCL1.

2.14 Statistical analysis

All data were presented as mean * standard error of the mean (SEM), or individual points
with correlation analysis. RT-gPCR data were expressed as fold changes relative to the control
group (untreated cells or saline-treated WT mice). Organ weights were expressed as % of
body weight. Vasorelaxation responses to ACh or DEA-NO were expressed as % reversal of
pre-contraction to U46619, and vasoconstriction responses to phenylephrine or L-NAME
were expressed as % of maximal response to U46619 (Fmax). Quantification of histological
staining was performed in a blinded manner, with picrosirius red staining expressed as % of
adventitial area. Elastin dysregulation was assessed using a scoring system, with a score of 1=

no dysregulation, 2= mild dysregulation, 3= moderate dysregulation, 4= severe dysregulation.

Linear regression analysis was used to investigate the correlation of plasma CCL18 levels with

systolic BP, age, body mass index (BMI), or number of anti-hypertensive medications taken.
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Student’s unpaired t-test was used to compare the baseline BP of WT and CCR8 KO mice. 2-
way ANOVA (with Tukey’s post-hoc test) was used to compare systolic BP or body weight
measurements in multiple treatment groups over the 14-day or 28-day treatment period.
scRNA data were analysed by principal component analysis (PCA), using Cell Ranger (version
2.1.1) and R (version 3.4 or 3.6) as described by McLellan et al. (2020). Other data were
analysed by 1-way ANOVA with Dunnett’s post-hoc test (vs untreated control AoAFs or HAECs)
or Tukey’s post-hoc test (all other comparisons). Statistical tests were performed using
GraphPad Prism 8 (USA) unless otherwise specified, with p< 0.05 considered statistically

significant.
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3.1 COVID-19 impact statement

Essential experiments for Chapter 3 were completed either before the COVID-19 pandemic
or during the period of eased restriction (mid-May to early July). A small number of other
experiments, such as measuring levels of (pro-)collagen | and matrix metalloproteinases in
the aortic fibroblast culture media, would have provided additional data. However, these non-
essential experiments were not performed due to time being lost under the impact of the

COVID-19 pandemic.
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3.2 Abstract

Introduction: Patients with resistant hypertension have uncontrolled blood pressure (BP),
despite concurrent use of 3 of more antihypertensive medications. Resistant hypertension
leads to severe end-organ damage and a higher risk of a cardiovascular event as compared to
patients with controlled hypertension. M2 macrophages contribute to hypertension
associated end-organ damage, and may promote fibrosis via the release of the pro-fibrotic
chemokine, C-C motif chemokine ligand 18 (CCL18). There is no current biomarker for
resistant hypertension, and CCL18 has not been studied in the context of hypertension or the
associated vascular fibrosis. As such, this study aimed to assess the role of CCL18 in resistant

hypertension, and its pro-fibrotic efficacy in the human vasculature.

Methods: Plasma CCL18 levels from normotensive (Systolic BP: 119 +2 mmHg), essential (155
3 mmHg) or resistant (156 +5 mmHg) hypertensive patients were measured by ELISA. Human
aortic adventitial fibroblasts (AoAFs) and endothelial cells were treated with the pro-fibrotic
agent TGF-B1 (10 ng/ml) or CCL18 (3-300 ng/ml) for 3-72h and 7d, respectively. In human
AOAFs, expression of pro-collagen |, mature collagen | and a-SMA and were measured (gRT-
PCR, Western blotting). Endothelial-mesenchymal transition was measured via VE-cadherin

and a-SMA protein expression.

Results: Plasma CCL18 levels were 49% higher in patients with resistant hypertension as
compared to normotensive subjects (64 + 6 vs 43 + 6 ng/ml; p<0.05). In human AoAFs, TGF-
B1 caused a 2-fold increase in protein expression of collagen | (24h, p<0.01) and a 2-3-fold
increase of a-SMA (24-72h, p<0.05). CCL18 did not change a-SMA expression, but increased
the protein expression of pro-collagen | by 2-fold (300 ng/ml, 24h; p<0.01), and elevated
mature collagen | by 3-fold (72h; p<0.05). In human aortic endothelial cells, CCL18 (10 ng/ml)

increased a-SMA (1.5-fold, p<0.05) and showed a trend to decrease VE-cadherin.

Discussion: Resistant hypertension is associated with elevated plasma CCL18 levels. CCL18
targets adventitial fibroblasts and endothelial cells in the vascular wall to promote collagen
synthesis and endothelial-mesenchymal transition, respectively. Therefore, CCL18 is a

potential biomarker and/or therapeutic target for resistant hypertension.
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3.3 Introduction

Chronic hypertension is associated with end-organ damage, to which the immune system is a
key contributor (Drummond et al., 2019). In particular, the “M2” subset of macrophages has
been found to play an important role in hypertension-associated vascular, cardiac, and renal
damage by promoting fibrosis (Falkenham et al., 2015; Guiteras et al., 2016; Moore et al.,
2015). Despite a multitude of available anti-hypertensive treatments, 5-10 % of hypertensive
patients are resistant to therapies, i.e. their blood pressure (BP) remains uncontrolled
(systolic BP > 140 mmHg and/or diastolic BP > 90 mmHg ) when treated with at least three
different classes of anti-hypertensive medications (de la Sierra et al., 2011). Resistant
hypertensive patients are at a greater risk of a cardiovascular event, such as myocardial
infarction, heart failure, and stroke (Daugherty et al., 2012). As such, reliable biomarkers to
identify patients unlikely to respond to conventional therapies and effective treatments are

urgently required to achieve better clinical management for resistant hypertension.

Given the key role of M2 macrophages in hypertension (Drummond et al., 2019), these
immune cells may serve as a source of a biomarker and/or treatment target for resistant
hypertension. Preliminary data from our laboratory showed that when macrophages are
polarised to the M2 phenotype, the production of a pro-fibrotic chemokine, C-C motif
chemokine ligand 18 (CCL18) is increased substantially, whereas expression of TGF-f1
(another major pro-fibrotic factor) remains unchanged. CCL18 has been found to stimulate
chemotaxis of leukocytes, including T and B lymphocytes and immature dendritic cells, into
sites of inflammation (Schutyser et al., 2005). CCL18 promotes fibrosis not only by recruiting
T cells, but also by directly increasing collagen generation from pulmonary fibroblasts (Atamas

et al., 2003; Pochetuhen et al., 2007; Wynn & Ramalingam, 2012).

CCL18 has been implicated in various cardiovascular diseases. For example, in patients with
acute coronary syndrome, high levels of plasma CCL18 are associated with a higher risk of
fatal cardiovascular events (de Jager et al.,, 2012). CCL18 is also elevated in serum from
patients with abdominal aortic aneurysm (Courtois et al., 2014), and it is co-localised with
macrophages in carotid atherosclerotic lesions (Hagg et al., 2009). Furthermore, in a pilot

study of our laboratory, CCL18 is found to promote collagen generation from cardiac
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fibroblasts, although it has not been studied in the context of hypertension or the associated

vascular fibrosis.

Considering the published studies and our preliminary data, we hypothesized that the
macrophage-derived profibrotic chemokine, CCL18 is a biomarker in patients with resistant
hypertension and mediates the pro-fibrotic actions of M2 macrophages in this disease setting.
This study aimed to evaluate the role of CCL18 in patients with resistant hypertension, and to
investigate the pro-fibrotic effects of CCL18 on human vascular cells (including aortic

adventitial fibroblasts and aortic endothelial cells).
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3.4 Methods

Enzyme-Linked Immunosorbent Assay (ELISA)

Human plasma samples were collected during studies conducted at the Heart Centre of Alfred
Hospital (2001-2017), under ethics numbers 92/00, 51/03, 7/05, 8/12, 87/12 and 215/12. The
study cohort comprised normotensive subjects (control, n= 14), untreated essential

hypertensive patients (n= 20) and resistant hypertensive patients (n= 20).

CCL18 levels from human plasma samples were measured using a CCL18 ELISA kit (Human
CCL18/PARC DuoSet ELISA; R&D Systems, USA) and an ancillary kit (DuoSet Ancillary Reagent
Kit 2; R&D Systems, USA). ELISA was performed as per manufacturer’s instructions, and
plasma sample diluent was supplemented with 30% fetal bovine serum (FBS; Life technologies,
USA) according to manufacturer’s recommendation. Detailed procedures are described in
General Methods (Section 2.11). CCL18 concentration was calculated by constructing a fitted

standard curve of optical density against the concentrations of serially diluted CCL18.

Cell culturing and treatments

Human aortic adventitial fibroblasts (AoAFs; Cell Applications, Australia) were cultured in
Stromal Cell Growth Medium (SCGM; Lonza, Switzerland) with 5% FBS, and passages 2 to 8
were used in this study. Human aortic endothelial cells (HAECs; Cell Applications, Australia)
were grown in endothelial growth serum (Sigma-Aldrich, USA), and passages 3 to 8 were used.
AoAFs and HAECs were grown in T-75 flasks, incubated in a humidified incubator (5% CO3;
Sanyo MCO-18AIC CO; incubator, Quantum Scientific, USA) at 37 °C. Both cell types were
passaged using Trypsin-EDTA (Lonza, Switzerland), and seeded on 6-well plates at 10°
cells/well. Cells were either left untreated (control), or treated with TGF-B1 (10 ng/ml; R&D
systems, USA), or CCL18 (3-300 ng/ml; R&D systems, USA). Treatment periods for AoAFs were
3-24 hours (h) for mRNA measurements and 24-72 h for western blotting, whilst HAECs were
treated for 7 days (treatments replaced on day 3) for subsequent western blot analysis. At
the end of treatments, cells were detached from wells and lysed as detailed in General

Methods (Section 2.8).
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MRNA measurements

RNA was extracted from AoAFs using the RNeasy Mini Kit according to manufacturer’s
instructions (Qiagen, Germany), with the yield and purity assessed by the QiaExpert system
(Qiagen, Germany). Extracted RNA was then converted to cDNA using a High-capacity cDNA
reverse transcription kit (as per manufacturer’s instructions; Applied Biosystems, Australia),
and a thermal cycler (Bio-Rad Laboratories MyCycler; Bio-Rad Laboratories, USA). Resultant
cDNA samples were used to measure gene expression of collagen |, Ill, V (COL1A1, COL3A1,
COL5A1) and a-SMA (ACTA2) (primers purchased from Life Technologies, USA). 18S was used
as a house-keeping gene, relevant real-time quantitative reverse transcription polymerase
chain reaction (RT-gPCR) was run in triplicates in the Bio-Rad CFX96 Real-Time PCR Detection
System (USA). mRNA expression was determined by the comparative cycle threshold (Ct)
method (Schmittgen & Livak, 2008), being normalised to 18S and expressed relative to the
control values from untreated AoAFs. More detailed procedures are outlined in General

Methods (Section 2.10).

Protein extraction and western blotting

Protein was extracted from AoAFs and HAECs by incubation (30-60 minutes) with the
radioimmunoprecipitation assay (RIPA) lysis and extraction buffer, containing 1mM
phenylmethylsulfonyl fluoride (PMSF) and 1x protease/phosphatase inhibitor cocktail (Cell
Signalling Technology, USA). Following the incubation, cells debris were pelleted by
centrifugation (13000 rpm, 10 minutes, 4 °C), and supernatants were collected for western

blotting.

Prior to western blotting, total concentrations of the extracted protein samples were
measured via a bicinchonic acid (BCA) assay according to manufacturer’s instructions
(Pierce™ BCA Protein Assay, ThermoScientific, USA). In each sample, equivalent amounts of
protein were then topped up to the same volume by 1.5x Laemmli buffer and loaded into 7.5%
or 10% polyacrylamide gels with molecular weight markers (Precision Plus Protein Standards,

Dual Color ladder, Bio-Rad Laboratories, USA). Proteins were separated by Sodium dodecyl
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sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 200V; ChemiDoc MP system, Bio-Rad
Laboratories, USA), and then transferred onto low fluorescence polyscreen polycinylidene

fluoride (LF PVDF) membranes via the Bio-Rad Trans Blot Turbo transfer system (USA).

Following the transfer, membranes were blocked by 5% skim milk in Tris-Buffered Saline (TBS;
200 mM Tris, 150 mM NacCl, pH 7.5) with 0.1 % tween-20, for 1h. Subsequently, membranes
were probed with primary antibodies overnight at 4 °C. Primary antibodies included a-SMA
(1:2500 dilution; Abcam, ab5694), GAPDH (1:20000; Abcam, ab8245) and CCR8 (1:500;
suitable for human and mouse samples; Novus Biologicals, novnb100709, USA) for both cell
types, collagen 1 (1:1000; Abcam, ab34710) for AoAFs, and VE-cadherin (1:1000; Cell Signalling
Technology, D87F2) for HAECs. Membranes were then washed and incubated with secondary
antibodies for 1h, including horseradish peroxidase (HRP)-conjugated anti-mouse (1:10000;
Jackson ImmunoResearch Laboratories, USA) for GAPDH, and anti-rabbit HRP (1:10000; Dako,
Denmark) for all other markers. Resultant protein bands were visualised by Clarity ECL
substrates and the ChemiDoc MP system, with densitometries quantified using Image Lab

Software (Bio-Rad Laboratories, USA).

Statistical analysis

All data were presented as mean * standard error of the mean (SEM), or individual points
with correlation analysis. RT-gPCR data were expressed as fold changes relative to the control
group (untreated cells). Multiple groups were compared via 1-way ANOVA with Tukey’s post-
hoc test (for experiments using human plasma) or Dunnett’s post-hoc test (vs untreated
control AoAFs or HAECs). Linear regression analysis was used to investigate the correlation of
plasma CCL18 levels with systolic blood pressure, age, body mass index (BMI), or number of
anti-hypertensive medications taken. All statistical tests were performed using GraphPad

Prism 8 (USA), with p< 0.05 considered statistically significant.
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3.5 Results

Plasma CCL18 is elevated in resistant hypertension

In this study, the systolic blood pressure (SBP) of patients with essential hypertension
(untreated) and resistant hypertension was elevated to a similar level (155 + 3 and 157 £ 5
mmHg, respectively) compared to normotensive participants (119 + 2 mmHg; p< 0.05) (Figure
1A). Resistant hypertensive (resistant HTN) patients also had 49 % higher plasma CCL18 level
than normotensive subjects (64 + 6 vs 43 + 6 ng/ml; p<0.05) (Figure 1B). No correlation was

found between plasma CCL18 levels and systolic BP (Figure 1 C).

When potential confounding factors were investigated, female resistant HTN patients had
significantly higher plasma CCL18 levels than normotensive female participants (68 + 8 ng/ml
vs normotensive 18 + 5 ng/ml; p< 0.05), whilst no difference was found among the three
groups of male subjects (Figure 2A). CCL18 levels of female normotensive subjects tended to
be lower than those of male subjects (normotensive female vs male: 18 £ 5 vs 51 + 6 ng/ml),
but these changes failed to reach statistical significance due to the low sample size (Figure
2A). In addition, the resistant HTN cohort (male and female data combined) was older (61 *
3 years vs normotensive 46 + 4 years) and had a higher BMI (33 + 1 kg/m? vs normotensive 27
+ 1 kg/m?) (Figure 2B). Further analysis found no correlation of plasma CCL18 levels with age,
and weak correlation between plasma CCL18 and BMI (Figure 2C-D). In the resistant HTN
group, expression of C-reactive protein (CRP; inflammatory marker) was not significantly
changed compared to normotensive subjects, and the number of anti-HTN medications taken

was not associated with plasma CCL18 (Supplementary Figure 1, Supplementary Tables 1-2).

CCL18 does not change a-SMA expression in human aortic adventitial fibroblasts (AoAFs)

To investigate the pro-fibrotic effects of CCL18 on human vascular cells, human AoAFs were
treated with TGF-B1 (10ng/ml; positive control) or CCL18 (3-300 ng/ml), after which mRNA
(3-24h treatments) and protein (24-72h treatments) expression of a-SMA (ACTA2 gene;
myofibroblast marker) were measured. TGF-B1 increased ACTA2 mRNA expression by 6-fold
at 24h (p< 0.01 vs untreated control) but not at 3h or 6h (Figure 3D). a-SMA protein

expression was also increased by TGF-B1 (2-3 fold, 24-72h treatments; p< 0.05) (Figure 4). As
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compared to untreated human AoAFs, no change was observed on the mRNA or protein

expression of a-SMA in CCL18 treated cells (Figures 3D, 4B-G).

CCL18 increases collagen protein generation from human AoAFs

Following TGF-B1 or CCL18 treatment of human AoAFs, collagen generation was also
measured. TGF-B1 (10 ng/ml, 24h)-treated AoAFs had increased mRNA expression of collagen
| (COL1A1) and collagen V (COL5A1) (by 1.5-fold and 2.5-fold vs untreated control,
respectively; p< 0.01), whilst no difference was seen in collagen Il (COL3A1) expression
(Figure 3A-C). Increased collagen | protein (doublet at =130 and 115 kDa) expression was also
observed in TGF-B1 (24h)-treated human AoAFs (2-fold, p< 0.01), with no significant change
at 48h or 72h (Figure 5). By contrast, pro-collagen | expression (doublet at =235 and 215 kDa)
remained unchanged following 24-48h of TGF-B1 treatment, and was reduced at 72h (p< 0.01

vs control) (Figure 5).

CCL18 treatment (3-300 ng/ml, 3-24 h) did not alter the mRNA expression of collagen |, Il or
V in human AoAFs (Figure 3A-C). However, when protein expression was measured, 300
ng/ml of CCL18 caused a 2-fold increase in pro-collagen | generation (at 24h) and a 3-fold
increase in mature collagen | production (at 72h) (p< 0.05 vs control; Figure 5). Expression of
the CCL18 receptor, CCR8 could not be confirmed in AoAFs due to the low specificity of
available antibodies. However, CCR3 (antagonised by CCL18) expression was confirmed in

AOAF (Supplementary Figure 2).

CCL18 promotes a-SMA expression and may reduce VE-cadherin expression in human aortic

endothelial cells (HAECs)

Pro-fibrotic effects of CCL18 were further studied using HAECs, which were treated with TGF-
B1 (10ng/ml) or CCL18 (3-300 ng/ml) for 7 days, and markers of endothelial-mesenchymal
transition (End-MT) were measured. TGF-B1 did not lead to changes in the protein expression
of a-SMA (myofibroblast marker) or VE-cadherin (endothelium marker) (Figure 6). CCL18 had

a biphasic effect on the protein expression of a-SMA (myofibroblast marker), where 10 ng/ml
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treatment significantly increased a-SMA by 1.5-fold (p< 0.05 vs untreated control) (Figure 6B-
C), yet a-SMA levels were unchanged at CCL18 concentrations > 30ng/ml. Changes in the

protein expression of VE-cadherin may also be biphasic, where 10 ng/ml of CCL18 showed a

trend to decrease VE-cadherin (Figure 6D-E).
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3.6 Figures
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Figure 1. Plasma CCL18 and systolic blood pressure (SBP) of normotensive, essential
hypertensive (HTN), and resistant HTN subjects. Essential HTN patients were untreated;
Resistant HTN patients were on at least 3 different classes of anti-HTN medications. SBP (A)
and plasma CCL18 levels (B) were measured in the three subject groups. (C) Correlation

analysis between plasma CCL18 and SBP in the whole cohort (C).

Data presented as mean + SEM, dots depict individual data points (A-B) or individual points
(C), n=14-20 per group or 54 in total. (A-B) *p<0.05 vs normotensive subjects, 1-way ANOVA,
Tukey’s post hoc test. (C) Linear regression analysis.
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Figure 2. Association of plasma CCL18 with gender, age, BMI, diastolic blood pressure (DBP) and heart rate (HR). (A) Plasma CCL18 levels in
different genders. (B) Age, BMI, DBP, and HR measurements in the three subject groups. (C-D) Correlation of CCL18 with age (C) and BMI (D), in
resistant hypertensive (HTN) patients compared to normotensive subjects. Data presented as mean + SEM, dots depict individual data points (A-
B) or individual points (C-D), n= 3-20 per group. (A-B) *p<0.05 vs normotensive subjects, 1-way ANOVA, Tukey’s post hoc test. (C-D) Linear

regression analysis.

90



3h

COL1A1

w

N

-

COL1A1:18S
(relative to control)

COL1A1:18S

(relative to control)
o o - - N
o o o o o
COL1A1:18S

(relative to control)
o o i - N
© o o o o

*

6h

COL1A1

Chapter 3

24 h

COL1A1

o >R % 0 S O >R % 0 S O
o &‘o& é(\ NS 6"0,\ é\ N B
CCL18 ng/ml & CCL18 ng/ml & CCL18 ng/ml
COL3A1 COL3A1 COL3A1
=15 =15 ~20
3 3 3
0 & 0 £ 0 £ 15
£810 £810 -
<8 < 8 <810
325 - e
0. 0.
8% 8% 8% 05
3 @ @
0.0 0.0 0.0
éé"\ o((x LRI RN &‘o\ é&\ LRSI &‘O\ c;(x SIRCER
& A & A _ PN _
CCL18 ng/ml CCL18 ng/ml CCL18 ng/ml
COL5A1 COL5A1 COL5A1
1.5

-
o

COL5A1:18S
(relative to control)
o
o

COL5A1:18S

(relative to control)
o O = = N
o o o o o
o

COL5A1:18S
(relative to control)
o - N w
*
*

(\“\ éx RN o""O\ é‘& NI
o A _ o A
CCL18 ng/ml © CCL18 ng/ml
ACTA2 ACTA2
~15 =15 -8
5 2 g -
wc wc wEe
e810 €310 28
N O N o N o
£5 £s Sl
2205 0205 02
Ly = © 2
@ [ -
S i L
0.0 0.0 0
'éo\ KOS \‘0\ PR N N
P\ & <0 N
CCL18 ng/ml o CCL18 ng/ml

Figure 3. Effects of CCL18 on mRNA expression of collagen (COL) and a-smooth muscle actin
(a-SMA) in human aortic adventitial fibroblasts (AoAFs). Concentration- and time-
dependent effects on COL1A1 (A), COL3A1 (B), COL5A1 (C) and ACTA2 (D; a-SMA) mRNA
expression following 3 to 24 hours of CCL18 (3-300 ng/ml) or TGF-B1 (10ng/ml) treatment.

Data presented as mean * SEM, n= 3-6. MRNA fold changes expressed relative to control
(untreated). ** p<0.01 vs control, 1-way ANOVA, Dunnett’s post hoc test.
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Figure 4. Effects of CCL18 on protein expression of a-SMA in human AoAFs. (A) Schema
depicting the steps involved in fibrosis, highlighting the differentiation of fibroblasts to
myofibroblasts (express a-SMA) and subsequent generation of collagen. Concentration- and
time-dependent effects on a-SMA expression following 24h (B-C), 48h (D-E), and 72h (F-G)
treatment with CCL18 (3-300 ng/ml) or TGF-B1 (10ng/ml). Left panel: quantification data;
right panel: representative western blots. Data presented as mean + SEM, n= 7-9. Fold
changes expressed relative to untreated control. *p<0.05 vs control, **p<0.01 vs control, 1-
way ANOVA, Dunnett’s post hoc test.
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Figure 5. Effects of CCL18 on protein expression of pro-collagen | (pro-col I) and collagen | in human AoAFs. Concentration- and time-dependent
effects on pro-collagen | and collagen | expression following 24h (A-C), 48h (D-F), and 72h (G-1) of CCL18 (3-300 ng/ml) or TGF-B1 (10ng/ml)
treatment. Left panel: quantified pro-col | expression; middle panel: quantified collagen | expression; right panel: representative western blots.

Data presented as mean + SEM, n= 6-11. Fold changes expressed relative to untreated control. *p<0.05 vs control, **p<0.01 vs control, 1-way
ANOVA, Dunnett’s post hoc test.
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Figure 6. Effects of CCL18 on protein expression of a-SMA and VE-cadherin in human aortic endothelial cells (HAECs). Concentration-
dependent effects on VE-cadherin (B-C) and a-SMA (D-E) expression following 7 days treatment with CCL18 (3-300 ng/ml) or TGF-B1 (T; 10ng/ml).
Fibroblast samples (n=2) were included as a positive control for a-SMA and negative control for VE-cadherin. Top panel (A): schema of proposed

mechanism by which CCL18 acts on endothelial cells to promote endothelial-mesenchymal transition and fibrosis; middle panel: representative
western blots (C= control); bottom panel: quantified data. Data presented as mean +SEM, n=4-10. Fold changes expressed relative to untreated
control. ¥p<0.05 vs control, 1-way ANOVA, Dunnett’s post hoc test.
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3.7 Discussion

Resistant hypertension is characterised by chronic uncontrolled high blood pressure, and end-
organ damage. M2 macrophages play a key role in the end-organ fibrosis/damage associated
with hypertension (Moore et al., 2015). Since the pro-fibrotic chemokine CCL18 is highly
expressed in M2 macrophages, this study explored the potential of CCL18 to be a biomarker
and/or a treatment target for resistant hypertension. We have provided the first evidence
that plasma CCL18 is elevated in resistant hypertensive (HTN) patients, and that CCL18
contributes to aortic fibrosis by stimulating collagen generation from human aortic adventitial
fibroblasts (AoAFs) and by promoting endothelial-mesenchymal transition (End-MT). This

study highlights an important role of CCL18 in resistant hypertension.

Patients with resistant hypertension are at a 50% greater risk of a cardiovascular event than
patients with controlled hypertension (Daugherty et al., 2012). To improve outcomes for this
high-risk patient group, early identification of patients at risk of resistant hypertension is
essential. The establishment of a novel biomarker to enable identification of patients unlikely
to respond to conventional therapies, will allow clinicians to distinguish patients who are
likely to be resistant HTN and expedite alternative treatments (e.g. renal denervation) to
lower BP, thereby reducing the risk of a cardiovascular event. Our findings indicate that CCL18
may be such a biomarker. Whilst CCL18 levels have been measured in a number of
cardiovascular diseases, to our knowledge this is the first study to measure CCL18 in
hypertensive patients. We have made the novel finding that CCL18 is elevated in patients with
resistant, but not essential (untreated) hypertension. The validity of this finding is supported
by the observation that plasma levels of CCL18 in healthy (normotensive) subjects (43 [10-97]
ng/ml) were similar to those reported in other studies (42.5 [IQR 31-54] ng/ml) (Ziliotto et al.,
2018). In addition, plasma CCL18 levels in resistant HTN patients (63 [17-122] ng/ml) were
similar to those of high-risk acute coronary syndrome patients (67 [IQR 43—105] ng/ml) (de
Jager et al., 2012). A correlation between BP and CCL18 was not apparent and indeed systolic
BP did not differ between patients with essential and resistant hypertension, with only
resistant HTN patients have elevated CCL18. Collectively these data suggest that plasma
CCL18 levels may be used to distinguish between essential HTN and resistant HTN patients.
Although CCL18 levels appeared to be elevated in some patients with essential hypertension

(>50mg/ml), it must be noted that these patients were newly diagnosed and untreated. We
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do not know if these patients were subsequently diagnosed with resistant hypertension and
the future identification, and exclusion, of such patients from this cohort may lead to a clearer

difference in plasma CCL18 between essential and resistant hypertension.

Despite resistant HTN subjects being older and having a higher BMI, further correlational
analysis shows no or very weak correlation of CCL18 with these factors. However, our finding
that female normotensive subjects appeared to have lower plasma CCL18 levels than their
normotensive male counterparts, yet plasma CCL18 levels were similar between female and
male HTN patients, is of interest. de Torres et al. (2011) demonstrated that plasma CCL18
does not differ between male and female smokers, but to our knowledge, no studies have
compared relevant sex differences in the general healthy population. As such, the underlying
reason for this observed sex difference in CCL18 plasma level remains unclear. CCL18 plasma
levels may also be related to pre- and post- menopausal status of the female participants,
since two of the three normotensive females in our study were in their 20s. However, due to
the small number of normotensive female participants, this hypothesis is yet to be explored.
Collectively, the use of CCL18 as a marker for resistant hypertension may be more relevant in

females than males, which requires confirmation with a larger female cohort.

To confirm whether CCL18 can serve as a biomarker for resistant hypertension, further
investigation is required. Thus, a more accurate determination of the predictive value of
CCL18 will be obtained by increasing the sample size and recruiting more female patients, as
well as determining if those recently diagnosed essential HTN patients are responsive to anti-
HTN treatments or have resistant hypertension. In addition, the correlation of plasma CCL18
with clinical outcome measures, including pulse wave velocity (measure of aortic stiffness),
left ventricular hypertrophy, and glomerular filtration rate will be key to assess the predictive
value of CCL18 for hypertension-associated organ damage. Moreover, combining measures
of CCL18 with those of systemic inflammation, such as C-reactive protein (CRP), tumour
necrosis factor-a (TNF-a) and IL-1B, will further establish its predictive value. In particular,
our preliminary data show a trend for CRP elevation in the plasma of resistant HTN patients
(as compared to normotensive subjects). In line with this, another study has found that CRP
is significantly higher in patients with resistant hypertension as compared to those with
controlled hypertension (Magen et al., 2008). As a general marker of inflammation, CRP

elevation alone may be an indicator, or risk predictor, of various inflammatory diseases and
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cardiovascular events, such as acute coronary syndrome (de Jager et al., 2012). Therefore,
CCL18 in combination with CRP may serve as a more selective marker of resistant
hypertension. Similarly, measures of TNF-a and IL-1B may also be combined with CCL18 to
predict resistant hypertension, due to the upregulation of these inflammatory cytokines in
peripheral blood monocytes from hypertensive patients (Dorffel et al., 1999). Relevant future
directions and clinical implications will be further explored in the General Discussion (Chapter

6).

Our finding that CCL18 is elevated in patients with resistant hypertension and generated by
human M2 macrophages, led us to hypothesise that CCL18 is a key mediator of the pro-
fibrotic actions of M2 macrophages in resistant hypertension. Indeed, CCL18 has been shown
to have pro-fibrotic actions in the lung, promoting collagen generation from pulmonary
fibroblasts and leading to T cell recruitment (Atamas et al., 2003; Pochetuhen et al., 2007).
Moreover, our laboratory has provided evidence that CCL18 can promote fibrosis in the
cardiovascular system, promoting collagen generation from human cardiac fibroblasts (Lewis
et al., unpublished). Here we have extended these studies to investigate the ability of CCL18
to promote collagen generation in human vascular cell types, namely aortic adventitial
fibroblasts (AoAFs) and aortic endothelial cells (HAECs). The chosen concentration range of
CCL18 treatments (3-300 ng/ml) is in relevance to the levels measured in the patients with
resistant hypertension. In human AoAFs, pro-collagen chains are initially synthesized with N-
and C-propeptides at either end (Canty & Kadler, 2005). These propeptides are then secreted
and cleaved by specific N- or C-proteinases to form collagen fibrils, which contribute to
fibrosis (Canty & Kadler, 2005). Since collagen | is the most abundant (67%) type of collagen
in the aorta (Osidak et al., 2015), pro-collagen |, mature collagen | and a-SMA (myofibroblast
marker) have been measured in this study. It was found that TGF-B1 (pro-fibrotic factor,
positive control) increases a-SMA and collagen protein expression at 24h, which is consistent
with previous studies performed on other types of fibroblasts (Jester et al., 1996; Lijnen &
Petrov, 2002). Whilst a-SMA expression, the measure of fibroblast to myofibroblast
differentiation, remained elevated following 72h of treatment with TGF-B1, modulation of
both pro-collagen | and collagen | appeared to be time-dependent with expression attenuated
or unchanged, respectively as compared to untreated fibroblasts at 72h. The reasons

underlying the lack of effect of TGF-B1 on AoAF collagen generation at this time point, are
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unclear. However, collagen | may be predominantly released into the cell culture media by
this stage (Baranyi et al., 2019), which cannot be detected by measuring intracellular proteins.
Another possible explanation is that there may be higher levels of matrix metalloproteinases
(MMPs) present to counter the pro-fibrotic effects of TGF-B1. As such, future studies are

required to measure collagen and/or MMP levels in supernatants of relevant cell cultures.

Unlike TGF-B1, CCL18 did not change a-SMA expression at the mRNA or protein level, and no
previous studies have investigated the effects of CCL18 on a-SMA expression from fibroblasts.
Nonetheless, CCL18 leads to an increase in pro-collagen | production (at 24h), followed by an
increase in mature collagen | (at 72h). The concentration- and time-dependent effects of
CCL18 are consistent with the previously observed actions of CCL18 on pulmonary fibroblasts
(Atamas et al., 2003). These data collectively suggest that instead of promoting myofibroblast

differentiation, CCL18 can directly simulate collagen production from AoAFs.

CCL18 has recently been reported to induce endothelial to mesenchymal transition (End-MT)
in human umbilical vein endothelial cells (HUVECs) (Lin et al., 2015), raising the interesting
possibility that CCL18 may also induce End-MT in HAECs and contribute to the vascular
stiffening that is evident in hypertension (Wu et al., 2016). As a positive control in this
experiment, TGF-B1 is most commonly used to induce pro-fibrotic effects (including End-MT)
(Wang et al., 2017; Zhang et al., 2016). Of note, data with regard to TGF-B and End-MT are
conflicting with a previous study reporting an inability of TGF-B1 to reduce VE-cadherin
(endothelial marker) expression in HUVECs (Maleszewska et al., 2013). One study has also
suggested that TGF-B2, rather than TGF-B1 or TGF-B3, is the predominant TGF-B isoform
responsible for End-MT (Medici et al., 2011). In our study, TGF-B1 indeed increased a-SMA
(myofibroblast marker) expression. Although such an increase was modest, it concurs with a
previous report and as such the effects of CCL18 on End-MT could be investigated (Kokudo et
al., 2008). This study showed that CCL18 leads to increased expression of a-SMA and a trend
for a decrease in VE-cadherin expression in HAECs. Interestingly, CCL18 also had biphasic
effects on measures of End-MT in HAECs, with the increase in a-SMA and decrease in VE-
cadherin peaking at 10 ng/ml and higher concentrations (> 30ng/ml) having no impact. Such
observations may reflect the ability of CCL18 to both activate CCR8 and also antagonise CCR3
(Nibbs et al., 2000). Specifically, studies measuring the chemoattractant potency of CCL18 at

CCRS, reported an ECso value of approximately 3 ng/ml (Atamas et al., 2003), and a pA; value
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at CCR3 of -7.3 (equating to an antagonist concentration of approximately 300 ng/ml) (Krohn
et al., 2013). Therefore, higher concentrations of CCL18 may antagonise CCR3 and lead to
anti-inflammatory and/or anti-fibrotic effects (Komai et al., 2010; Nibbs et al., 2000), which
counteract the pro-fibrotic actions of CCR8. Collectively, our data suggest that an ability of
CCL18 to promote End-MT may represent another mechanism by which CCL18 contributes to

vascular fibrosis in hypertension.

To further explore the pro-fibrotic functions of CCL18 in the vasculature, future studies can
measure pro-collagen | and collagen | in samples of AoAF culture media, and use additional
markers to confirm the ability of CCL18 to promote End-MT. One of the potential End-MT
markers is a transcription factor, SNAIL. In the context of cancer, where End-MT is well
established, studies have shown that CCL18 increases the expression of SNAIL, which
mediates a loss of cell-cell adhesion, a property characteristic of epithelial-mesenchymal
transition and End-MT (Kokudo et al., 2008). SNAIL also facilitates downregulation of VE-
cadherin expression (Medici et al., 2011), and hence may represent a more sensitive marker
of End-MT. In addition, elevated collagen | levels may occur via enhancing tissue inhibitor of
metalloproteinases (TIMPs), or reducing MMPs, expression and activity. As such,
measurements of MMPs and TIMPs in AoAF culture media will allow us to further determine
the mechanisms by which CCL18 promotes vascular fibrosis. In addition, the effects of CCL18
may be studied on other pro-fibrotic cell types in the human vasculature, including vascular
smooth muscle cells and fibrocytes (Wanjare et al., 2015; Yeager et al., 2011). The pro-fibrotic
role of CCL18 may also be related to its ability to attract monocytes and T cells (Broxmeyer et
al., 1999; Pochetuhen et al., 2007), into the heart or vasculature. T cells play a key role in
hypertension-associated organ damage via the production of various mediators, such as
reactive oxygen species and IFNy (Drummond et al., 2019), and CCL18 can act in an autocrine
fashion on macrophages to further promote the pro-fibrotic M2 phenotype (Schraufstatter et
al., 2012). Furthermore, although CCR8 has been proposed as the cognate receptor of CCL18,
its role in the pro-fibrotic actions of CCL18 in both the lung and cardiovascular cell types
remains to be elucidated. CCR8 antagonists or siRNA will be useful tools to confirm whether
the effects of CCL18 are mediated by CCR8, and to determine the relevant downstream

signalling.
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In conclusion, our findings provide evidence that CCL18 is elevated in patients with resistant
hypertension and promotes vascular fibrosis. We suggest that M2 macrophages serve as the
predominant source of CCL18 and this chemokine plays a key role in the end-organ damage
associated with resistant hypertension. Moreover, from a clinical perspective, CCL18 may
serve as a potential biomarker and/or treatment target for resistant hypertension. The early
identification of resistant HTN patients using biomarkers will provide an opportunity for
clinicians to lower cardiovascular event risks in these patients, by early implementation of
traditional multi-drug combination therapies or invasive treatments such as renal
denervation (Zaldivia et al., 2017). Therefore, CCL18 serving as a biomarker and/or a novel
pharmacological treatment target, may lead to a substantial improvement in the clinical

management of resistant hypertension.
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Supplementary Figure 1. C-reactive protein (CRP), anti-hypertensive (-HTN) medications
and plasma CCL18 in resistant HTN subjects. Resistant HTN patients were on at least 3
different classes of anti-HTN medications. CRP levels in normotensive and resistant HTN
patients (A), and correlation analysis between plasma CCL18 and number of anti-HTN
medications taken by resistant HTN subjects (B) were shown.

Data presented as mean + SEM, dots depict individual data points (A) or individual points (B),
n= 6-20 per group. (A) Student’s t-test; (B) Linear regression analysis.
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Supplementary Figure 2. Detection of CCR8 and CCR3 expression in human AoAFs and/or HAECs. (A) Representative western blot of CCR8
expression in AoAF treated with CCL18 (3-300 ng/ml) or TGF-B1 (10ng/ml) for 72h, or in untreated HAECs. C= untreated control; T= TGF-B1;
spleen samples from wildtype and CCR87- mice were included as positive and negative controls, respectively. (B) Representative western blot of
CCR3 expression in AoAF treated with CCL18 (3-300 ng/ml) or TGF-B1 (10ng/ml) for 72h. Sizes of CCR8 in kDa: 40 for human samples, 41 for
mouse samples, 50 for expected band according to manufacturer of the anti-CCR8 antibody.
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Supplementary Table 1. Anti-hypertensive (anti-HTN) medications taken by each resistant HTN patient in the study. # Patient noted to be

"intolerant to virtually all anti-HTN drugs”; *Less than 3 anti-HTN medications recorded.

CCL18
Patient ID Anti-hypertensive (anti-HTN) medications
(ng/ml) yp ( )
. . sotalol X
spironolactone (25 | karvezide (25 mg 1- [norvasc (10 mg 1-0- i physiotens (0.4 mg
35 80.399 mg 1-0-0) 0-0) 0) hydrochloride (40 0-0-1)
o mg 1-0-1)
. i i Spironolactone (25
36 82.21 | Avapro (300 mg) Minax (100 mg) | Physiotens (0.4 mg)| Cordilox (240 mg) mg)
37 50.864 Ramipril (5 mg 1-0- | avapro (300 mg 1-0- natrilix (1.5 mg 1/2-
1) 0) 0-0)
- . Moxonidine (400
38 74.629 | Avapro (300 mg) Natrilix (1.5 mg) | Verapamil (240 mg) )
39 85.43 Lasix (40 mg) Micardis (80 mg) | Aldomet (250 mg)
Indapamide (2.5
40 49.948 | Coveram 10/10 |Hydralazine (25 mg)| Minax (100 mg) |Physiotens (400 mg)| Prazosin (5 mg) P mgl) (
At dPlus (32/25
41 64.895 acan m:)s 32/ Betaloc (100 mg) Zanidip (20 mg) [Hydralazine (25 mg) | Fruozemide (60 mg)| Minipress (15 mg) Loniten (15 mg)
Methyld Micardis PLUS80 | T d tch | Spil lact 25
42 86.675 |Forusemide (20 mg) S cardis eI (1S piranolactone ( Felodipine (2.5 mg)
(500ng) (12.5 mg) (50mcg) mg)
43 17.333 Transiderm Physiotens (0.2 mg)| Pressin (7.5 mg) Lasix (40 mg)
: Nitropatch (50 mg) v S =i E
44 # 53.656
- Methyldopa (250 Olmetec Plus Spironolactone (25
45 57.018 | Anginine (rarel Caduet (10/20 m, Noten (100 m,
ginine (rarely) ( g) ( g) mg) (40/25 mg) mg)
. Avapro HCT
46 58.691 |Physiotens (400 mg)| Norvasc (10 mg) Aldactone (25 mg)
(300/25 mg)
47 122.39 | Atenolol (50 mg) | Netrilix XR (1.5 mg) Nitro-Dur Patch (10 Prazosin (1 mg) Teveten (600 mg) Spironolactone (25 Zanidip (20 mg)
) . =i mg/24hrs) . . mg) p e
48 * 47.675 | Minipress (0.5 mg)
A HCT Physiot
49 105.39 | Zanidip (20 mg) SRS UETSES Coversyl (10 mg)
(300/25 mg) (400mcg)
Aldactone (12.5
50 38.675 |Avapro (300/25 mg)| Hydopa (50 mg) | Metropdol (50 mg) mg)
Spironolactone (25 Metoprolol (100 . . X Lercanidipine (20
51 98.028 | Eplerenone (25 mg) mg) Irbesartan (300 mg) mg) Physiotens (200 mg)| Prazosin (5 mg) Frusemide (40 mg) mg)
C | Pl M idi 0.4 Spi lact
52 60.129 (g‘/lir;; m:)S Metoprolol (50 mg)| Prazosin (5 mg) Minoxidil (10 mg) Norvasc (10 mg) oxor;lqgl)ne ( plr(olr(;g fncg)one
Gl | Trinitrat
53 17.48 |Metoprolol (50 mg)| Amlodipine 10 yigr:]g ::thLa € Prazosin (1 mg) Ramipril 10 Atacand 32 Lasix 40 Chlorthalidone 25
C 1 PI Exf 10/160
54 28.79 | Aldomet (250 mg) Coversyl (5 mg) (cs)\//:r;; m;)S Sotalol (40 mg) X org:]é) / Physiotens (400 mg)| Tegretol (300 mg)
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Supplementary Table 2. Non-anti-HTN medications taken by each resistant HTN patient in the study. # Patient noted to be "intolerant to

virtually all anti-HTN drugs”; *Less than 3 anti-HTN medications recorded.

CCL18
Patient ID Other medications
(ng/ml)
35 £0.399 Aspirin (100 mg 1-04 crestor (5 mg 1-0- |effexor (75 mg 1-0-
0) 0) 0)
36 82.21
37 59.864
38 74.629 | Nexium (40 mg) Osteovit (75 mg) | Caltrate (600 mg) Effexor;;()R = Thyroxin (100 mg) Lipitor (10 mg)
. Metformin (500
39 85.43 | Aspirin (100 mg)
mg)
40 49.948 Lipidil (145 mg)
a1 64.895 | Nexium (40 mg)
Metf i
42 | 86.675 | Aspirin(100mg) |Clopidogrel (75 mg)| Endep (25 mg) et °r:2;" (BT Ostelin 1000 | Targin (10/5 mg)
Janumet
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4.1 COVID-19 impact statement

In Chapter 4, sample sizes are low in some animal cohorts, particularly for saline-treated
wildtype mice (n=2 in histological studies, n=3-6 in other studies). This is due to the COVID-19
pandemic, during which several mice (mainly wildtype mice assigned to the saline treatment
group) could not be treated for blood pressure or end-point measurements. The
unpredictable nature of littermate generation, together with the need to reduce the colony
size in preparation for the first COVID-19 related lockdown in Melbourne, has further
prevented relevant experiments from being conducted during the short period of restriction

relaxation (mid-May to early July).
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4.2 Abstract

Introduction: M2 macrophages contribute to vascular fibrosis and stiffening in hypertension.
M2 macrophages are also the major source of a pro-fibrotic chemokine, C-C motif chemokine
ligand 18 (CCL18), which activates its cognate receptor, C-C motif chemokine receptor 8
(CCR8). However, the role of CCL18 or CCR8 in hypertension has not been investigated. This
study aimed to explore the effects of global CCR8 deletion on hypertension and its associated

end-organ damage in male and female mice.

Methods: CCR8 knockout (CCR8 KO; C57BL/6J background) male and female mice, and their
wildtype (WT) littermate controls were treated with saline or angiotensin Il (Ang II; 0.7
mg/kg/d, 14d, s.c). Blood pressure was measured via tail cuff plethysmography, organs
(including heart and kidneys) weighed, and vascular function assessed by wire myography. In
the aortae of male mice, mRNA expression of CCL8, CCR8, CD206 (M2 macrophage marker)
and oxidative stress markers were measured via qRT-PCR. Aortic structure, elastin regulation
and adventitial fibrosis were assessed by staining with Haematoxylin and Eosin, Verhoeff-Van

Gieson and picrosirius red, respectively.

Results: In both male and female CCR8 KO mice the hypertensive response to angiotensin Il
and associated cardiac hypertrophy, were unchanged. The augmented contraction to
phenylephrine in the aorta from male hypertensive mice, was maintained in angiotensin Il-
treated CCR8 KO mice. By contrast, endothelium-dependent relaxation to ACh was enhanced
in the aorta of male hypertensive CCR8 KO mice as compared to wild-type hypertensive mice.
Genetic deletion of CCR8 appeared to reduce the hypertension-associated increase in aortic
CCL8 mRNA expression to levels seen in saline-infused wild-type mice. CCR8 KO hypertensive
aortae had unchanged expression of oxidative stress markers as compared to WT

hypertensive mice, and no improvements were seen on vascular remodelling or fibrosis.

Discussion: Genetic deletion of CCR8 provides little protection for male and female mice from
systolic blood pressure elevation or the hypertension-associated end-organ damage, in a 14d
Ang Il model of hypertension. Therefore, the CCL8-CCR8 axis may not serve as a key

contributor to the short-term development of hypertension.
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4.3 Introduction

Hypertension associated end-organ damage involves the remodelling, stiffening and fibrosis
in the vasculature, heart, and kidneys (Diez, 2007; Oparil et al., 2003; Zhao et al., 2008).
Inflammation and in particular, the “M2” subset of macrophages play an important role in
hypertension and its associated end-organ damage. Specifically, when hypertension is
induced by 14 days of angiotensin Il (Ang 1) treatment in mice, M2 macrophages infiltrate and
accumulate in the hypertensive vasculature (Moore et al., 2015). This M2 macrophage
accumulation is associated with an increase in heart weight, vascular fibrosis, and vascular
remodelling, evident following 28 days of treatment with Ang Il, and reversed by the

inhibition of macrophage infiltration (Moore et al., 2015).

Whilst the mechanisms via which M2 macrophages promote vascular fibrosis remain
unknown, the pro-fibrotic chemokine, C-C motif chemokine ligand 18 (CCL18) (Schutyser et
al., 2005) may play a key role. Thus, M2 macrophages generate large amounts of CCL18 (Zhu,
2016), which has a chemotactic effect on several types of inflammatory cells, including T and
B lymphocytes and immature dendritic cells, and promotes lung remodelling (Schutyser et al.,
2005). Whilst the pro-fibrotic effect of CCL18 is due in part to its ability to promote T cell
infiltration (Pochetuhen et al., 2007; Wynn & Ramalingam, 2012), it can also directly stimulate
collagen generation from pulmonary fibroblasts (Atamas et al., 2003). To date, no studies
have been published to explore the potential role of CCL18 in hypertension and/or its
associated end-organ damage. However, there is evidence suggesting that CCL18 contributes
to cardiovascular diseases, including coronary artery disease (acute coronary syndrome and
angina), atherosclerosis, and aneurysm (de Jager et al.,, 2012; Kraaijeveld et al., 2007,
Versteylen et al., 2016). These findings raise the interesting possibility that CCL18 may also

contribute to the pathophysiology of hypertension and the associated fibrosis.

In further support of this hypothesis, the recently identified cognate receptor of CCL18, C-C
motif chemokine receptor 8 (CCR8) (Islam et al., 2013) is expressed on cardiovascular relevant
cell types such as vascular smooth muscle cells and human umbilical vein endothelial cells
(HUVECs) (Haque et al., 2004), together with immune cells (Connolly et al., 2012). Thus, CCR8
promotes the chemotaxis of leukocytes into sites of inflammation, including type 2 T helper

cells (Th2 cells), monocytes and macrophages (Connolly et al., 2012). Although CCR8 has
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another ligand, CCL1, CCL18 is more highly expressed in inflammation (Islam et al., 2011). As
such, CCL18 is more likely to be the key modulator of CCR8 function in diseases that are
associated with inflammation, such as hypertension. Like CCL18, the role of CCRS8 in

hypertension also remains to be explored.

It is difficult to study the role of CCL18-CCR8 axis using animal models, because CCL18 does
not have orthologues in rodents. However, Islam et al. (2013) suggested that human CCL18
(hCCL18) and mouse CCL8 (mCCL8) are functional analogues, both of which activate CCRS.
Indeed, the expression of mCCL8 is increased in the hypertensive vasculature of mice (Moore
et al., 2015), and preliminary findings from our laboratory suggest that mCCL8 is co-localised
with M2 macrophages in the vascular wall. Collectively, these data suggest that the hCCL18-
or mCCL8-CCR8 axis may play a key role in hypertension and genetic deletion of CCR8 may
serve as a useful tool to delineate the contribution of this signalling pathway in this disease

setting.

We hypothesized that genetic deletion of CCR8 would limit the increase in blood pressure (BP)
and/or end-organ damage in hypertension. Utilising a 14-day Ang Il infusion model of
hypertension, this study aimed to explore the effects of globally knocking out CCR8 on BP,
heart and kidney weights, and vascular function in male and female mice. Since female
hypertensive mice were protected from vascular dysfunction per se, we further investigated
the effects of CCR8 genetic deletion on vascular inflammation, remodelling and fibrosis in

male Ang ll-treated mice.
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4.4 Methods

Animals and genotyping

CCR8 knockout (CCR8 KO) mice, and their wildtype (WT) littermates used in this study were
generated via CCR8"/" x CCR8*/ breeding (all with a C57BL/6J background). Female and male
mice were used at 10-14 weeks and 8-13 weeks of age, respectively. CCR8 KO mice were
generated via CRISPR/Cas9, by the Australian Phenomics Network, Monash University. Mice
were bred and housed at the Animal Research Laboratories or Pharmacology Mouse Room
(Monash University, Clayton, Australia), on a 12-hour light-dark cycle and provided with free
access to chow diet and drinking water. A REDExtract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich,
Germany) was used to identify the genotype of each mouse, as per manufacturer’s
instructions (detailed in Chapter 2, Section 2.2). In this procedure, DNA was extracted from
the tip of each mouse tail, and 100 ng DNA from each mouse was amplified with custom made
primers for CCR8 (Sigma-Aldrich, Germany), followed by the loading of DNA into agarose gels
for electrophoresis. All procedures were approved by the Monash Animal Research Platform

Ethics Committee (Ethics Number: MARP/2017/104).

Angiotensin infusion model of hypertension

WT mice were randomly assigned to a vehicle (saline) or angiotensin Il (Ang Il, 0.7 mg/kg/d,
GL Biochem, China) infusion group, and all CCR8 KO mice were treated with Ang Il (0.7
mg/kg/d). Treatments were administered via osmotic minipumps (Model 2002, Alzet, USA)
for 14 days. All mice were under isoflurane anaesthesia (0.4 L/min, 2% inhaled with oxygen)
during minipump implantation, where a lateral incision of =10 mm was made through the skin
at the neck. A subcutaneous pouch was created through this incision, in which minipumps
were inserted, followed by the closing of incision with monofilament sutures. After the

surgery, mice were allowed to recover and then returned to home cages.

Tail cuff plethysmography

Systolic blood pressure (BP) was measured using tail cuff plethysmography (MC4000 multi-

channel blood pressure analysis system; Hatteras Instruments, USA). After mice were
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acclimatised to the BP monitoring equipment, BP was recorded 3 days before surgeries, 1 day
before surgeries, and just prior to surgeries (Day 0) to form an average baseline BP. During
the 14-day treatment period, BP was measured on Days 3, 7, 10 and 14. BP was recorded for
25-30 measurement cycles on each day of measurement, where mice were placed in
restraints on a heated platform (40°C), with an inflatable cuff around the base of each tail.
Systolic BP was recorded as the cuff inflation pressure required to fully occlude blood flow in
the tail. At the end of the treatment period, mice were killed via overdose of CO,, with the
aorta, kidneys, heart, spleen, liver and lungs of each mouse removed and weighed before

being processed for end point measures.

Wire myography

To assess vascular function, abdominal aortae were isolated from CCR8 KO and WT mice, the
fat and connective tissues removed and aortae cut into 2 mm sections. Aortic sections were
mounted in a small vessel myograph (Danish Myo Technology A/S, Denmark) on pin mounts
(200 pm diameter) and changes in isometric tension recorded (LabChart 8, ADI Instruments,
New Zealand). Vessels were kept at a resting tension of 5mN at 37 °C in Kreb’s solution (in
mM: 118 NaCl, 4.5 KCl, 0.5 MgS0Qs, 1 KH2POa4, 25 NaHCO3, 11.1 glucose, 2.5 CaCly; pH 7.4), and
bubbled with carbogen (5% CO2, 95% oxygen). Arteries were contracted maximally with the
thromboxane A; mimetic, U46619 (0.3 uM). Once the contraction had reached a plateau,
vessels were washed, tension allowed to return to baseline and then arteries were

rechallenged with U46619 (0.3 UM; Fmax).

Endothelium-dependent and -independent vasorelaxation responses were assessed by
constructing cumulative concentration-response (CR) curves to acetylcholine (ACh; 1 nM- 30
uM) and the NO donor, diethylamine NONOate (DEA-NO; 0.3 nM- 30 uM), respectively in
aortae pre-contracted to =65 % FmaxWith titrated concentrations of U46619. In separate aortic
sections, cumulative CR curves to phenylephrine (PE; 1 nM-30 uM), were constructed.
Arteries were then washed with Krebs’, pre-contracted to =20-30 % Fmax with U46619 prior to
the addition of N(w)-nitro-L-arginine methyl ester (L-NAME, 100 uM) to assess endogenous
NO bioavailability.
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mRNA measurements in aortae

The top third section of thoracic aorta from each mouse was snap frozen in liquid nitrogen
for mMRNA measurements via real-time quantitative reverse transcription polymerase chain
reaction (RT-gPCR). RNA was extracted from thoracic aortae using the RNeasy Micro Kit
according to manufacturer’s instructions (Qiagen, Germany), with its yield and purity
assessed by QiaExpert (Qiagen, Germany) (protocols detailed in Chapter 2, Section 2.10). The
extracted RNA was then converted to cDNA using a High-capacity cDNA reverse transcription
kit (as per the manufacturer’s instructions; Applied Biosystems, Australia), and a thermal

cycler (BioRad MyCycler; BioRad, USA) (as detailed in Chapter 2, Section 2.10).

Resultant cDNA samples were used to measure gene expression of CD206 (M2 macrophage
marker), CCL8, CCRS8, and the oxidative stress markers NOX2 (NADPH oxidase 2), eNOS
(endothelial nitric oxide synthase), SOD1 and SOD3 (superoxide dismutase 1 and 3) (primers
were from Life Technologies, USA). GAPDH was used as the house-keeping gene, and relevant
RT-qPCR was run in triplicates, as described in Chapter 2, Section 2.10, in the Bio-Rad CFX96
Real-Time PCR Detection System (Bio-Rad Laboratories, USA). mRNA expression was
determined by the comparative cycle threshold (Ct) method (Schmittgen & Livak, 2008), being
normalised to GAPDH and expressed relative to the average control values from saline-

treated WT mice.

Histological studies

The bottom section of thoracic aorta (=4 mm) from each mouse was fixed in 10 % neutral
buffered formalin for 3 days. Aorta segments were then embedded in paraffin and cut into
cross sections of 4 um for Verhoeff-Van Gieson (VVG) staining, or 5 um for hematoxylin and
eosin (H&E) and Picrosirius red staining. The embedding and cutting of aortic segments, VVG
and H&E staining were performed by Monash Histology Services (Monash University, Clayton,

Australia).
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Aortic segments were stained with H&E or VVG to assess the structure and elastin content of
mouse aortae, respectively, as per protocols developed by Monash Histology Services
(Monash University, Clayton, Australia) (Appendices 1-2). Images for these stains were
captured at up to x40 magnification by a slide scanner (Aperio Scanscope AT Turbo, Leica
Biosystems, Germany). Each section was analysed as a whole, with data averaged from 3

sections per animal.

Picrosirius red stain was used to measure the collagen content in the vasculature. In brief,
aortic sections were de-waxed by being submerged in xylene and a series of graded ethanol
solutions. The sections were then rinsed with water, followed by immersion in Bouin’s fixative
for 1 hour at 60 °C. Fixed slides were washed in water and stained with picrosirius red (0.01%;
Sigma-Aldrich, USA) for 1 hour. After staining, sections were washed with water, 80% ethanol,
and xylene, successively. To prepare slides for imaging, non-aqueous DPX (VWR International,
USA) was used as a mounting medium for cover-slipping. Slides were imaged at x10 and x20
magnification using both bright-field and polarised microscopy (Olympus BX51, Olympus Life

Science, Australia). 6 fields of views of each section (1 section per animal) were analysed.

Statistical analysis

All data were presented as mean * standard error of the mean (SEM). Organ weights were
expressed as % of body weight. Vasorelaxation responses to ACh or DEA-NO were expressed
as % reversal of pre-contraction to U46619, and vasoconstriction responses to PE or L-NAME
were expressed as % of Fmax. RT-gPCR data were expressed as fold changes relative to the
control group (saline-treated WT mice). Quantification of histological staining was performed
in a blinded manner, with picrosirius red staining expressed as % of adventitial area. Elastin
dysregulation was assessed using a scoring system, with a score of 1= no dysregulation, 2=

mild dysregulation, 3= moderate dysregulation, 4= severe dysregulation.

Student’s unpaired t-test was used to compare the baseline BP of WT and CCR8 KO mice. 2-
way ANOVA (with Tukey’s post-hoc test) was used to compare systolic BP or body weight

measurements in multiple treatment groups over the 14-day treatment period. All other data
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were analysed by 1-way ANOVA with Tukey’s post-hoc test. All statistical tests were

performed using GraphPad Prism 8 (USA), with p< 0.05 considered statistically significant.
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4.5 Results

Genetic deletion of CCR8 does not lower systolic blood pressure in male and female mice

with angiotensin 1l (14d)-induced hypertension

CCR8/- (CCR8 KO) mice and their littermate CCR8*/* (wildtype; WT) controls were identified
by genotyping (Figure 1). When designed Forward Primer and Reverse Primer 1 were used to
amplify mouse tail DNA, PCR product from WT mice was a single band of 1401 bp, whilst
CCR8*/~ (heterozygous; Het) or CCR8 KO mice produced a single band of 405-432 bp. To
further distinguish the genotypes, a second reverse primer (Reverse Primer 2) was used, with
a single band of 563 bp produced from WT or Het mice, and no PCR products from CCR8 KO

mice.

Identified CCR8 KO and WT littermates were used to investigate the potential role of CCR8 in
hypertension. Mean baseline systolic blood pressure (BP) in male CCR8 KO mice was slightly
lower than that in male WT mice, but this difference did not reach statistical significance (114
+ 1.3 vs 120 + 2.6 mmHg, p= 0.055) (Figure 2A). In addition, baseline systolic BP remained
unchanged in female CCR8 KO (117 £ 6.1 mmHg) as compared to female WT (116 + 3.5 mmHg)
mice (Figure 2B). In male WT mice, angiotensin Il (Ang Il) infusion caused a significant
elevation in systolic BP by day 7 (148 + 6.8 mmHg, n= 6, p<0.05) which was maintained at day
10 and then modestly attenuated at day 14 (136 + 8 mmHg, Figure 2C). The pressor response
to Ang Il was unchanged in male CCR8 KO mice. In contrast to male WT mice, the pressor
response to Ang Il in female WT mice was delayed such that a significant increase in systolic
BP was not observed until day 14 (155 £ 5.7 mmHg vs 120 + 5.5 mmHg in saline-treated
females, n= 3-8, p<0.05) (Figure 2D). In CCR8 KO female mice, a more rapid rise in systolic BP
was observed following infusion with Ang Il with a significant increase observed at day 7 (148

+ 4.8 mmHg, n= 3-7, p<0.05) which was sustained until day 14 (Figure 2D).

Genetic deletion of CCR8 does not affect organ weights in male and female mice with

angiotensin Il (14d)-induced hypertension

Organ weights were measured to provide an initial assessment of organ damage associated

with hypertension. The body weight (BW), of male (8-13 weeks old on Day 0) and female (10-
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14 weeks old on Day 0) mice, over the 14-day treatment period, did not differ among the
treatment groups (WT+ saline, WT+ Ang Il, CCR8 KO+ Ang Il) (Figure 3A-B). Ang Il infusion in
male WT and CCR8 KO mice did not lead to significant changes in kidney, liver, spleen, or heart
weights (Figure 3C). Cardiac hypertrophy, assessed by heart weight/body weight ratio was
apparent in WT female mice following Ang Il treatment (WT+ Ang II: 0.55 £ 0.02 vs WT+ saline:
0.42 + 0.03 %BW; n= 3-8, p<0.05), yet the magnitude of Ang ll-induced hypertrophy was
unchanged in female CCR8 KO mice (0.53 + 0.02 %BW) (Figure 3D).

CCR8 KO male mice have improved endothelium-dependent vasorelaxation in response to

acetylcholine

Preliminary experiments in untreated, naive male and female CCR8 KO mice, demonstrated
that genetic deletion of CCR8 did not alter endothelium-dependent (ACh), or -independent
(DEA/NO) vasorelaxation in isolated abdominal aorta (Supplementary Figure 1 & 2). In male
WT and CCR8 KO mice, vasorelaxation to ACh was markedly attenuated by the NOS inhibitor,
L-NAME. By contrast, in female CCR8 KO mice a L-NAME resistant component to ACh-induced
relaxation was apparent at concentrations >3 uM (Supplementary Figure 2A). Genetic
deletion of CCR8 did not change contractile responses to the thromboxane A, mimetic,
U46619 in abdominal aorta from either male or female mice (Supplementary Figure 1 & 2).
By contrast, in male mice the maximal contraction to phenylephrine (PE) appeared to be
enhanced in aorta from CCR8 KO (Fmax: 47 + 5 %) versus WT (Fmax: 24 + 6 %, p=0.06) mice
(Supplementary Figure 1C). In both male WT and CCR8 KO mice, the maximum contraction
to PE was further augmented following treatment with L-NAME (WT + L-NAME: Fmax = 86 4 %;
CCR8 KO + L-NAME: Fmax = 81 + 6 %). Whilst contractile responses to PE did not differ
significantly between WT and CCR8 KO female mice (WT: pECs0=5.70+0.13, Fmax=52 £ 16 %;
CCR8 KO: pECsp =5.73 + 0.09, Fmax= 69 * 9 %), L-NAME increased the potency to PE by =10-
fold (p<0.05) with a trend for an increase in maximum response, in both genotypes

(Supplementary Figure 2C).

In WT male and female mice, Ang Il treatment did not alter endothelium-dependent
vasorelaxation to acetylcholine (ACh), endothelium-independent vasorelaxation to DEA-NO,

or L-NAME-induced contraction (a measure of endogenous NO bioavailability) in the isolated
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aortae (Figures 4A-4C, 5A-5C). The maximum contraction to PE was significantly increased in
male WT mice following Ang Il infusion (Fmax: 61 £9 % in WT + Ang Il vs 33 +9 % in WT + saline,
p< 0.05), whilst no significant change in the contractile response to PE was observed in
hypertensive female WT mice (Figures 4D, 5D; Table 1). Of note, a positive correlation
between the maximum contraction to PE and BP in male WT mice was apparent 14 days after
Ang |l infusion (r’= 0.42, p< 0.05; Supplementary Figure 4A-B). No positive correlation
between the contraction to the thromboxane A; mimetic, U46619 and BP was observed
(Supplementary Figure 4A-B) with the maximal contraction to U46619 similar between

aortae from saline- (1.4 £ 0.2 mN) and Ang ll-treated (1.3 £ 0.1 mN) mice.

Whilst the development of Ang ll-induced hypertension was not associated with endothelial
dysfunction, the genetic deletion of CCR8 augmented the maximal response to ACh in the
aorta from male mice following Ang Il infusion (CCR8 KO + Ang Il: Rmax =90+ 0.4 % vs WT +
Ang Il: Rmax =72 £ 5 %, p<0.05). Although a cohort of 14d saline-treated CCR8 KO mice was
not included in this study, vasorelaxation to ACh in hypertensive CCR8 KO mice was similar to
that in 28d saline-treated CCR8 KO mice included in Chapter 5 (CCR8 KO + saline: Rmax =86
3 %; 28d treatment) (Figure 4A). Vasorelaxation to DEA/NO and L-NAME-induced contraction
were unchanged in hypertensive CCR8 KO mice as compared to saline- and Ang Il-treated WT
mice (Figure 4B-C). Relative to saline-treated WT mice, saline- and Ang IlI- treated CCR8 KO
mice displayed augmented contractions to PE (CCR8 KO + saline 28d: Fmax = 50 + 4 %; CCR8
KO + Ang Il: Fmax = 66 £7 %), that were similar in magnitude to those observed in the aortae
from hypertensive WT mice (Figure D). The positive correlation between the maximal
contraction to PE and BP, observed in WT mice was not apparent in CCR8 KO mice (r?= 0.02,

p= 0.74) (Supplementary Figure 4A-B).

Following Ang Il infusion in CCR8 KO female mice, responses to ACh, L-NAME and DEA-NO
remained unchanged. Although as compared to WT, vasorelaxation to DEA/NO tended to be
less potent in both WT + Ang Il and CCR8KO + Ang Il these changes were not statistically
significant. Also, similar to their male counterparts, the maximum contraction to PE in female
hypertensive CCR8KO mice showed a tendency to increase (CCR8 KO + Ang Il Fmax: 58 + 7 %
vs. WT + Ang Il: 33 £ 5 %) but these differences were not statistically significant (Figure 5,
Table 2).
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In isolated mesenteric arteries from male mice, neither Ang Il treatment or genetic deletion

of CCR8, appeared to change the response to ACh, DEA-NO or PE (Supplementary Figure 3).

Genetic deletion of CCR8 may limit the increase in CCL8 mRNA expression in the

hypertensive vasculature of male mice

In male mouse aortae, mRNA expression of CD206 (marker of M2 macrophages), CCL8, CCR8
and oxidative stress markers were measured. Hypertensive WT mice showed a trend for an
increase in CD206 and CCL8 mRNA expression, with no change in CCR8 expression (Figure 6B-
D). CCR8 expression was not detected in aortae from CCR8 KO hypertensive mice (Figure 6D).
Whilst genetic deletion of CCR8 did not change the expression of CD206 in the hypertensive
vasculature, it led to an apparent reduction in CCL8 mRNA expression in the aortae of CCR8

KO + Ang Il mice, yet these changes did not reach statistical significance (Figure 6C-D).

Among the oxidative stress markers studies, NOX2 (NADPH oxidase 2) mRNA expression
showed a trend for elevation in the vasculature of WT hypertensive mice as compared to
saline treated WT mice (Figure 7A) and this was sustained following genetic deletion of CCR8.
The mRNA expression of eNOS (endothelial nitric oxide synthase), and the antioxidants SOD1
(superoxide dismutase 1) and SOD3 remained unchanged in the aortae of hypertensive WT

and CCR8 KO mice (Figure 7B-D).

Genetic deletion of CCR8 does not limit the structural remodelling of the aorta in Ang Il-

treated mice.

Vascular remodelling, elastin structure and adventitial collagen deposition were also assessed
in male mice. In the hypertensive WT vasculature, there was a trend for a modest increase in
media: lumen ratio (25 % increase), and adventitial collagen content (26 % increase) (Figures
8-10), however due to the low sample size in the WT + saline treatment group (n=2), statistical
comparisons could not be made. Although elastin dysregulation was apparent in two of the
four aortae from hypertensive WT mice, dysregulation was also apparent in one of the aortae

from a saline-treated WT mouse, with the limited sample size contributing to this variability

123



Chapter 4

in elastin dysregulation scores. Genetic deletion of CCR8 did not appear to prevent the medial
thickening, elastin dysregulation or increased collagen content in aortae of Ang ll-treated

mice (Figures 8-10).
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4.6 Figures
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Figure 1. Genotype identification of CCR8*/* (WT), CCR8*/- (Het) and CCR8”/- (CCR8 KO) mice.
(A) Schema illustrating the relative locations of designed primers. (B) Representative image
of PCR products generated using Forward primer with Reverse primer 1 (F + R1), Forward
primer with Reverse primer 2 (F + R2), or all three primers. DNA was extracted from the tips
of mouse tails, and the designed primers were used to amplify relevant fragments via PCR.

PCR products were then loaded onto agarose gels for electrophoresis.
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Figure 2. Effect of 14-day angiotensin Il infusion on systolic blood pressure (BP) of male and
female WT and CCR8 KO mice. (A-B) Baseline systolic BP of wildtype (WT) and CCR8 knockout
(KO) mice, in males (A) and females (B). (C-D) Systolic BP over 14 days where male (C) and
female (D) mice were treated with saline or Ang Il (0.7 mg/kg/d). BP was measured by tail cuff

plethysmography.

Data presented as mean + SEM, where n = number of animals. (A-B) Student’s unpaired t-test.
(C-D) *p<0.05 WT + Ang Il vs. WT + Saline, # p<0.05 CCR8 KO + Ang Il vs. WT + Saline; 2-way
ANOVA, Tukey's post hoc test.
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Figure 3. Effects of 14-day angiotensin Il infusion on the body and organ weights of male WT and CCR8 KO mice (A-B) Body weights of
wildtype (WT) and CCR8 knockout (KO) mice over 14 days, where male (A) and female (B) mice were treated with with saline or Ang Il (0.7
mg/kg/d). (C-D) Organ weights of WT and CCR8 KO mice (relative to body weights), at the end of the saline or Ang I (0.7 mg/kg/d) treatment.
Data presented as mean + SEM, where n= number of animals. (A-B) 2-way ANOVA, Tukey’s post hoc test. (C-D) *p<0.05 vs. WT + Saline; 1-

way ANOVA, Tukey’s post hoc test.
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Figure 4. Effect of 14-day angiotensin Il infusion on the function of the abdominal aorta in
male WT and CCR8 KO mice. Cumulative concentration response curves to acetylcholine (ACh)
(A), DEA-NO (B) and phenylephrine (PE) (D) and L-NAME (100uM)-induced contraction (C) in
isolated abdominal aortae from wildtype (WT) and CCR8 knockout (KO) mice treated with
either saline or Ang Il (0.7 mg/kg/d) for 14 days. A CCR8 KO group treated with saline for 28

days was included in (A) and (D) for comparison and interpretation purposes.

Data expressed as % reversal of pre-contraction to U46619 (A-B) or % of the maximal U46619
contraction (C-D). Data presented as mean + SEM, where n = number of animals. *p<0.05 vs.
WT + saline (maximal contraction to PE), #p<0.05 vs. WT + Ang Il (maximal relaxation to ACh);

1-way ANOVA, Tukey's post hoc test.
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Figure 5. Effect of 14-day angiotensin Il infusion on the function of the abdominal aorta in

female WT and CCR8 KO mice. Cumulative concentration response curves to acetylcholine

(ACh) (A), DEA-NO (B) and phenylephrine (PE) (D) and L-NAME (100uM)-induced contraction

(C) in isolated abdominal aortae from wildtype (WT) and CCR8 knockout (KO) mice treated

with either saline or Ang Il (0.7 mg/kg/d) for 14 days.

Data expressed as % reversal of pre-contraction to U46619 (A-B) or % of the maximal U46619

contraction (C-D). Data presented as mean + SEM (when n> 2) or mean (when n= 2), n=

number of animals. 1-way ANOVA, Tukey's post hoc test (when n> 2).

129



treated male mice.

Chapter 4

Table 1. Effect of genetic deletion of CCR8 on relaxation to ACh and DEA/NO and contraction to PE in isolated aortae from saline- and Ang II-

Vasodilator/ Vasoconstrictor
ACh DEA-NO PE
Group P traction Pre-contraction
re-con -
ECs (-log M)| R % ECs, (-log M)| R % ECso (-log M)| F %
pPECso ( g ) max ( °) (% ua max) PECs ( g ) max ( °) (% ua max) p 50 ( 4 ) max ( °)
WT + saline 7.72+0.22 797 65+1 7.87 £0.31 82+4 59+0.4 5.93+0.6 34+10
WT + Ang Il 7.2+0.09 725 683 7.58 £0.18 835 69+4 6.39+0.22 | 61+9*
CCR8 KO + saline (28d
i 7.45+0.15 863 642 ND ND 58 +2 6.17+0.11 504
model, for comparison)
CCR8 KO + Ang Il 7.54+0.07 |90+0.4# 683 7.51+0.07 87+4 56+4 6.35+0.32 | 66+7 *

PECso values expressed as -log M, Rmax values as % reversal of the level of pre-contraction to U46619, and Fmax values as % contraction to U46619
(0.3 uM). Values given as mean + SEM. n=3-9. *p<0.05 vs. WT + saline (maximal contraction to PE), #p<0.05 vs. WT + Ang Il (maximal relaxation

to ACh); 1-way ANOVA, Tukey's post hoc test.

WT + saline: WT mice treated with saline for 14 days; WT + Ang Il: WT mice treated with Ang Il (0.7mg/kg/d) for 14 days; CCR8 KO + saline:
CCR8 KO mice treated with saline for 28 days, included for comparative purposes as data was not obtained for a 14-day saline treatment; CCR8
KO + Ang Il: CCR8 KO mice treated with Ang Il (0.7mg/kg/d) for 14 days. ACh: acetylcholine; DEA/NO: diethylamine NONOate; PE: phenylephrine;

ND: not determined.
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Table 2. Effect of genetic deletion of CCR8 on relaxation to ACh and DEA/NO and contraction to PE in isolated aortae from Ang ll-treated

female mice.

Vasodilator/ Vasoconstrictor
ACh DEA-NO PE
Group P tracti P tracti
re-contraction re-contraction
EC5, (-log M)| R % ECs (-log M)| R % ECs, (-log M)| F %
P 50 ( g ) max ( °) (% ua max) PECs5o ( g ) max ( °) (% ua max) P 50 ( g ) max ( °)
WT + saline 7.36+0.13 791 58+3 8.33+0.27 93+0.9 62+1 6.08 £0.8 11+7
WT + Ang Il 7.6 +0.16 80+3 66 + 2%* 7.84£0.22 88+2 58+5 6.89+£0.22 33+5
CCR8KO+Angll| 7.31+0.18 78 £4 67 +0.5* 7.41+£0.31 86+3 50+1 7.28£0.27 587

PECso values expressed as -log M, Rmax values as % reversal of the level of pre-contraction to U46619, and Fmax values as % contraction to U46619

(0.3 uM). Values given as mean + SEM. n= 3-6. *p<0.05 vs. WT + saline (pre-contraction), 1-way ANOVA, Tukey's post hoc test.

WT + saline: WT mice treated with saline for 14 days; WT + Ang Il: WT mice treated with Ang Il (0.7mg/kg/d) for 14 days; CCR8 KO + Ang II:
CCR8 KO mice treated with Ang Il (0.7mg/kg/d) for 14 days. ACh: acetylcholine; DEA/NO: diethylamine NONOate; PE: phenylephrine.
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Figure 6. Effect of 14-day angiotensin Il infusion on mRNA expression of CD206, CCL8 and
CCRS8 in the thoracic aorta of male wild-type and CCR8 KO mice. (A) Schema of the major
cellular source and proposed actions of mouse CCL8. The expression of M2 macrophage-
derived mouse CCL8 may be increased in the hypertensive vasculature, and CCL8 may target
CCRS8 to promote fibrosis and/or inflammation. (B-D) mRNA expression of CD206 (B), CCL8 (C)
and CCR8 (D) in isolated thoracic aortae from male wildtype (WT) and CCR8 knockout (KO)
mice treated with saline or Ang 11 (0.7 mg/kg/d) for 14 days.

Data represented as fold change relative to WT + Saline and presented as mean + SEM, dots

represent individual data points, n= number of animals. 1-way ANOVA, Tukey's post hoc test.
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Figure 7. Effect of 14-day angiotensin Il infusion on mRNA expression of oxidative stress
markers in the thoracic aorta of male wild-type and CCR8 KO mice. mRNA expression of
NOX2 (NADPH oxidase 2; A), eNOS (endothelial nitric oxide synthase; B), SOD1 (superoxide
dismutase; C) and SOD3 (D) in isolated thoracic aortae from male wildtype (WT) and CCR8
knockout (KO) mice treated with saline or Ang Il (0.7 mg/kg/d) for 14 days.

Data presented as mean = SEM, dots represent individual data points, n= number of animals.

1-way ANOVA, Tukey's post hoc test.
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Figure 8. Effect of 14-day infusion of Ang Il on the structure of the thoracic aorta from male
wildtype and CCR8 KO mice. (A-D) Representative images of mouse aortic sections stained
by hematoxylin and eosin (H&E). Wildtype (WT) and CCR8 knockout (KO) mice were treated
with saline or Ang Il (0.7 mg/kg/d) for 14 days. Images from both saline-treated WT mice (A-
B) were shown as there was n=2 for this group. (E) Quantification of medial area: lumen area

ratio. Data presented as mean = SEM (when n>2) or mean (when n=2), n= number of animals.
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Figure 9. Effect of 14-day infusion of Ang Il on elastin dysregulation of the thoracic aorta
from male wildtype and CCR8 KO mice. (A-D) Representative images of mouse aortic sections
stained by Verhoeff-Van Gieson (VVG). Wildtype (WT) and CCR8 knockout (KO) mice were
treated with saline or Ang Il (0.7 mg/kg/d) for 14 days. Images from both saline treated WT
mice (A-B) were shown as there was n=2 for this group. (E) Scoring of the level of elastin
dysregulation, where score= 1 represents normal elastin structure, and score= 4 represents
severe elastin dysregulation. Data presented as median with 95% ClI (when n> 2) or individual

values (when n= 2), n= number of animals.
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Figure 10. Effect of 14-day infusion of Ang Il on the structure of the thoracic aorta from male
wildtype and CCR8 KO mice. (A-D) Representative images of mouse aortic sections stained
by picrosirius red. Wildtype (WT) and CCR8 knockout (KO) mice were treated with saline or
Ang Il (0.7 mg/kg/d) for 14 days. Images from both saline-treated WT mice (A-B) were shown
as there was n=2 for this group. (E) Quantification of adventitial collagen expressed as % of
adventitial area. Data presented as mean + SEM (when n> 2) or mean (when n=2), n= number

of animals.
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4.7 Discussion

M2 macrophage-derived pro-fibrotic chemokines, human CCL18 (hCCL18) and mouse CCL8
(mCCL8), are functional analogues and both signal via CCR8 (Islam et al., 2013). Given that M2
macrophages contribute to vascular fibrosis in hypertension (Moore et al., 2015), we
conducted the first study that investigated the effects of global CCR8 knockout (KO) on the
development of hypertension in male and female mice. Whilst genetic deletion of CCR8 did
not impact the hypertensive response to angiotensin Il (Ang Il) or the associated vascular
dysfunction and remodelling, it did limit the aortic expression of mCCL8. In addition, we have
provided the first evidence that CCR8 KO male mice have improved endothelial function and
augmented contractility to phenylephrine, both of which are effects independent of Ang II-
induced hypertension. These findings suggest that the mCCL8-CCR8 signalling axis may not be

a key contributor to the development of hypertension in this Ang ll-induced disease model.

In this study, hypertension was induced by 2 weeks of Ang Il infusion (0.7 mg/kg/d), which is
a commonly utilised model to create a setting of well-established hypertension in mice. Thus,
previous studies have demonstrated that 14d of Ang Il treatment caused a robust elevation
in systolic BP in both male (0.7 mg/kg/d Ang Il) (Moore et al., 2015) and female (0.6 mg/kg/d
Ang Il) (Ebrahimian et al., 2008) mice. Our study has shown that the increase in systolic BP in
response to Ang Il is delayed in wild-type (WT) female mice as compared to WT male mice,
with significant elevations observed at days 14 and 7, respectively. These findings are
consistent with those of Ji et al. (2014) who measured changes in mean arterial pressure (MAP)
in response to Ang Il in male and female mice. It is proposed that the protection from
hypertension in young female mice is provided by the abundance of estrogen and the lack of
testosterone. Thus, ovariectomized female mice develop higher MAP as compared to intact
females, and castrated male mice are protected from BP elevation compared to intact males
(Xue et al., 2005). Of note, the genetic deletion of CCR8 did not confer protection against the
rise in systolic BP in either female or male mice. Indeed, the hypertensive response to Ang Il
appeared to be accelerated in female mice, such that the time course of elevation in systolic
BP was similar in female and male CCR8 KO mice. This observation requires further
investigation since our study design did not control for the phases of the estrous cycle in

female mice.
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Hypertension is also associated with cardiac and renal hypertrophy as an adaptive response
to the elevation in pressure (Brown et al., 1997; Kirchhoff et al., 2008), which can be
qguantified via measuring heart and kidney weights, relative to body weight, respectively. In
this study, cardiac and renal hypertrophy was not evident in Ang llI-treated male WT mice.
This is consistent with data from a more severe model of Ang ll-induced hypertension (2.2
mg/kg/d Ang Il, 14-day), where the authors additionally reported mild cardiac fibrosis and a
lack of kidney damage in their Ang Il model of hypertension (Kirchhoff et al., 2008). By
contrast, WT female hypertensive mice displayed cardiac, but not renal hypertrophy, which
is also consistent with previous findings (Li et al., 2007). The observed gender difference may
be explained by the different forms of cardiomyopathy evident in hypertension (Kessler et al.,
2019). In hypertensive humans, males tend to develop eccentric cardiac hypertrophy, and
females develop more concentric cardiac hypertrophy (Kessler et al., 2019). It is believed that
concentric cardiac hypertrophy is associated with a greater left ventricular mass as compared
to eccentric hypertrophy (de Simone, 2004) and whilst the underlying mechanism remains
unclear, this may account for the cardiac hypertrophy observed in female versus male mice.
The cardiac hypertrophy observed in hypertensive female mice was not ameliorated following
genetic deletion of CCR8 which is in agreement with our finding that the magnitude of the

hypertensive response to Ang Il was similar in female WT and CCR8 KO mice.

Chronic hypertension is also associated with vascular dysfunction and remodelling,
particularly in large conduit arteries, such as the aorta (Oparil et al., 2003). Aortae from Ang
Il infused mice have been observed to have impaired endothelium-dependent relaxation
(Guzik et al., 2007), loss of endogenous NO (Al-Magableh et al., 2015) and augmented
contractility (Seto et al., 2013). The aortic dysfunction can lead to vascular remodelling and
stiffening, which can in turn cause end-organ damage and exacerbate hypertension
(Drummond et al., 2019). Consistent with published data (Seto et al., 2013), contractile
responses to the ai-adrenoceptor agonist, phenylephrine (PE) were increased in the
abdominal aorta from hypertensive WT male mice. It is well recognised that PE-induced
contraction is modulated by endogenous nitric oxide (NO), such that NO synthase (NOS)
inhibitors (e.g. L-NAME) augment PE contraction. It is generally assumed that enhanced PE
contractility in hypertension is due to endothelial dysfunction and a loss in endogenous NO

(Al-Magableh et al., 2015). However, this did not appear to be the case in the current study.
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Thus, we found that ACh-induced relaxation and L-NAME-induced contraction (marker of
endogenous NO bioavailability) were preserved in aortae from Ang Il infused male mice, along
with unchanged contractility to U46619. Whilst many studies have reported endothelial
dysfunction following Ang Il infusion (Barhoumi et al., 2011; Guzik et al., 2007; Laursen et al.,
1997; Madhur et al., 2010; Ryan Michael et al., 2004), unpublished data from other studies in
our laboratory and from our collaborators at La Trobe University, consistently demonstrate
intact endothelium-dependent vasorelaxation in aorta from Ang ll-treated mice. The
inconsistency in the results of such experiments can be due to differences in the experimental
protocols utilised, such as inconsistent resting tension and/or pre-contraction levels by
U46619. Over-contraction of vessels with a vasoconstrictor, such as U46619, can damage the
endothelium and blunt vasorelaxant responses (Lu & Kassab, 2011). As such, it is important
to match the levels of pre-contraction to ensure vascular dysfunction does not reflect
functional antagonism due to over-contraction. None of the above-mentioned publications
which reported vascular dysfunction stated the level of pre-contraction when constructing
vasorelaxation responses. However, in this study, the levels of pre-contraction were well
matched by titrating the concentration of U46619 to achieve a level of pre-contraction of =65 %

Fmax, thereby facilitating valid comparisons of endothelial function between treatment groups.

Based on the current results and published literature, the mechanisms underlying the
augmented contractility to PE in hypertension remain unknown. The observed augmented
response in this study appears to be specific for PE, as the maximum contractions to U46619
do not differ in aortae from saline- or Ang ll- treated mice. Possible causes for the enhanced
contractility to PE (ai-adrenoceptor agonist) include increased ai-adrenoceptor
expression/activities, and/or increased oxidative stress. Thus ai-adrenoceptor expression has
been shown to be increased in hypertension. Thus spontaneous hypertensive rats have higher
expression of as-adrenoceptors in the aorta, as compared to normotensive rats (Rodriguez et
al., 2020). In addition, it is suggested that reactive oxygen species (ROS) promotes ;-
adrenoceptor-dependent vascular smooth muscle contraction (Tsai & Jiang, 2010). Increased
PE contraction in the hypertensive vasculature may also be due to a loss in regulatory
inducible NOS (iNOS)-derived NO as a result of increased oxidative stress (Alvarez et al., 2008).
Regardless of the underlying cause of augmented PE contractility in hypertension, our study

has highlighted a positive correlation between the contractility of aortae to PE and systolic BP
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of WT male mice. As such, PE may be a marker of hypertension-associated vascular damage,
at least in WT male mice. It is also important to note that unlike male mice, the enhanced
response to PE was not observed in hypertensive WT females. This finding, together with
preserved endothelial function and endogenous NO bioavailability, suggest that females may
be protected from hypertension associated vascular damage. To further support this
hypothesis, Tatchum-Talom et al. (2005) reported vascular dysfunction (impaired endothelial
function and enhanced contractility) in the mesenteric arteries of hypertensive male rats, but

not in hypertensive female rats.

Although endothelial dysfunction was not evident in hypertensive male or female mice, it was
interesting to note that genetic deletion of CCR8 lead to improved ACh-induced
vasorelaxation in hypertensive male mice. Such an effect was not observed in female mice.
Due to the impact of COVID-19, a group of 14d saline-treated male CCR8 KO mice were not
included in this study design limiting the validity of the comparisons. However, extrapolation
from data obtained in a cohort of 28d saline treated CCR8 KO mice (Chapter 5), indicate that
endothelial function is preserved in hypertensive male CCR8 KO mice. The mechanisms
underlying the augmented endothelial function in hypertensive CCR8 KO as compared to
hypertensive WT mice remain to be elucidated. Thus, we have shown that ACh-induced
vasorelaxation is largely inhibited by the NOS inhibitor L-NAME in naive CCR8 KO mice,
suggesting that such vasorelaxation is due predominantly to NO, so we could speculate that
there is improved NO bioavailability following genetic deletion of CCR8. However, this is not
supported by the finding that L-NAME contraction is similar between hypertensive CCR8 KO
and WT mice. Moreover, the potency and efficacy of DEA/NO were similar between WT and
CCR8 KO hypertensive mice, suggesting the improved vasorelaxation does not reflect
increased responsiveness to NO at the level of vascular smooth muscle cells (VSMCs). The
greater relaxation to ACh in the CCR8 KO vasculature may be due to upregulation of
endothelium-derived vasodilators other than NO, such as prostacyclin (PGl;) and
endothelium-derived hyperpolarising factor (EDHF) (Jiang et al., 2016). Future studies can
determine the relative contribution of these factors to ACh-induced vasorelaxation in WT and
CCR8 KO mice. CCR8 KO may also improve vasorelaxation by limiting infiltration of

inflammatory cells, considering the chemotactic actions of CCR8 (Connolly et al., 2012).
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Interestingly, whilst genetic deletion of CCR8 led to an improvement in endothelial function
in male hypertensive mice, it did not attenuate the augmented contractile response to PE.
These findings further support the concept that PE responses are not modulated by
endothelial function. Indeed, we observed that genetic deletion of CCR8 per se in untreated
male, but not female mice, was associated with increased contractile efficacy to PE. Moreover,
in the setting of hypertension PE contractility was not enhanced further in male CCR8 KO mice.
Collectively, these findings suggest that under physiological conditions, CCR8 signalling may
serve to limit vasoconstriction to PE. As discussed above, the mechanisms underlying the
improved PE contraction in the mouse aorta remain unknown, but may relate to changes in
the relative expression of ai-adrenoceptors. Future experiments should interrogate the idea
that there may be cross-talk between CCR8 and adrenoceptors. In particular, CCR8 is
expressed on VSMCs and the endothelium (HUVECs) (Haque et al., 2004). As such, there is
potential for an interaction between CCR8 and ai-adrenoceptors on VSMCs (Ko et al., 1996).
Of note, whilst PE contractility appeared to be enhanced in hypertensive CCR8 KO female
mice as compared to their hypertensive WT counterparts, the findings are confounded by the
limited sample size and variability in response in the saline-treated WT mice. Nevertheless,
the current findings suggest that CCR8 signalling may serve to limit adrenoceptor-mediated

contractile responses in both male and female mice.

It is well recognised that vascular inflammation and oxidative stress, are hallmarks of
hypertension (Drummond et al., 2019). Indeed, hypertension is associated with infiltration of
M2 macrophages into the vascular wall and elevated levels of mCCL8 (Moore et al., 2015).
Studies in our lab have also shown co-localisation of mCCL8 to M2 macrophages in the
vascular wall (Lewis, 2017). Based upon these findings, we wished to examine the impact of
genetic deletion of the mCCL8 target, CCR8 on vascular inflammation and oxidative stress in
the context of hypertension. These studies were conducted in male mice given the lack of
vascular dysfunction observed in hypertensive WT females. Consistent with previous findings
(Moore et al., 2015; Murdoch et al., 2011), we observed a trend for an increase in M2
macrophage, mCCL8 and NOX2 (NADPH oxidase 2, major source of vascular superoxide)
expression in aortae from hypertensive mice. Although Murdoch et al. (2011) also reported
changes in expression of the antioxidant enzyme, superoxide dismutase in Ang lI-treated mice,

specifically increased SOD1 and decreased SOD3 expression, we did not observe such changes.
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Such differences may be related to the higher dose of Ang Il used by Murdoch et al.
(1.1mg/kg/d vs. our study: 0.7 mg/kg/d). Interestingly, M2 macrophage infiltration did not
appear to be attenuated in hypertensive CCR8 KO mice, yet there was a trend for decrease in
mCCL8 expression. One potential explanation for this observation is that CCR8 modulates the
release of mCCL8 from M2 macrophages. Thus hCCL18 (functional analogue of mCCL8) is
found to act on M2 macrophages to further promote hCCL18 generation in an autocrine or
paracrine manner, creating a positive feedback loop (Schraufstatter et al., 2012), an effect
which has been postulated to be mediated by CCR8. CCR8 KO may also dampen the
chemotactic effects of mCCL8 (Islam et al., 2011), and therefore reduce mCCL8 production
from cells other than macrophages, such as dendritic cells (Islam et al., 2011). In addition,
CCR8 is expressed on Th2 cells (Connolly et al., 2012; Islam et al., 2011) which exacerbate
inflammation in hypertension via infiltrating into the vasculature (Wu et al., 2016). As such, T
cell infiltration may be reduced in the vasculature of hypertensive CCR8 KO mice, thereby
limiting hypertension-associated vascular damage. Future studies can further investigate the
role of mCCL8/ hCCL18 signalling on T cells in hypertension, using immunohistochemistry
and/or flow cytometry, to confirm the population of inflammatory cells and the cellular
source of mCCL8 within the vasculature of hypertensive WT and CCR8 KO mice. Relevant flow

cytometric analysis has been utilised in Chapter 5.

Having demonstrated that genetic deletion of CCR8 may limit generation of the
chemoattractant CCL8 and thus immune cell infiltration, we next investigated the impact of
CCRS8 deletion on vascular oxidative stress. Protein kinase C alpha (PKCa), a potent activator
of NOX2 (Brandes et al., 2014), has been reported to mediate downstream signalling of CCL18
(Luzina et al., 2006). As such, CCR8 deletion may attenuate vascular oxidative stress. When
CCR8 is genetically deleted in hypertensive mice, no change is observed in the expression of
oxidative stress markers, suggesting that CCR8 may not modulate oxidative stress in the
hypertensive vasculature. However, the measure of NOX2 expression (membrane subunit) in
this study is not necessarily indicative of NOX2 activity and its ability to generate superoxide.
Thus mCCL8-CCR8 signalling may lead to PKC-mediated phosphorylation of the NOX2
cytosolic subunit (p47Ph%), its subsequent translocation to the membrane, and hence the
activation of NOX2 followed by superoxide production (Paik et al., 2014). A superoxide assay,

such as L-012- enhanced chemiluminescence assay, can be utilised in future studies to
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investigate whether CCR8 global deletion reduces vascular NOX2 activity and/or superoxide

generation in hypertension.

Hypertension is associated with vascular hypertrophy, stiffening as a consequence of
increased collagen deposition and elastin dysregulation. Given the potential pro-fibrotic
capacity of CCL8, and our finding that CCL8 expression was attenuated in the CCR8 KO
hypertensive vasculature, we anticipated that genetic deletion of CCR8 may lead to reduced
vascular remodelling and/or fibrosis. In this study, aortae from Ang Il treated WT male mice
appeared to have an increased media: lumen ratio and higher levels of collagen deposition.
Although a larger sample size is required to ensure sufficient statistical power, these findings
are consistent with other studies, suggesting that hypertension is associated with thickened
medial area and vascular fibrosis (Nosalski et al., 2020; Williams et al., 2019). Whilst there was
evidence for elastin dysregulation in the hypertensive vasculature, the low sample size and
high degree of variability in measurements in the saline-treated WT group, limits
interpretation. Of note, vascular elastin dysregulation has been reported following
administration of Ang Il at higher doses, predominantly in models of abdominal aortic
aneurysm (e.g. 2.1 mg/kg/d Ang Il, 14d) (Cui et al., 2016), or for longer periods (0.7 mg/kg/d
Ang Il, 28d) (Moore et al., 2015).

Genetic deletion of CCR8 did not appear to prevent the medial thickening, elastin
dysregulation or increased collagen content in aortae of Ang ll-treated mice. Considering the
lack of comparable published studies and the small sample size in this study design, additional
experiments are required to comprehensively assess the potential role of CCR8 in
hypertension-associated vascular remodelling. Based upon the published findings that
hCCL18 can signal to promote collagen generation in lung fibroblasts (Atamas et al., 2003)
and our own data to suggest that hCCL18 can target aortic adventitial fibroblasts and
endothelial cells to promote collagen generation and endothelial-mesenchymal transition,
respectively (Chapter 3), the lack of impact of CCR8 deletion on aortic remodelling is
somewhat unexpected. These findings may reflect differences between hCCL18 and mCCL8
signalling. It is also important to note that we do not have definitive evidence that CCR8 is the
receptor responsible for the observed effects of hCCL18, due to poor CCR8 antibodies
(presented in Chapter 3). Furthermore, the impact of CCR8 deletion may become more

evident in a longer-term model of hypertension.
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A number of limitations are associated with this study including the small sample sizes in some
datasets due to the COVID-19 pandemic (as outlined in the COVID-19 impact statement;
Section 4.1). As such, definitive conclusions could not be made such as the reduction in CCL8
expression in CCR8 KO hypertensive mice and elastin dysregulation in the WT hypertensive
vasculature. Although littermates are used to control for genetic variations, our study lacks
saline-treated CCR8 KO mice, and the phases of the estrous cycle in female mice are not
controlled for. Furthermore, inconsistent with some published studies, endothelial
dysfunction was not detected in the 14d Ang Il model of hypertension. Future vascular
function studies can focus on exploring the reasons why such inconsistency occurs, and/or
investigating how changes in ai-adrenoceptor expression or ROS generation modulate PE
contraction. In the assessment of vascular damage, changes detected in mRNA expression
requires confirmation by protein expression (western blotting), and the lack of changes in
oxidative stress markers may be confirmed via measurement of superoxide release (e.g. using
L-012 enhanced chemiluminescence). Lastly, together with other published studies using
similar hypertension models (Kirchhoff et al., 2008), our data suggest that the 14d Ang Il
infusion model (0.7 mg/kg/d) causes little cardiac or renal damage. To further investigate the
role of CCR8 in hypertension-associated organ damage, a model associated with more severe
end organ dysfunction is required, either via infusion of Ang Il at a higher dose or for a longer
period (28d). Additionally, other agents such as deoxycorticosterone acetate and salt (DOCA-
salt), alone or in combination with Ang Il, may cause more robust organ damage (Kirchhoff et

al., 2008).

In summary, genetic deletion of CCR8 does not limit the elevation in BP or associated cardiac
hypertrophy in Ang Il treated male and female mice. A loss in CCR8 was associated with
improved endothelial function in hypertensive male mice, and an apparent reduction in
expression of the chemoattractant chemokine, CCL8 suggesting that CCL8-CCR8 signalling
may facilitate vascular inflammation and endothelial dysfunction in hypertension. However,
a role for the CCL8-CCR8 axis in hypertension associated vascular remodelling was not
apparent. In conclusion, the contribution of CCR8 signalling to hypertension-associated
vascular dysfunction and remodelling is modest and targeting this pathway, at least in the

early stages of hypertension, may not confer protection. Future experiments using more
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chronic models of hypertension to investigate the contribution of CCR8 signalling to end-

organ damage are warranted and presented in Chapter 5.
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4.9 Supplementary Figures
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Supplementary Figure 1. Effect of genetic deletion of CCR8 on the function of the abdominal
aorta in naive male mice. Cumulative concentration-response curves to acetylcholine (ACh)
(A), DEA-NO (B), phenylephrine (PE) (C), and U46619 (D) in isolated abdominal aortae from
wildtype (WT) and CCR8 knockout (KO) mice. Responses to ACh and PE were obtained in the

absence and presence of L-NAME (100 uM).

Data expressed as % reversal of pre-contraction to U46619 (A-B), % of the maximal U46619
contraction (C), or change in gram tension (D). Data presented as mean + SEM, n= number of
animals. *p<0.05 vs. WT, # p<0.05 vs. CCR8 KO (maximal contraction to PE or maximal

relaxation to ACh), 1-way ANOVA, Tukey's post hoc test.
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Supplementary Figure 2. Effect of genetic deletion of CCR8 on the function of abdominal
aorta in naive female mice. Cumulative concentration-response curves to acetylcholine (ACh)
(A), DEA-NO (B), phenylephrine (PE) (C), and U46619 (D) in isolated abdominal aortae from
wildtype (WT) and CCR8 knockout (KO) mice. Responses to ACh and PE were obtained in the
absence and presence of L-NAME (100 uM).

Data expressed as % reversal of pre-contraction to U46619 (A-B), % of the maximal U46619
contraction (C), or change in gram tension (D). Data presented as mean + SEM, n= number of
animals. *p<0.05 vs. WT + L-NAME, S$ p<0.01 vs. WT, A* p<0.01 vs. CCR8 KO (maximal
relaxation to ACh); $ p<0.05 vs. WT, » p<0.05 vs. CCR8 KO (pECso of contraction to PE); 1-way
ANOVA, Tukey's post hoc test.
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Supplementary Figure 3. Effect of 14-day angiotensin Il infusion on the function of small
mesenteric arteries from male WT and CCR8 KO mice. Cumulative concentration response
curves to acetylcholine (ACh) (A), DEA-NO (B) and phenylephrine (PE) (C) in isolated small

mesenteric arteries from wildtype (WT) and CCR8 knockout (KO) mice treated with either

saline or Ang Il (0.7 mg/kg/d) for 14 days.

Data expressed as % reversal of pre-contraction to U46619 (A-B) or % of the maximal U46619
contraction (C). Data presented as mean = SEM (when n >3) or mean (when n<3), where n =

number of animals. 1-way ANOVA, Tukey's post hoc test.
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Supplementary Figure 4. Correlation of maximal phenylephrine contraction (PE max) with
final day systolic BP (D14 BP) of male mice. Wildtype (WT; A) and CCR8 knockout (CCR8 KO;
B) mice were treated with saline or Ang Il (0.7 mg/kg/d) for 14 days, followed by the
isolation of abdominal aortae for wire myography. (C) correlation of the maximal U46619

contraction (U4 max) with D14 BP.

PE max data were expressed as % of U4 max. Data presented as individual points, (A-B) n= 5-

8, (C) n=18. Linear regression analysis, ns = no statistical significance.
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5.1 COVID-19 impact statement

Our CCR8 knockout (KO) mouse breeding colony was reduced in size in response to the first
COVID-19 pandemic lockdown in Melbourne. Together with the COVID-19 relevant working

restrictions, the ability to conduct chronic experiments on CCR8 KO mice was severely limited.

In Chapter 5, a small proportion of datasets involving the CCR8 KO mice require a larger
number of animals than others, and hence have insufficient statistical power. These include
histological studies (limited aortic samples for histological analysis due to use for myography
and flow cytometric studies); and flow cytometry (due to the nature of this experimental
approach which is associated with high data variability). The cohort of mice used for studying
the effects of R243 (CCR8 antagonist) is also relatively small in size (n= 4-6), making it difficult

to interpret the organ weight and vascular contraction data.
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5.2 Abstract

Introduction: Hypertension is associated with end-organ damage in the vasculature, heart
and kidneys. M2 macrophages contribute to vascular fibrosis and stiffening in hypertension,
and such function may be mediated by the chemokine, C-C motif chemokine ligand 18 (CCL18).
CCL18 activates its recently identified cognate receptor, C-C motif chemokine receptor 8
(CCR8). However, the role of the CCL18-CCR8 axis in chronic hypertension is yet to be
investigated. This study aimed to explore the effects of genetic and pharmacological targeting

of CCR8 on hypertension and its associated end-organ damage in mice.

Methods: CCR8 knockout (CCR8 KO; C57BL/6J background) male mice, and their wildtype (WT)
controls were treated with angiotensin Il (Ang II; 0.7 mg/kg/d, 28d, s.c) or saline. From Day
14, a separate cohort of WT mice were additionally treated with R243 (CCR8 antagonist, 1.1
mg/kg/d, s.c) or vehicle (DMSO with 20% HBC, s.c). Blood pressure was measured via tail cuff
plethysmography, organs (including heart and kidneys) were weighed, and vascular function
assessed by wire myography. The expression of mouse CCL8 (functional analogue of human
CCL18) in plasma and aortae was measured via ELISA and single cell RNA-sequencing,
respectively. Aortic structure, elastin regulation and adventitial fibrosis were assessed by
staining with Haematoxylin and Eosin, Verhoeff-Van Gieson and picrosirius red, respectively.
Leukocyte infiltration was measured in the aorta, kidney and spleen via flow cytometry.
Bioluminescence Resonance Energy Transfer (BRET) assays were performed in CHO cells to

confirm whether human CCL18 and mouse CCL8 signal via CCRS.

Results: Neither genetic deletion of CCR8 nor treatment with R243 attenuated the Ang II-
induced increase in systolic blood pressure or cardiac hypertrophy. Mouse CCL8 was co-
localised with M2 macrophages, whilst plasma levels of mouse CCL8 remained unchanged in
hypertensive WT and CCR8 KO mice. The augmented contraction to phenylephrine in the
aorta from hypertensive mice, was maintained in angiotensin ll-treated CCR8 KO mice and
following treatment with R243. By contrast, endothelium-dependent relaxation to ACh was
enhanced in the aorta of hypertensive mice treated with R243. The hypertension associated
vascular remodelling, elastin dysregulation and collagen deposition was not attenuated

following genetic deletion of CCR8. In mouse kidneys, genetic deletion of CCR8 may limit CD4+
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and CD8+ T cell infiltration, but this effect is independent of hypertension. Lastly, neither

mouse CCL8 nor human CCL18 were found to activate CCR8 in CHO cells.

Discussion: Neither genetic deletion, nor pharmacological targeting, of CCR8 provides
protection from the development of hypertension and the associated end-organ damage, in
the 28d Ang Il infusion model in mice. Although vascular expression of mouse CCL8 is elevated
in hypertension, its target remains to be determined as both human CCL18 and mouse CCL8
were unable to activate CCR8. In conclusion, CCR8 signalling may not play a role in the
development of hypertension and the contribution of CCL18, and its cognate receptor, to the

pathophysiology of hypertension remains to be elucidated.

159



Chapter 5

5.3 Introduction

Chronic hypertension is associated with end-organ damage, which includes aortic stiffening,
heart failure and kidney disease (Diez, 2007; Oparil et al., 2003; Zhao et al., 2008). It has been
hypothesized that such damage can be caused by systemic inflammation and the infiltration
of leukocytes into target organs (Drummond et al., 2019). In particular, the M2 subtype of
macrophages have been implicated in hypertensive aortic (Moore et al., 2015), myocardial
(Falkenham et al., 2015) and kidney fibrosis and related dysfunction (Guiteras et al., 2016).
Indeed, M2 macrophages accumulate in the hypertensive vasculature of Ang Il treated mice,
and the inhibition of macrophage infiltration has been reported to limit BP elevation and
reverse hypertension-associated vascular fibrosis (Moore et al., 2015). Whilst M2
macrophages express factors such as TGF-B1 (Liu et al., 2018), which promote remodelling of
the extracellular matrix (Liu et al., 2018), we have evidence that human, M2 macrophages
express much higher levels of the pro-fibrotic chemokine, C-C motif chemokine ligand 18

(CCL18) (300-500-fold higher levels than TGF-B1) (Lewis, 2017).

CCL18 is released by, and serves as a marker of, M2 macrophages (Schutyser et al., 2005;
Vranci¢ et al., 2012). CCL18 leads to chemotaxis of leukocytes, such as lymphocytes and
immature dendritic cells, into the sites of inflammation (Schutyser et al., 2005). In addition,
CCL18 has been found to be pro-fibrotic in the lungs (Atamas et al., 2003). Importantly, CCL18
has also been implicated in several cardiovascular diseases, such as acute coronary syndrome,
angina, atherosclerosis and aneurysm (de Jager et al., 2012; Kraaijeveld et al., 2007,
Versteylen et al., 2016). In the context of hypertension, we have shown that plasma levels of
CCL18 are elevated in patients with resistant hypertension and have provided evidence in
support of its pro-fibrotic effects in the vasculature (Chapter 3). As such, CCL18 may serve as

a key mediator of the pro-fibrotic actions of M2 macrophages in hypertension.

Recently, CCL18 C-C motif chemokine receptor 8 (CCR8) has been identified by Islam et al.
(2013) as a receptor of CCL18. CCL18 is reported to induce calcium mobilisation and
chemotaxis of CCR8-expressing human Th2 cells and CCR8-transfected 4DE4 cells (mouse pre-
B cell line) (Islam et al., 2013). CCR8 is suggested to be responsible for the chemotaxis of not
only Th2 cells but also other inflammatory cells, such as monocytes/ macrophages, dendritic

cells and eosinophils (Connolly et al., 2012; Haque et al., 2004). CCRS8 is also expressed on
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cardiovascular relevant cells types, including vascular smooth muscle cells (VSMCs) and
human umbilical vein endothelial cells (HUVECs) (Haque et al., 2004). As such, M2
macrophage-derived CCL18 may signal via CCR8 to promote hypertension-associated end-
organ damage. However, no studies have been published to explore the role of the CCL18-

CCR8 axis in hypertension.

CCL18 is unique in that it is only found in primates. Whilst the absence of CCL18 in rodents
raises challenges when studying the role of CCL18-CCR8 axis in animal models of hypertension,
Islam et al. (2013) has suggested that mouse CCL8 (mCCLS8) is a functional analogue of human
CCL18 (hCCL18). Thus, both chemokines promote fibrosis (Atamas et al., 2003; Lim et al.,
2017), and they are induced in human M2-like macrophages by M2-polarising cytokines (Islam
et al., 2013). mCCL8 has also been reported to be an agonist of mouse CCR8 (mCCR8) and
human CCR8 (hCCR8) (Islam et al., 2011). These lines of evidence suggest that the mCCL8-
CCR8 axis may be targeted genetically or pharmacologically in mice, in order to investigate

the role of hCCL18-CCR8 axis in hypertension.

Based on the above-mentioned evidence, it was hypothesized that targeting CCR8 limits the
development of hypertension and the associated end-organ damage. In Chapter 4, the 14-
day Ang Il model of hypertension was found to be insufficient for establishing end-organ
damage in male mice. Therefore, this chapter has utilised a 28-day Ang Il infusion model of
hypertension, and CCR8 is targeted by either global genetic deletion or a more clinically
relevant pharmacological antagonist, R423. Bioluminescence resonance energy transfer
(BRET) assays were also performed in CHO cells to confirm whether CCR8 is activated by

mCCL8 and hCCL18.
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5.4 Methods

Animals and genotyping

CCR8 knockout (CCR8 KO) and wildtype (WT) male mice were used in this study (all 10-12
weeks old, with a C57BL/6J background). CCR8 KO mice were generated via CRISPR/Cas9, by
the Australian Phenomics Network, Monash University. Mice were bred and housed at the
Animal Research Laboratories or Pharmacology Mouse Room (Monash University, Clayton,
Australia), on a 12-hour light-dark cycle and provided with free access to chow diet and
drinking water. A REDExtract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich, Germany) was used to
identify the genotype of each mouse, as per manufacturer’s instructions (detailed in Chapter
2, Section 2.2). In this procedure, DNA was extracted from the tip of each mouse tail, and 100
ng DNA from each mouse was amplified with custom made primers for CCR8 (Sigma-Aldrich,
Germany), followed by the loading of DNA into agarose gels for electrophoresis. All
procedures were approved by the Monash Animal Research Platform Ethics Committee

(Ethics Number: MARP/2017/104).

28-day model of hypertension and R243 treatment protocol

WT and CCR8 KO mice were randomly assigned to a saline or angiotensin Il (Ang Il, 0.7
mg/kg/d, GL Biochem, China) infusion group, with treatments administered via osmotic
minipumps (Model 2004; Alzet, USA) for 28 days. A separate cohort of WT mice received
either saline or Ang 11 (0.7 mg/kg/d) for 28 days via osmotic minipump (Model 2004), and after
14 days, saline-treated mice received vehicle (2:1 warm mixture of 30% hydroxypropyl-B-
cyclodextrin: 100% DMSO) and Ang Il mice received either vehicle or R243 (CCR8 antagonist,
1.1 mg/kg/d; Glixx Laboratories, USA), via osmotic minipump (Model 2002; Alzet, USA), for a
subsequent 14 days.

All mice were under isoflurane anaesthesia (0.4 L/min, 2% inhaled with oxygen) during
minipump implantation, where a lateral incision of =10 mm was made through the skin at the
neck. A subcutaneous pouch was created through this incision, in which minipumps were
inserted, followed by the closing of incision with monofilament sutures. After the surgery,

mice were allowed to recover and then returned to home cages.
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Tail cuff plethysmography

Systolic blood pressure (BP) was measured using tail cuff plethysmography (MC4000 multi-
channel blood pressure analysis system; Hatteras Instruments, USA). After mice were
acclimatised to the BP monitoring equipment, BP was recorded 3 days before surgeries, 1 day
before surgeries, and just prior to surgeries (Day 0) to form an average baseline BP. During
the 28-day treatment period, BP was measured on Days 3, 7, 10, 14, 17, 21, 24, 28. BP was
recorded for 25-30 measurement cycles on each day of measurement, where mice were
placed in restraints on a heated platform (40°C), with an inflatable cuff around the base of
each tail. Systolic BP was recorded as the cuff inflation pressure required to fully occlude
blood flow in the tail. At the end of the treatment period, mice were killed via overdose of
CO2, with the plasma taken, organs (aorta, kidneys, heart, spleen, liver and lungs) of each

mouse removed and weighed before being processed for end point measures.

Wire myography

To assess vascular function, abdominal aortae were isolated from CCR8 KO and WT mice, the
fat and connective tissues removed and aortae cut into 2 mm sections. Aortic sections were
mounted in a small vessel myograph (Danish Myo Technology A/S, Denmark) on pin mounts
(200 pm diameter) and changes in isometric tension recorded (LabChart 8, ADI Instruments,
New Zealand). Vessels were kept at a resting tension of 5mN at 37 °C in Kreb’s solution (in
mM: 118 NaCl, 4.5 KCl, 0.5 MgS0Qs, 1 KH2POa4, 25 NaHCO3, 11.1 glucose, 2.5 CaCly; pH 7.4), and
bubbled with carbogen (5% CO2, 95% oxygen). Arteries were contracted maximally with the
thromboxane A; mimetic, U46619 (0.3 uM). Once the contraction had reached a plateau,
vessels were washed, tension allowed to return to baseline and then arteries were

rechallenged with U46619 (0.3 uM; Fmax).

Endothelium-dependent and -independent vasorelaxation responses were assessed by
constructing cumulative concentration-response (CR) curves to acetylcholine (ACh; 1 nM- 30
uM) and the NO donor, diethylamine NONOate (DEA-NO; 0.3 nM- 30 uM), respectively in

aortae pre-contracted to =65 % FmaxWith titrated concentrations of U46619. In separate aortic
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sections, cumulative CR curves to phenylephrine (PE; 1 nM-30 uM), were constructed.
Arteries were then washed with Krebs’, pre-contracted to =20-30 % Fmax with U46619 prior to
the addition of N(w)-nitro-L-arginine methyl ester (L-NAME, 100 uM) to assess endogenous
NO bioavailability.

Flow cytometry

Flow cytometry was performed to characterise the effects of genetic deletion of CCR8 on
infiltration of inflammatory cells into target organs. Following euthanasia, mice were perfused
through the left ventricle with phosphate-buffered saline (PBS) containing 0.2% Clexane (400
IU/ml; Sanofi Aventis, France). The thoracic aorta (with perivascular fat intact), left kidney (one
half used), and spleen were then excised for flow cytometry. These samples were mechanically
disrupted using scissors, where aortae and kidneys were further digested via the addition of 1 ml
of digestion buffer for 45 minutes at 37 °C. The digestion buffer contained collagenase I-S (450
U/ml), collagenase XI (125 U/ml) and hyaluronidase (450 U/ml), which were dissolved in PBS

containing calcium and magnesium (Sigma, USA).

Processed samples were passed through 70 um filters (BD Bioscience, USA), followed by
centrifugation (all centrifugation for flow cytometry was at 4 °C, 1500 rpm for 5 minutes unless
otherwise specified). Cell pellets were resuspended in FACS buffer (PBS containing 1% bovine
serum albumin) for aortae, 30% Percoll (GE Healthcare Life Science, UK) for kidneys, or Red Blood
Cell Lysis Buffer (5-minute incubation on ice; BD Biosciences, USA) for spleens. Kidney samples
were then under-laid with 70% Percoll and centrifuged at 25 °C, 2500 rpm for 25 minutes. The
mononuclear cell layer between the Percoll gradients were collected, centrifuged and re-
suspended in FACS buffer. For spleen samples, lysis buffer was neutralised with PBS after the

incubation, followed by centrifugation and re-suspension in FACS buffer.

Single cell suspensions in FACS buffer were stained using an antibody cocktail (20 minutes on ice).
The cocktail included AF-700 anti-CD45, BV 605 anti-CD11b, PE-Cy7 anti-F4/80, PE anti-CD206,
APC anti-CD3, FITC anti-CD4, BV785 anti-CDS8, all were of rat anti-mouse isotype (anti-CD11b from
Invitrogen, USA; anti-CD3 from eBioscience, USA; others from BioLegend, USA). Each antibody
was also individually incubated with UltraComp eBeads® (eBioscience, USA) for single-colour

compensation.
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Prior to sample running, CountBright counting beads (Invitrogen, USA) were added for data
normalisation, and 7-AAD (BioLegend, USA) was used as a viability stain. Data from stained
samples were obtained by a Fortessa X-20 instrument controlled by the FlowDiva software (BD
Biosciences, USA), and processed using Flowlo software v10 (Flowlo, USA; relevant gating

strategy as described in Chapter 2, Section 2.6).

Enzyme-linked immunosorbent assay (ELISA)

CCL8 levels from mouse plasma samples were measured using a CCL8 ELISA kit (Mouse
CCL8/MCP-2 DuoSet ELISA; R&D Systems, USA) and an ancillary kit (DuoSet Ancillary Reagent
Kit 2; R&D Systems, USA). ELISA was performed as per manufacturer’s instructions, and
plasma sample diluent was supplemented with 30% fetal bovine serum (FBS; Life technologies,
USA) according to manufacturer’s recommendation. Detailed procedures are described in
General Methods (Section 2.11). CCL8 concentration was calculated by constructing a fitted

standard curve of optical density against the concentrations of serially diluted CCL8.

Histological studies

A distal section (=4 mm) of thoracic aorta, a transverse section of the heart (representing 1/3
of the heart taken near the basal region), and half a kidney were fixed in 10 % neutral buffered
formalin for 3 days. Fixed tissues were then embedded in paraffin, and transverse sections of
kidney and heart (4 um) and cross sections of aortae (4-5 um) were cut. 4 um aortic sections
were stained using Verhoeff-Van Gieson (VVG), and 5 um sections were stained with
hematoxylin and eosin (H&E) or Picrosirius red. Heart sections were stained with H&E and
Picrosirius red, and kidney sections underwent Masson’s Trichrome staining. The embedding,
cutting and staining procedures were performed by Monash Histology Services (Monash

University, Clayton, Australia).

VVG and H&E stains were performed to assess the structure of relevant tissues, whilst
Picrosirius red and Masson’s Trichrome were used to assess collagen deposition. The above-
mentioned stains were performed as per protocols developed by Monash Histology Services

(Monash University, Clayton, Australia) (Appendices 1-3). Aortic Picrosirius red slides were
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imaged at x10 magnification using both bright-field and polarised microscopy (Olympus BX51,
Olympus Life Science, Australia). Images for all other stains were captured at up to x40
magnification by a slide scanner (Aperio Scanscope AT Turbo, Leica Biosystems, Germany).
Each section of the above-mentioned staining was analysed with 6-8 fields of view per animal
(assessment of renal/ cardiac fibrosis), or as a whole with data averaged from 3 sections per

animal averaged (all other measures).

Single-cell RNA sequencing (scRNA-Seq)

ScRNA-Seq and relevant analysis were performed by Dr. Antony Vinh, Prof. Grant Drummond
and Dr. Alexander Pinto at La Trobe University, using the aortae of a cohort of WT saline- or
Ang llI-treated mice, as described by MclLellan et al. (2020). In brief, metabolically active
nucleated aortic cells were isolated by Fluorescence-Activated Cell Sorting (FACS) to form a
single cell preparation. This preparation was processed by a Chromium controller with the
Chromium Single Cell 3’ v2 reagent kit (10X Genomics, USA), and then sequenced using HiSeq
4000 (Ilumina, USA).

Bioluminescence resonance energy transfer (BRET) assays

BRET assays were performed by Dr. Herman Lim (Department of Biochemistry, Monash
University). Briefly, FIp-In Chinese hamster ovary (CHO) cells were transfected by human CCR8
(hCCR8) or mouse CCR8 (mCCR8). CHO cells were then stimulated with human- or mouse-
CCL1 (hCC1/ mCCL1; established CCR8 agonists), or hCC18/ mCCL8 (chemokines of interest).
G-protein activation was assessed by measuring activation of different G-protein subunits:
Gaix+ GB1 tagged by venus?>®22°, Gy, tagged by venus''>>, GRKct tagged by Rluc, with CCR8
tagged by myc. cAMP inhibition assay was performed using 10uM forskolin, where CCR8 was
tagged by myc. B-arrestin2 recruitment was measured with CCR8 tagged by Rluc and B-

arrestin tagged by YFP.
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Statistical analysis

All data were presented as mean * standard error of the mean (SEM). Organ weights were
expressed as % of body weight. Vasorelaxation responses to ACh or DEA-NO were expressed
as % reversal of pre-contraction to U46619 (Rmax), and vasoconstriction responses to PE or L-
NAME were expressed as % of the maximum contraction to U46619 (Fmax). Quantification of
histological staining was performed in a blinded manner. Elastin dysregulation was assessed
using a scoring system, with a score of 1= no dysregulation, 2=mild dysregulation, 3=

moderate dysregulation, 4= severe dysregulation.

2-way ANOVA (with Tukey’s post-hoc test) was used to compare systolic BP or body weight
measurements in multiple treatment groups over the 28-day treatment period. scRNA data
were analysed by principal component analysis (PCA), using Cell Ranger (version 2.1.1) and R
(version 3.4 or 3.6) as described by McLellan et al. (2020). Other data were analysed by 1-way
ANOVA with Tukey’s post-hoc test. Statistical tests were performed using GraphPad Prism 8

(USA) unless otherwise specified, with p< 0.05 considered statistically significant.
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5.5 Results

Genetic deletion of CCR8 does not affect systolic BP or organ weights in mice with Ang Il

(28d)-induced hypertension

In both wildtype (WT) and CCR8 knockout (KO) male mice, systolic BP was elevated to a similar
level following 7 days of infusion of Angiotensin Il (Ang Il; 0.7 mg/kg/d) (WT + Ang ll: 141 + 4
mmHg vs CCR8 KO + Ang Il: 139 + 8 mmHg) (Figure 1). The elevation in systolic BP was
maintained over the 28-day infusion period such that both hypertensive WT and CCR8 KO
mice still had similar systolic BPs at the experimental endpoint (WT + Ang Il: 150 £ 3 mmHg vs

CCR8 KO + Ang Il: 149 £ 5 mmHg) (Figure 1).

The starting body weights (BW) of WT and CCR8KO mice did not differ significantly, and all
mice gained weight to a similar extent over the 28-day experimental period, independent of
treatment or genotype (Figure 2A). 28-day Ang Il infusion in male mice did not lead to changes
in kidney, liver, lung or spleen weights. Cardiac hypertrophy was evident in Ang ll-treated
mice with a significant increase in ventricular weight: BW ratio (WT + saline: 0.42 £ 0.01 vs
WT + Ang Il: 0.57 £ 0.03 % BW; p<0.05). Genetic deletion of CCR8 did not attenuate the
hypertension-associated cardiac hypertrophy (CCR8 KO + Ang Il: 0.56 + 0.02 % BW) (Figure
2B).

Ang ll-induced hypertension is associated with an increase in vascular expression of

macrophage-derived CCL8

CCL8 was detected in the plasma of saline-treated WT mice (841 + 117 ng/ml), and did not
change following the infusion of Ang Il (848 + 83 ng/ml). Similarly, plasma CCL8 did not differ
between normotensive or hypertensive WT and CCR8 KO mice (Figure 3A). By contrast, single
cell RNA (scRNA) sequencing showed an apparent increase in the expression of macrophage

derived CCL8 in the hypertensive vasculature (aortae) from WT mice (Figure 3B).

Ang Il infusion in both WT and CCR8 KO mice was not associated with a change in
endothelium-dependent vasorelaxation to acetylcholine (ACh), endothelium-independent

vasorelaxation to DEA-NO, or L-NAME induced contraction in isolated aortae (Figure 4A-4C).
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For relaxation responses, pre-contraction levels with U46619 were well matched between
treatment groups (Table 1). By contrast, the development of hypertension in WT mice was
associated with an increase in the maximum contraction to phenylephrine (PE), (Fmax: WT +
saline, 29 + 2 % vs WT + Ang Il, 61 + 5 %; p<0.05). As compared to normotensive WT mice,
genetic deletion of CCR8 per se enhanced the PE response (Fmax = 50 £ 3 %), an effect which
was sustained following Ang Il infusion (Fmax = 60 £ 5 %) (Figure 4D, Table 1). The maximum
contraction to PE was also positively correlated with Day 28 BP in WT (r?= 0.24, p< 0.05) but
not CCR8 KO mice (r’= 0.14, p= 0.15) (Supplementary Figure 1B-C). Maximal aortic
contraction to U46619 (Fmax) did not differ among groups, with no correlation between
U46619 maximum and Day 28 BP (Supplementary Table 1, Supplementary Figure 1C).
Preliminary experiments indicated that contraction to PE was augmented in the presence of
L-NAME in both normotensive WT and CCR8 KO mice, however this modulation by L-NAME

appeared to be absent in aorta from hypertensive mice (Supplementary Figure 2).

Vascular remodelling, elastin dysregulation and collagen deposition in hypertensive aortae

are not improved in CCR8 KO mice

Vascular remodelling, elastin structure and adventitial collagen deposition were also assessed
using mouse aortae. Following treatment of WT mice with Ang Il, the medial area of the aorta
was increased by 44% (in x10* um?: 6.2 + 0.5 vs WT + Saline 3.5 + 0.4, p< 0.01; Figure 5).
Medial area was also increased by 35% in Ang Il treated CCR8 KO mice (in x10* um?: 5.5 + 0.6
vs CCR8 KO + Saline 3.6 + 0.3, p< 0.05; Figure 5). Ang Il treatment increased the mean lumen
area in both WT (in x10* um?: 9.7 + 1.8 vs WT + Saline 4 + 1.1) and CCR8 KO (in x10* um?: 8.5
+ 2.4 vs CCR8 KO + Saline 4.2 + 1.3) mice, however these differences did not reach statistical
significance (Figure 5). No significant difference was seen among groups with regard to the
media: lumen ratio, and the overall vascular remodelling by Ang Il did not differ between WT

and CCR8 KO mice (Figure 5).

Elastin dysregulation was not apparent in either saline-treated WT or CCR8 KO mice (score =
1). By contrast, Ang Il treatment led to dysregulated elastin in WT mice (score = 2-3, p<0.05),
with a trend for dysregulation in CCR8 KO mice (score = 1-3, p= 0.057) (Figure 6). Using

picrosirius red staining, there was a trend for an increase in adventitial collagen content in
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the aorta of Ang ll-treated (in x10* um?2: 5.2 + 0.9) versus saline-treated WT (in x10* um?: 3.7
+ 0.9) mice. Genetic deletion of CCR8 lead to a significant increase in adventitial collagen
content in hypertensive mice as compared to their normotensive controls (in x10* um?2: 12 +
3.6 vs CCR8 KO + Saline 3.1 £ 0.2, p< 0.01) (Figure 7). Of note, adventitial collagen content did

not differ significantly between WT and CCR8 KO hypertensive mice (Figure 7).

Ang Il infusion does not promote cardiac or renal collagen deposition

In addition to vascular fibrosis, cardiac and renal fibrosis were also assessed by measuring
interstitial collagen by Picrosirius red staining (for the heart) or Masson’s Trichrome staining
(for kidneys). Treatment of WT mice with Ang Il did not cause a change in collagen content in
the heart (0.5 + 0.1 %) or kidneys (0.82 + 0.1 %) as compared to saline treated controls (heart:
0.68 £ 0.1 %; kidney 0.95 £ 0.1 %) (Figures 8-9). Similarly, collagen content in the heart and
kidneys did not differ between saline- (heart: 0.69 + 0.1 %; kidney: 0.75 + 0.1 %) and Ang II-
treated CCR8KO mice (heart: 0.72 £ 0.1 %; kidney: 0.85 £ 0.1 %) nor between the WT and
CCR8 KO genotypes. (Figures 8-9).

Genetic deletion of CCR8 may limit T cell infiltration into the kidneys of saline- and Ang II-

treated mice

Leukocyte infiltration into the target organs (aorta, kidney and spleen) was measured via flow
cytometry. Kidneys from Ang ll-treated WT mice showed no change in the infiltration of total
leukocytes (CD45+), total T cells (CD3+) and CD4+ T cells, as compared to normotensive WT
mice (Figure 11). Genetic deletion of CCR8 in normotensive mice appeared to be associated
with a decrease in the total number of T cells (CD3+ cells; x103 cells per kidney: 3.3 + 0.9 vs
WT + Saline 9.6 + 1.7), CD4+ T cells (x103 cells per kidney: 0.8 + 0.2 vs WT + Saline 1.8 + 0.5)
and CD8+ T cells (cells per kidney: 455 + 156 vs WT + Saline 1316 + 483) in the kidney, although
these differences failed to reach statistical significance. This decrease in T cell population in
the kidney appeared to be sustained in hypertensive CCR8 KO mice (Figure 11). Infiltration of
myeloid-linage cells (CD11+), macrophages (F4/80+) and M2 macrophages (CD206+) into the

kidneys remained unchanged when mice were treated with Ang Il and/or when CCR8 was
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knocked out (Figure 11 C-D). In the aortae and spleens, no apparent difference in leukocyte

infiltration was shown among treatment/ genotype groups (Figures 10, 12).

The CCR8 antagonist, R243, improves endothelial-dependent vasorelaxation in

hypertensive mice

To evaluate the effects of pharmacologically targeting CCR8 on hypertension, hypertensive
mice were treated with R243, a CCR8 antagonist. Consistent with our previous findings,
infusion of Ang Il led to a rise in systolic BP which was =40 mmHg above baseline at 14 days.
Subsequent treatment of hypertensive mice with either vehicle or R243 for the following 14
days, did not have a significant effect on BP (by Day 28: 162 + 10 mmHg Ang Il + Vehicle, 139
+ 8 mmHg Ang Il + R243, vs 110 £ 6 mmHg Saline + Vehicle, p< 0.05) (Figure 13).

The BW and organ weights (% BW) of this cohort of mice (10-12 weeks old on Day 0) did not
differ among treatment groups (n= 4-6) (Figure 14). Although there was a trend for cardiac
hypertrophy in the Ang IlI-treated WT mice, the study was not sufficiently powered for
statistical comparison with a low number of samples in each group. Nevertheless, R243 did

not appear to change the HW:BW ratio in hypertensive mice.

Although endothelial dysfunction was not apparent in Ang Il infused mice, treatment of
hypertensive mice with R243 lead to a significant 5-fold (p<0.05) increase in vasorelaxant
potency to ACh in the isolated aorta (Figure 15A, Table 2). By contrast, R243 treatment did
not alter vasorelaxation to DEA/NO or the contractile response to PE in hypertensive mice

(Figure 15 B-C).

Neither mouse CCL8 (mCCL8) nor human CCL18 (hCCL18) activates CCR8

To confirm whether hCCL18 and mCCL8 activate CCR8, bioluminescence resonance energy
transfer (BRET) assays were performed using mouse CCR8 (mCCR8) and human (hCCR8)
expressing Chinese hamster ovary (CHO) cells. hCCL1 (an established agonist of CCR8) led to
G-protein activation, cAMP inhibition and B-arrestin2 recruitment in human CCR8 (hCCR8)-
expressing CHO cells, whereas none of these effects were observed when cells were

stimulated with hCCL18 (Figure 16A). Similarly, mCCL1, but not mCCLS8, caused G-protein
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activation, cAMP inhibition and B-arrestin2 recruitment in mouse CCR8 (mCCR8)-expressing
CHO cells (Figure 16B). Furthermore, scRNA data showed that CCR8 and its known ligand,
CCL1 were both expressed at low levels in the normotensive and hypertensive mouse

vasculature, predominantly on T cells (Figure 17).
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5.6 Figures
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Figure 1. Effect of 28-day angiotensin Il infusion on systolic blood pressure (BP) in male WT
and CCR8 KO mice. Systolic BP over 28 days when wildtype (WT) and CCR8 knockout (KO)
male mice were treated with saline or Ang Il (0.7 mg/kg/d). BP was measured by tail cuff

plethysmography.

Data presented as mean + SEM, where n = number of animals. * p< 0.05 WT + Ang Il vs. WT +

Saline, # p< 0.05 CCR8 KO + Ang Il vs. CCR8 KO + Saline; 2-way ANOVA, Tukey's post hoc test.
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Figure 2. Effect of 28-day angiotensin Il infusion on the body and organ weights of male WT
and CCR8 KO mice. (A) Body weights of wildtype (WT) and CCR8 knockout (KO) mice over 28
days, when mice were treated with saline or Ang Il (0.7 mg/kg/d). (B) Organ weights of WT
and CCR8 KO mice (relative to body weights), at the end of their saline or Ang Il (0.7 mg/kg/d)
treatment. Data presented as mean + SEM, n= number of animals. (A) 2-way ANOVA, ns=no
statistical significance. (B) *p<0.05 vs. WT + Saline, #p<0.05 vs CCR8 KO + Saline; 1-way ANOVA,

Tukey’s post hoc test.
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Figure 3. Plasma and aortic CCL8 expression in WT and hypertensive mice. (A) Plasma levels

of CCL8 in saline- and Ang ll-treated wildtype (WT) and CCR8 knockout (KO) mice, dots

represent individual data points. (B) mRNA expression of CCL8 in aortae of saline- and Ang II-

treated WT mice, measured via single cell RNA-sequencing (scRNA-Seq). All mice were treated

with either saline or Ang Il (0.7 mg/kg/d) for 28 days. (A) n= 8-13, 1-way ANOVA, ns= no

statistical significance. (B) principal component analysis (PCA), positive expression highlighted

in red, n=4-6 pooled. Mac2= M2-like macrophages.
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Figure 4. Effect of 28-day angiotensin Il infusion on the function of the abdominal aorta in
male WT and CCR8 KO mice. Cumulative concentration-response curves to acetylcholine (ACh)
(A), DEA-NO (B) and phenylephrine (PE) (D) and L-NAME (100uM)-induced contraction (C) in
isolated abdominal aorta from wildtype (WT) and CCR8 knockout (CCR8 KO) mice treated with

either saline or Ang Il (0.7 mg/kg/d) for 28 days.

Data expressed as % reversal of pre-contraction to U46619 (A-B) or % of the maximal U46619
contraction (C-D). Data presented as mean * SEM, where n = number of animals. Dots
represent individual data points (C). *p<0.05 vs. WT + Saline (maximal contraction to PE), 1-

way ANOVA, Tukey's post hoc test.
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Table 1. Effect of genetic deletion of CCR8 on relaxation to ACh and DEA/NO and contraction to PE in isolated aortae from saline- and Ang II-

treated mice.

Vasodilator/ Vasoconstrictor
ACh DEA-NO PE
Group P traction Pre-contraction
re-con -

ECso (-log M)| R % ECso (-log M)| R % ECso (-log M)| F %
pPECs ( g ) max ( °) (% ua max) P 50 ( g ) max ( °) (% ua max) p 50 ( g ) max ( 0)

WT + Saline 7.45+0.14 85+2 65+2 7.55 +0.08 94 +2 60+3 6.66 +0.21 29+2
WT + Ang Il 7.25+0.16 80+8 68+2 7.57 £0.17 93+3 64+2 6.17+0.16 | 61+5*
CCR8 KO + Saline| 7.28 +0.07 86+2 64+2 7.55+0.1 96 +1 58+2 6.16+0.11 | 50+3*
CCR8KO +ANngll| 7.12+0.13 78+ 6 64+2 7.4+0.11 92+2 65+3 5.75+0.16 | 60+5*

PECso values expressed as -log M, Rmax values as % reversal of the level of pre-contraction to U46619, and Fmax values as % contraction to U46619

(0.3 uM). Values given as mean + SEM. n= 7-11. *p<0.05 vs. WT + saline (maximal contraction to PE), 1-way ANOVA, Tukey's post hoc test.

WT + Saline: WT mice treated with saline for 28 days; WT + Ang Il: WT mice treated with Ang Il (0.7mg/kg/d) for 28 days; CCR8 KO + Saline:
CCR8 KO mice treated with saline for 28 days; CCR8 KO + Ang Il: CCR8 KO mice treated with Ang Il (0.7mg/kg/d) for 28 days. ACh: acetylcholine;
DEA/NO: diethylamine NONOate; PE: phenylephrine.
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Figure 5. Effect of 28-day angiotensin Il infusion on the structure of the thoracic aorta from
male WT and CCR8 KO mice. (A-D) Representative images of mouse aortic sections stained
by hematoxylin and eosin (H&E). Wildtype (WT) and CCR8 knockout (KO) mice were treated
with saline or Ang Il (0.7 mg/kg/d) for 28 days. (E-G) Quantification of medial area (E), lumen
area (F), and medial: lumen area ratio (G). Data presented as mean * SEM, dots represent
individual data points, n=4-7. **p<0.01 vs. WT + Saline, # p<0.05 vs. CCR8 KO + saline; 1-way
ANOVA, Tukey's post hoc test.
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Figure 6. Effect of 28-day angiotensin Il infusion on elastin dysregulation of the thoracic
aorta from male WT and CCR8 KO mice. (A-D) Representative images of mouse aortic
sections stained by Verhoeff-Van Gieson (VVG). Wildtype (WT) and CCR8 knockout (KO) mice
were treated with saline or Ang Il (0.7 mg/kg/d) for 28 days. (E) Scoring of the level of elastin
dysregulation, where score= 1 represents normal elastin structure, and score= 4 represents
severe elastin dysregulation. Data presented as median with 95% Cl, dots represent individual

data points, n=4-7. *p<0.05 vs. WT + Saline, 1-way ANOVA, Kruskal-Wallis post hoc test.
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Figure 7. Effect of 28-day angiotensin Il infusion on the collagen deposition of the thoracic
aorta from male WT and CCR8 KO mice. (A-D) Representative images of mouse aortic
sections stained by picrosirius red. Wildtype (WT) and CCR8 knockout (KO) mice were treated
with saline or Ang Il (0.7 mg/kg/d) for 28 days. (E) Quantification of adventitial collagen
expressed as area of staining in the adventitia. Data presented as mean + SEM, dots represent
individual data points, n=4-7 where n= number of animals. **p<0.01 vs. CCR8 KO + Saline, 1-

way ANOVA, Tukey's post hoc test.
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Figure 8. Effect of 28-day angiotensin Il infusion on the collagen deposition of the heart from

male WT and CCR8 KO mice. (A-D) Representative images of mouse heart sections stained by

picrosirius red, where collagen was stained red. Wildtype (WT) and CCR8 knockout (KO) mice

were treated with saline or Ang Il (0.7 mg/kg/d) for 28 days. (E) Quantification of interstitial

collagen expressed as % of image area. Data presented as mean * SEM, dots represent

individual data points, n=9-13. 1-way ANOVA, ns= no statistical significance.

181



Chapter 5

Kidney

WT + Saline WT + Ang Il

E

Collagen content
= - ns
g 15 . .
(=]
s . .
= v
S 1.0{ *2e A v
® . = 4 ==
- * °® 2 v
7 H ak |¥
® 0.5
d)
E
= 00 . . . .

< N\ & \\

& Q\O S

& AR
x {éx o o
$ G
& &
& F

Figure 9. Effect of 28-day angiotensin Il infusion on the collagen deposition of the kidney
from male WT and CCR8 KO mice. (A-D) Representative images of mouse kidney sections
stained by Masson’s Trichrome, where collagen was stained blue. Wildtype (WT) and CCR8
knockout (KO) mice were treated with saline or Ang Il (0.7 mg/kg/d) for 28 days. (E)
Quantification of interstitial collagen expressed as % of image area. Data presented as mean
+ SEM, dots represent individual data points, n= 7-11. 1-way ANOVA, ns= no statistical

significance.
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Figure 10. Effect of 28 days of angiotensin infusion on leukocyte infiltration into aortae from male WT and CCR8 KO mice. Cell numbers
calculated via flow cytometric analysis, representing CD45+ leukocytes (A), CD11+ myeloid lineage cells (B), F4/80+ total macrophages (C),
CD206+ “M2” macrophages (D), CD3+ total T cells (E), CD4+ T cells (F) and CD8+ T cells (G). Wildtype (WT) and CCR8 knockout (KO) mice were
treated with saline or Ang Il (0.7 mg/kg/d) for 28 days. Data presented as mean + SEM, dots represent individual data points, n= 6-9. 1-way

ANOVA.
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Figure 11. Effect of 28 days of angiotensin infusion on leukocyte infiltration into kidneys from male WT and CCR8 KO mice. Cell numbers
calculated via flow cytometric analysis, representing CD45+ leukocytes (A), CD11+ myeloid lineage cells (B), F4/80+ total macrophages (C),
CD206+ “M2” macrophages (D), CD3+ total T cells (E), CD4+ T cells (F) and CD8+ T cells (G). Wildtype (WT) and CCR8 knockout (KO) mice were
treated with saline or Ang Il (0.7 mg/kg/d) for 28 days. Data presented as mean + SEM, dots represent individual data points, n= 5-9. 1-way

ANOVA.
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Figure 12. Effect of 28 days of angiotensin infusion on leukocyte infiltration into spleen from male WT and CCR8 KO mice. Cell numbers
calculated via flow cytometric analysis, representing CD45+ leukocytes (A), CD11+ myeloid lineage cells (B), CD3+ total T cells (C), CD4+ T cells
(D) and CD8+ T cells (E). Wildtype (WT) and CCR8 knockout (KO) mice were treated with saline or Ang 11 (0.7 mg/kg/d) for 28 days. Data presented

as mean + SEM, dots represent individual data points, n=8-13. 1-way ANOVA.
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Figure 13. Effect of the CCR8 antagonist, R243 on the systolic BP in WT mice with angiotensin
ll-induced hypertension. Mice were treated with Ang Il (0.7 mg/kg/d) for 28 days and
received either R243 (1.1 mg/kg/d; CCR8 antagonist) or vehicle (2:1 warm mixture of 30%
hydroxypropyl-B-cyclodextrin: 100% DMSO) for the final 14 days. Systolic BP was measured
by tail cuff plethysmography over the 28-day experimental period. Data presented as mean *
SEM, n= number of animals. *p< 0.05 vs. Saline + Vehicle, 2-way ANOVA, Tukey's post hoc

test.
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Figure 14. Effect of the CCR8 antagonist, R243 on body and organ weights of male
hypertensive WT mice. (A) Body weights of mice over 28 days, when treated with saline or
Ang Il (0.7 mg/kg/d), with or without R243 administration from Day 14 (1.1 mg/kg/d; CCRS8
antagonist). (B) Organ weights of mice (relative to body weight) at the end of the treatment
period. Data presented as mean + SEM, n= number of animals. (A) 2-way ANOVA, ns= no

statistical significance. (B) 1-way ANOVA, ns= no statistical significance.
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Figure 15. Effect of the CCR8 antagonist, R243 on the function of the abdominal aorta in
hypertensive mice. Cumulative concentration-response curves to acetylcholine (ACh) (A),
DEA-NO (B) and phenylephrine (PE) (C) in isolated abdominal aorta. C57BL/6J male mice were
treated with saline or Ang Il (0.7 mg/kg/d) for 28 days, with either vehicle (2:1 warm mixture

of 30% hydroxypropyl-B-cyclodextrin: 100% DMSO) or R243 administered (1.1 mg/kg/d; CCR8

Data expressed as % reversal of pre-contraction to U46619 (A-B) or % of the maximal U46619
contraction (C). Data presented as mean + SEM, n= number of animals. * p<0.05, pECsg vs.

Ang Il + Vehicle and Saline + Vehicle, 1-way ANOVA, Tukey's post hoc test.
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Table 2. Effect of the CCR8 antagonist, R243 on relaxation to ACh and DEA/NO and contraction to PE in isolated aortae from Ang lil-treated

mice.
Vasodilator/ Vasoconstrictor
ACh DEA-NO PE
Group Pre-contraction Pre-contraction
ECso (-log M) R % ECso (-log M) R % ECs, (-log M)| F %
PECs ( g ) max ( °) (% ua max) PECs ( g ) max ( °) (% U4 max) pPECso ( g ) max ( °)
Saline + Vehicle| 7.19+0.14 83+3 69+1 7.44+0.27 | 92+2.7 66+ 2 5.77 £ 0.65 47 +16
Ang Il + Vehicle| 7.13+0.1 88+5 68+1 7.6+0.22 95+4 71+6 6.62 +0.36 59+ 15
Angll+R243 |7.83+0.11*| 92+2 63+1 7.68 £0.16 95+1 60+2 7 +0.66 82+5

PECso values expressed as -log M, Rmax values as % reversal of the level of pre-contraction to U46619, and Fmax values as % contraction to U46619
(0.3 uM). Values given as mean + SEM. n= 3-6. *p<0.05 vs. Ang Il + Vehicle and Saline + Vehicle (maximal contraction to PE), 1-way ANOVA,

Tukey's post hoc test.

Saline + Vehicle: mice treated with saline for 28 days, with vehicle administered from Day 14 onwards; Ang Il + Vehicle: mice treated with Ang
Il (0.7mg/kg/d) for 28 days, with vehicle administered from Day 14 onwards; Ang Il + R243: mice treated with Ang Il (0.7mg/kg/d) for 28 days,
with R243 (1.1 mg/kg/d) administered from Day 14 onwards. ACh, acetylcholine; DEA/NO, diethylamine NONOate; PE, phenylephrine.
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hCCRS8- or mCCR8- expressing CHO cells
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Figure 16. Assessment of CCR8 activation by human CCL18 (hCCL18) and mouse CCL8
(mCCL8) via bioluminescence resonance energy transfer (BRET) assays. Flp-In Chinese
hamster ovary (CHO) cells were transfected with mouse CCR8 (mCCR8; A) or human CCR8
(hCCRS; B). Left panel: G-protein activation, Gai+ GB1 tagged by venus!>622°, Gy, tagged by
venus'1>>, GRKct tagged by Rluc; CCR8 tagged by myc. Middle panel: cAMP inhibition assay
using 10uM forskolin, CCR8 tagged by myc. Right panel: B-arrestin2 recruitment, CCR8 tagged
by Rluc, B-arrestin tagged by YFP. The well-established CCR8 agonists, human- and mouse-
CCL1 (hCC1 and mCCL1), were used as positive controls. Data expressed as % of the maximal

response and presented as mean + SEM; n= 3-7.
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Figure 17. Aortic CCR8 and CCL1 expression in hypertensive mice. RNA expression of CCR8
(A) and CCL1 (B) in aortae of saline- and Ang ll-treated wildtype mice, using single cell RNA
(scRNA) sequencing. Mice were treated with saline or Ang Il (0.7 mg/kg/d) for 28 days.
Principal component analysis (PCA), positive expression highlighted in red, n=4-6 pooled. G/D

T cells= Gamma delta T cells.
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5.7 Discussion

M2 macrophages contribute to hypertension-associated fibrosis in the aorta (Oparil et al.,
2003), kidney (Zhao et al., 2008) and heart disease (Diez, 2007), and are the predominant
source of the pro-fibrotic chemokines, human CCL18 (hCCL18) and mouse CCL8 (mCCL8)
(Islam et al., 2011; Schutyser et al., 2005). Based on the study of (Islam et al., 2013), which
identified these two chemokines as functional analogues and as agonists of CCR8, we sought
to investigate the role of the mCCL8-CCR8 axis in the development of hypertension in mice
using genetic deletion and pharmacological inhibition of CCR8. Extending our previous
findings in a 14-day model of Ang llI-induced hypertension (Chapter 4), we have utilised a
more chronic model of hypertension (28-day Ang Il infusion) in this study. We confirmed that
M2 macrophages are a key source of mCCL8 in the hypertensive vasculature. Whilst genetic
deletion of CCR8 did not confer protection against the hypertensive response to Ang Il or the
associated end-organ remodelling, it was noted that T cell infiltration into the kidneys of CCR8
KO mice had a trend towards attenuation. Moreover, we have provided the first evidence
that the CCR8 antagonist, R243 improves endothelial-dependent vasorelaxation in the
hypertensive vasculature, independently of a change in BP. Whilst mCCL8 was elevated in
hypertension, our findings in CCR8 expressing CHO cells challenge the idea that
hCCL18/mCCLS signal via CCR8. As such, the lack of protection against hypertension and its
associated end-organ damage, following genetic or therapeutic targeting of CCR8, may be

indicative of the inability of M2 macrophage-derived mCCL8 to activate CCR8.

We chose to investigate the role of the mCCL8-CCR8 axis in the 28-day Ang Il (0.7 mg/kg/d)
infusion model of hypertension in mice. Like the 14-day Ang Il model of hypertension used in
Chapter 4, 28 days of Ang Il infusion leads to a rapid elevation in systolic BP, however the
associated end-organ damage may be more extensive as a result of the prolonged
hypertension. Thus a 14-day Ang Il (2.2 mg/kg/d) infusion model does not cause cardiac
damage (Kirchhoff et al., 2008), whereas 28 days of Ang Il (0.7 mg/kg/d) infusion leads to
development of cardiac hypertrophy (Moore et al., 2015). Consistent with previous studies
(Moore et al., 2015), Ang Il infusion in WT mice caused a significant increase in systolic BP by
7 days which was maintained over the 28 day experimental period and was associated with

cardiac hypertrophy.
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It is well recognised that hypertension is associated with vascular inflammation and previous
studies have shown that following Ang Il infusion in mice, M2 macrophages accumulate in the
vessel wall and aortic mCCL8 expression is increased (Moore et al., 2015) (Chapter 4).
Moreover, using immunohistochemical approaches, we have previously shown that mCCL8 is
co-localised with M2 macrophages in the aortae of 28-day Ang Il treated mice (Zhu, 2016).
We have now extended these studies, using a sScRNA-Seq approach to confirm colocalization
of mCCL8 with a population of macrophages in the aortic wall and a hypertension-associated
increase in this subset of mCCL8-expressing macrophages. Whilst we observed elevated
plasma levels of hCCL18 in patients with resistant hypertension (Chapter 3), plasma levels of
mCCL8 were unchanged following Ang Il infusion in mice. However, it is important to note
that the murine Ang Il infusion model is not a model of resistant hypertension and as such
spillover of CCL8 from tissues into plasma may only arise after prolonged periods of sustained

hypertension.

Having established a murine model of hypertension associated with cardiac remodelling and
vascular inflammation (elevated aortic mCCL8), we next sought to delineate the role of the
hCCL18/mCCL8 cognate receptor, CCR8 (Islam et al., 2013) on the development of
hypertension. The global deletion of CCR8 did not protect mice from either the elevation in
BP or cardiac hypertrophy. These findings are perhaps not so surprising, when considering
the key immune cells reported to be involved in BP elevation. Thus, previous studies have
shown that inhibition of monocyte trafficking and accumulation of M2 macrophages in the
vascular wall leads to an antihypertensive effect (Moore et al.,, 2015). Whilst CCL8-CCR8
signalling is reported to promote chemoattraction, this is likely to reflect an action on T cells
rather than macrophages themselves. As such, we would not anticipate that a loss of CCR8
would reduce macrophage accumulation in the vascular wall and lower BP. Indeed, as will be
discussed in further detail later, our flow cytometric analysis did not detect changes in

macrophage content in either WT or Ang lI-treated CCR8 KO mice.

Although the hypertensive response to Ang Il was not blunted in CCR8 KO mice, we wished to
determine if CCR8 signalling modulated vascular function in the setting of hypertension.
Chronic hypertension is associated with vascular dysfunction in large conduit arteries (Oparil
et al., 2003), which can lead to fibrosis and stiffening (Drummond et al., 2019). Although

endothelial dysfunction in commonly reported in pre-clinical models of hypertension (Al-
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Magableh et al., 2015; Madhur et al., 2010), in the current study endothelium-dependent
relaxation to ACh and the contractility to L-NAME (measure of endogenous NO bioavailability)
were preserved in the abdominal aorta of WT hypertensive mice. As discussed in Chapter 4
(Section 4.7), the observed inconsistency with published data may be caused by differences
in experimental design, such as baseline tension and pre-contraction levels. By contrast, our
finding of increased contractile responses to PE in the aorta of hypertensive WT mice is
consistent with previous reports (Madhur et al., 2010). Moreover, we clearly demonstrated
that the contractile response to PE in WT normotensive mice is modulated by endogenous
NO (enhanced by L-NAME), yet this modulation appeared to be lost in WT hypertensive mice.
Collectively this data suggests that a hypertension-associated loss in vasodilatory NO may
contribute to enhanced contractility to PE, yet this concept is difficult to reconcile with our
finding that endothelial function was preserved in hypertensive aortae. However, we have
not confirmed that ACh-mediated relaxation in hypertensive aortae is mediated by NO, and
an upregulation of other endothelium-derived relaxing factors, such as prostacyclin (PGl;) or
endothelium-derived hyperpolarising factor (EDHF) (liang et al., 2016), may serve to
compensate for a potential loss in endogenous NO. Future experiments should explore this
concept. As discussed in Chapter 4, we suggest that augmented contractility to PE may be
related to factors such as changes in expression of al- adrenoceptors (Rodriguez et al., 2020),

and/or oxidative stress (Mui et al., 2018; Tsai & Jiang, 2010).

It is interesting to note that genetic deletion of CCR8 did not affect endothelial function,
endogenous NO availability (assessed by L-NAME, high variability in response) or smooth
muscle vasodilator function in this 28-day Ang Il infusion model of hypertension. In addition,
the augmented contractile response to PE in Ang Il treated mice was maintained in CCR8 KO
mice. Indeed, as discussed in Chapter 4, genetic deletion of CCR8 per se led to increased
contractile efficacy to PE, independent of hypertension. Whilst CCR8 signalling limits
adrenoceptor-mediated contractile responses, we also noted that endogenous NO appears
to attenuate PE-induced contraction in WT but not hypertensive CCR8 KO mice. At this point
it is worth considering the use of the contractile response to the NOS inhibitor, L-NAME as a
measure of endogenous NO bioavailability. Prior to addition of L-NAME, care was taken to
match the level of pre-contraction with U46619 to =25-30 % Fmax. Nevertheless, we observed

a high degree of variability in L-NAME-induced contraction within experimental groups,
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despite consistent ACh-induced vasorelaxation. These observations raise concerns with
regard to the reliability of the use of L-NAME to assess endogenous vascular NO and in the
future more sensitive measures of NO should be adopted. Such measures may include NO
staining by 4-amino-5-methylamino-2’, 7'-difluorofluorescein (DAF-FM) diacetate and
diaminorhodamine (DAR)-4M, or quantification of nitrites and nitrates by a NO quantification
kit (Oller et al., 2017). Collectively, our data suggests that CCL8-CCR8 signalling does not
contribute to any hypertension-dependent changes in vascular function in the 28d Ang Il

model in mice.

A key feature of chronic hypertension is the remodelling, fibrosis and stiffening of large elastic
arteries. Stiffened arteries do not effectively buffer pulse pressure, leading to higher pulse
pressures in the periphery (Briet et al., 2012), and hence the subsequent end-organ damage
(Oparil et al., 2003). Relevant mechanical changes in the artery are contributed to by both the
thickening of the vessel wall and also the composition of the extracellular matrix. In the
current study, Ang Il treatment leads to medial thickening and lumen enlargement in the
aorta, with unchanged media: lumen ratio. The enlarged and thickened vascular structure
indicates outward hypertrophic remodelling (Van Varik et al., 2012), and hypertrophic
remodelling of large conductive arteries is very commonly seen in hypertension (Brown et al.,
2018). We have also found elastin dysregulation in the vasculature of Ang Il treated WT mice,
which is consistent with published data (Xu et al., 2019). Other published studies have
reported increased adventitial collagen in the same model of hypertension (0.7 mg/kg/d Ang
I, 28 days) (Bersi et al., 2016; Chan et al., 2015). As such, our inability to observe a statistically
significant increase in collagen deposition in WT hypertensive mice is likely due to small
sample sizes, which represents a limitation of the current study. Furthermore, the
accumulation of M2 macrophages in the aortic wall has been shown to led to medial
thickening, elastin loss and collagen deposition (Moore et al., 2015). Our finding that M2
macrophages express the pro-fibrotic chemokine mCCL8, and the expression of its cognate
receptor CCR8 on vascular cell types (endothelial cells and VSMCs) (Haque et al., 2004), led
us to hypothesise that the mCCL8-CCR8 axis may play a key role in the large elastic artery
remodelling associated with hypertension. However, our study has shown that the genetic
deletion of CCR8 does not impact the hypertension-associated hypertrophic remodelling and

elastin dysregulation in the aorta and tended to increase, rather than decrease, adventitial
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collagen deposition. Whilst these findings were unexpected, they raise a number of
considerations with regard to the role of CCR8 signalling in vascular remodelling in
hypertension. Thus, whilst CCR8 receptor expression has been reported in vascular cell types
(Haque et al., 2004), the current study did not confirm, via immunohistochemical techniques,
the expression of CCR8 in the aortic wall or its cellular localisation. Moreover, as will be
discussed in further detail later, confirmation that mCCL8 targets CCR8 in collagen generating
cells is lacking and given that mCCL1 is also a CCR8 ligand (Haskell et al., 2006), the function
of this chemokine may also be impacted in CCR8 KO mice. As such the enhanced collagen
deposition in the hypertensive vasculature following genetic deletion of CCR8, may reflect a
loss in CCL1-CCRS8 signalling. Although we are currently unaware of an anti-fibrotic action of

CCL1 in the setting of hypertension, this concept warrants further investigation.

In the setting of hypertension, M2 macrophages are also likely to accumulate in other organs,
such as the heart and kidney and contribute to cardiac and renal fibrosis and inflammation
(Drummond et al., 2019). In the current study, neither cardiac nor renal fibrosis was evident
following 28-day Ang Il infusion, and genetic deletion of CCR8 had no impact on these
measures. For comparison, there are previous studies that reported increased interstitial
collagen in the heart or kidneys using 28-day Ang Il treatments in mice, but to our knowledge,
they all used higher doses of Ang Il (typically above 2.1 mg/kg/d) than that of the current
study (0.7 mg/kg/d) (Yu et al., 2018; Zhao et al.,, 2018). As noted previously, cardiac
hypertrophy (increase in heart weight) was evident in WT hypertensive mice suggesting that
heart damage may still have occurred. To confirm this, future studies can investigate the
expression of cardiac hypertrophic markers, such as atrial natriuretic peptide and osteopontin
(Ellmers et al., 2002; Singh et al.,, 2014). Alternatively, a different pre-clinical model of
hypertension may be used to induce more overt cardiac or renal fibrosis and assess the impact
of CCR8 deletion. For example, deoxycorticosterone acetate and salt (DOCA-salt) treatment
on uninephrectomized mice, alone or in combination with Ang I, can cause severe damage

to the heart and kidneys including substantial collagen deposition (Kirchhoff et al., 2008).

As discussed, the infiltration of immune cells, such as monocytes/macrophages, into target
organs that play key roles in BP control (e.g. kidney), contribute to the pathophysiology of
hypertension (Drummond et al., 2019). Given the chemoattractant properties of

hCCL18/mCCLS (Islam et al., 2011; Schutyser et al., 2005), we wished to determine if negating
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mCCL8-CCRS signalling, via genetic deletion of CCR8, modulated immune cell populations in
the aorta, kidney and spleen. Using flow cytometry to measure various types of leukocytes in
target organs, we demonstrated no significant change in immune cell populations (total
macrophages, M2 macrophages, T cells) in the kidneys of hypertensive WT as compared to
normotensive WT mice. The T cell data are consistent with the findings of a published study
that used the same 28-day Ang ll-induced hypertension model (Chan et al., 2015). Of note, a
DOCA-salt mouse model of hypertension, which leads to more severe renal damage than the
Ang Il models (Kirchhoff et al., 2008), has been reported to cause increased infiltration of total
and M2 macrophages in hypertensive kidneys (Krishnan et al., 2016; Krishnan et al., 2019).
However, to our knowledge, studies using the Ang ll-infusion mouse models of hypertension
have not reported total or M2 macrophage cell counts in the kidneys. Interestingly, both
normotensive and hypertensive CCR8 KO mice appeared to have =65% fewer T cells in their
kidneys as compared to their WT counterparts, which may be due to a reduction in the
number of CD4+ T cells. CCR8 is expressed on CD4+ T cells (Lim et al., 2017), and is found to
mediate the chemotactic effects on these cells in response to CCL1 (Haque et al., 2004). In
the kidney, CD4+ T cells produce increased amounts of inflammatory cytokines in response
to Ang Il treatment, contributing to hypertension-associated renal damage (Wei et al., 2014).
Trott et al. (2014) also found that CD8 KO limits sodium and water retention in the mouse
kidney, and hence protects mice from hypertension. However, to our knowledge, no
published studies have confirmed CCR8 expression on CD8+ T cells in the kidney. In fact,
Kremer et al. (2001) reported no detectable CCR8 on CD8+ thymocytes (precursor of CD8 T
cells) in mouse thymus. Researchers (McCully et al., 2018) have also reported a much lower
(=30 %) proportion of CCR8+ cells among CD8+ T lymphocytes in human skin, compared to
=60-80 % among CD4+ T cells. As such, potential effects of CCR8 KO on kidney inflammation/
function are likely to reflect an impact on CD4+ T cells. Nevertheless, together with our data
showing that CD4+ and CD8+ T cell counts remain unchanged in the spleen (i.e. unchanged T
cell production), it is suggested that CCR8 KO mice have limited T cell infiltration into the

kidneys, independent of hypertension.

In mouse aorta, another key target organ of hypertension, published studies have found that
Ang Il treatment leads to the accumulation of macrophages (especially M2 macrophages) and

T lymphocytes (especially CD4+ T cells) (Guzik et al., 2007; Moore et al.,, 2015). M2
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macrophages and CD4+ T cells contribute to hypertension-associated vascular fibrosis and
remodelling (Moore et al., 2015), yet the role of CD4+ T cells in hypertension-associated
vascular damage remains to be elucidated (Drummond et al., 2019; Guzik et al., 2007).
Surprisingly, Ang Il infusion in the current study did not lead to an increase in the number of
macrophages or T cells in the aorta. Moreover, both normotensive and hypertensive CCR8
KO mice appeared to have an unchanged leukocyte infiltration profile in the aortae as
compared to WT mice. When compared to previous studies, the inconsistency of the flow
cytometric data we obtained in WT normotensive and hypertensive mice may be explained
by limitations in the experimental approach. Thus, only a quarter of the length of the thoracic
aorta was stained for cell counting, limiting the number of cells available for assay and
possibly accounting for the higher variability and/or lower accuracy of the relevant data.
Future studies can overcome this limitation by running the whole length of thoracic aorta for
flow cytometric analysis. The insufficient statistical power (due to COVID-19 as explained in
Section 5.1) for the aorta and kidney data has also increased the difficulty of data

interpretation.

To further investigate the role of CCR8 in hypertension, the pharmacological inhibitor, R243
was used. R243 was the only commercially available CCR8 antagonist when relevant
experiments were commenced. It has been used previously to assess the pro-metastatic and
inflammatory/ chemotactic effects of CCR8 in bladder cancer (Liu et al., 2019) and acute colitis
(Oshio et al., 2014), respectively. However, R243 has not been studied in the context of
hypertension or other cardiovascular diseases. This study has found that, similar to the
genetic deletion of CCR8, R243 does not attenuate the Ang Il induced increase in systolic BP
in WT mice or change the heart weight/body weight measurements in Ang Il treated mice.
Endothelial dysfunction was again not observed in this cohort of hypertensive mice, yet R243
treatment of hypertensive mice lead to an improvement in endothelial function. Interestingly,
in this 28-day Ang Il infusion model, we saw improved endothelial function in R243 treated
mice but not in CCR8 KO mice. Such findings may be attributed to the upregulation of
compensatory mechanisms in response to the global deletion of CCRS, or to the fact that R243
antagonises not only CCR8 but also CCR2 (Oshio et al., 2014). Since CCR2 may also contribute
to hypertension-associated vascular damage by inducing macrophage infiltration into the

vasculature (Chan et al., 2012; Moore et al., 2015), a more specific antagonist is required to
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study the effects of CCR8 blockade on hypertension. Recently another small molecule
antagonist, AZ084, has become commercially available and is highly selective to CCR8
(Connolly et al., 2012). In addition, the lack of statistical power of the organ weight and PE-
induced vessel contraction data has prevented us from drawing relevant conclusions (due to
COVID-19 as explained in Section 5.1). In the future, R243 may be given to CCR8 KO mice so
that we can identify whether the observed effects are mediated by CCR8 or CCR2. AZ084 will

also be a useful pharmacological tool to selectively antagonise CCR8.

The concept that hCCL18/mCCL8 signal via CCR8 was predicated on the study by Islam et al.
(2013) in which it was reported that CCR8 is the CCL18 receptor and that mCCL8 is a functional
analogue of hCCL18. Of note, data from the current study suggest otherwise. Islam et al.
(2013) observed CCL18-induced calcium mobilisation and chemotaxis of CCR8-expressing
human Th2 cells, which, to our knowledge, has not been replicated to date. Our new data
using BRET assays in CCR8-expressing CHO cells, provide evidence in support of CCR8
activation by the established agonist, CCL1 (Haskell et al., 2006). By contrast, both hCCL18
and mCCL8 failed to activate CCR8. Moreover, naive T cells do not express CCR8, but they
represent the immune cell population with the highest ability to migrate in response to
hCCL18 (Chenivesse & Tsicopoulos, 2018). Collectively these data suggest that hCCL18/mCCL8
may activate receptors other than CCR8, and that targeting CCR8 may not negate the effects
of these chemokines in the setting of hypertension, as we had assumed. The lack of CCL18
expression in rodents has made interpretation of relevant results difficult, but when
considering hCCL18 per se, relevant receptors may include CCR1, 2, 3, 5, and PITPNM3. Thus,
hCCL18 has been reported to antagonise CCR3 and inhibit the actions of CCR1, 2, 5 via
displacement of bound agonists (Krohn et al., 2013). However, it is important to note that
such actions would confer an anti-inflammatory and/or anti-fibrotic capacity of hCCL18. For
example, CCR1 and CCR2 on VSMCs exert pro-fibrotic mechanisms (Seki et al., 2009a; Seki et
al., 2009b), and CCR5 expressed on monocytes/ macrophages promotes chemotaxis and
fibrosis (Seki et al., 2009a). Another study (Chen et al., 2011) has found that hCCL18 activates
PITPNM3, a tumour-associated transmembrane receptor, on breast cancer cells. Whilst
PITPNM3, to our knowledge, has not been identified in cardiovascular cell types, it still
represents a target which should be considered. Future studies are required to identify the

receptors responsible for the actions of hCCL18 in the setting of hypertension. Ultimately, the
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use of a binding protein to negate the actions of mCCL8 will also help to delineate its role in

hypertension.

In conclusion, genetic deletion of CCR8 does not confer protection against the development
of hypertension or the associated end-organ damage, despite a trend towards a reduction in
T cell infiltration in the kidney, a key BP controlling organ. Whilst pharmacological targeting
of CCR8 (with R243) leads to a modest improvement in endothelial function, it does not
impact on BP per se and its effects on end-organ remodelling remain to be determined.
Moreover, the lack of selectivity of R243 and our data to indicate that neither hCCL18 nor
mCCLS8 activate CCRS, raise the possibility that targeting CCR8 does not represent an effective
strategy to negate the actions of CCL18 in hypertension. Future studies should focus on
identifying the relevant receptor(s) for CCL18 and/or directly studying the role of hCCL18 itself
in hypertension. These concepts will be explored further in the General Discussion (Chapter

6).
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Chapter 5

Supplementary Figure 1. Correlation of maximal phenylephrine contraction (PE max) with

final day systolic BP (D28 BP) in WT and CCR8 KO mice. Wildtype (WT; A) and CCR8 knockout

(CCR8 KO; B) mice were treated with saline or Ang Il (0.7 mg/kg/d) for 28 days, and the

maximum contraction to PE in the isolated abdominal aorta correlated with the D28 BP

reading. (C) Correlation of the maximal U46619 contraction (U4 max) with D28 BP. PE max

data were expressed as % of U46619 max. Data presented as individual points, (A-B) n= 7-10,

(C) n=37. Linear regression analysis, ns = no statistical significance.
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Supplementary Figure 2. Effects of L-NAME and genetic deletion of CCR8 on PE-induced
contraction in the abdominal aorta of saline- and Ang Ill-treated mice. Cumulative
concentration-response curves to phenylephrine (PE), in the absence or presence of L-NAME
(100 puM), in saline- and Ang II-treated WT (A-B) and CCR8 KO (C-D) male mice. WT and CCR8
KO mice were treated with saline (left panel) or Ang Il (0.7 mg/kg/d; right panel) for 28 days.
Data expressed as % of the maximal U46619 contraction. Data presented as mean + SEM

(when n >3) or mean (when n<3). * p<0.05 vs. PE alone, Student’s unpaired t-test.
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6.1 Summary of key findings

Hypertension is associated with fibrosis and damage of end-organs such as the heart, kidneys,
and the vasculature (Diez, 2007; Oparil et al., 2003; Zhao et al., 2008). Such organ damage
puts patients, especially those with resistant hypertension, at significantly increased risk of
major cardiovascular events (Daugherty et al., 2012). It has been found that M2 macrophages
play a crucial role in hypertension and its associated end-organ damage (Drummond et al.,
2019), and preliminary data from our laboratory suggest that CCL18 is the mediator of the
profibrotic functions of M2 macrophages in hypertension. As such, this thesis investigates the
role of CCL18, and its recently identified receptor CCR8 (Islam et al., 2013), in hypertension.
Chapter 3 provides the first evidence that CCL18 is elevated in the plasma of resistant
hypertensive patients, and can promote vascular fibrosis via targeting human aortic
adventitial fibroblasts (AoAFs) and aortic endothelial cells (HAECs). Genetic deletion, or
pharmacological inhibition, of CCR8 in mice does not modulate the development of chronic
hypertension (induced by 14 or 28 days of Ang Il treatment) (Chapters 4-5). Based upon the
lack of impact of CCR8 deletion on the pathogenesis of hypertension and CCR8 signalling
assays (Bioluminescence Resonance Energy Transfer assays; BRET assays), we suggest that
CCR8 may not be the cognate receptor of CCL18 (Chapter 5). These findings have provided
novel information with regard to the role of CCL18 and CCR8 in hypertension, which lead to
implications on future research directions with high relevance to the clinical management of

hypertension (detailed in sections 6.2-6.4).

6.2 Effects of genetic or pharmacological targeting of CCR8 on hypertensive

male and female mice

To explore the potential contribution of the CCL18-CCR8 axis in hypertension, two time-
courses of Ang Il induced hypertension (0.7 mg/kg/d, 14-day or 28-day treatment; Chapters
3-4) were utilised in wild-type (WT) and CCR8 knockout (KO) mice. The prolonged Ang Il
treatment (28-day) is associated with more extensive end-organ damage than the 14-day Ang

Il treatment. In addition, pharmacological inhibition of CCR8 in hypertensive WT mice was
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achieved via treatment with the CCR8 antagonist, R243 (1.1 mg/kg/d; Chapter 4), given as an
intervention in the 28-day Ang Il treatment period. Systolic blood pressure (BP) and
hypertension-associated organ damage (aorta, kidneys and heart) were assessed. To date,

these are the first studies to investigate the role of CCR8 in hypertension.

6.2.1 Effects of genetic deletion of CCR8 on Ang ll-induced hypertension in mice (14-day and

28-day)

BP elevation

Ang Il infusion in both male and female mice caused a robust increase in BP. Whilst the
increase of BP in females at the end of the 14-day period was the same as males, the BP
elevation was delayed in females. This suggests there is a degree of protection against the
development of hypertension in female mice. In fact, until the sixth decade of life, men have
higher BP than females (Mozaffarian et al., 2015), whereas the relevant mechanisms
underlying this protection remain unclear. In animal models of hypertension, studies have
reported that T cells in male mice have a higher ability to migrate and infiltrate into target
organs, as compared to female mice (Ji et al., 2014; Pollow Dennis et al., 2014). Hypertensive
female rats also have a higher proportion of regulatory T cells in the kidneys than their male
counterparts (Zimmerman et al., 2014), which may also be protective due to the anti-
inflammatory property of regulatory T cells. As such, the observed delay of BP elevation in
female mice may be related to sex differences in immune mechanisms of hypertension.
However, the genetic deletion of CCR8 did not impact the pressor response to Ang Il in either

male or female mice.
Renal damage

Although we found that the genetic deletion of CCR8 did not limit the BP elevation in response
to Ang Il treatment in mice in both the 14-day and the 28-day hypertension models, it was
important to explore the effects of global deletion of CCR8 on hypertension-associated organ
damage. To achieve this objective, hypertension was established in mice over a shorter-term
(14-day) and more prolonged (28-day) period, with damage to the aorta, heart and kidney

assessed. Our finding that kidney damage, assessed via a change in weight or collagen
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deposition, was not evident in the Ang ll-induced models of hypertension used, is consistent
with published literature. Kidney damage was not observed in mice treated with 14 days of
Ang |l infusion at a higher dose (2.16 mg/kg/d) (Kirchhoff et al., 2008). Moreover, to our
knowledge, studies that report kidney fibrosis in mice treated with 28 days of Ang Il all use
higher doses of Ang Il (typically >2.1 mg/kg/d) as compared to the current study (0.7 mg/kg/d)
(Yu et al., 2018; Zhao et al., 2018). Indeed, the Ang Il infusion model of hypertension has been
used primarily to study hypertension-associated vascular damage. As such, to interrogate the
impact of a loss of CCR8 on kidney damage and function, a different hypertension model, such
as the deoxycorticosterone acetate (DOCA)-salt rodent model that is known to cause kidney
damage (Basting & Lazartigues, 2017), together with markers of renal injury (e.g. kidney-

injury molecule-1) and function (glomerular filtration rate), should be used in future studies.

The immune system plays a key role in hypertension. Indeed, immune cell infiltration into BP
controlling organs such as the kidney can lead to chronicinflammation and disrupt their ability
to regulate BP (Drummond et al., 2019; Sierra-Filardi et al., 2014). Thus, although kidney
damage was not clearly evident, we wished to determine if immune cell infiltration was
evident in the hypertension models. In line with the kidney weight and fibrosis data, flow
cytometric analysis revealed no change in leukocyte infiltration into hypertensive kidneys
following 28 days treatment with Ang I, which is again consistent with published data (Chan
et al., 2015). However, it is important to note that flow cytometry experiments were only
performed for our 28-day model of hypertension, but not the 14-day model. In fact, some
published studies have shown an increase in total T cell (CD3+) accumulation in the
hypertensive kidneys, using a 14-day mouse model of hypertension (0.7 mg/kg/d Ang I
treatment) (Wei et al., 2014). This leads to the hypothesis that T cell infiltration into kidneys
occurs at earlier stages of hypertension. Effector T cells can subsequently attract other
immune cells (e.g. monocytes/macrophages) into the kidney as well as directly influencing
renal sodium and water reabsorption via the release of cytokines such as interferon-Y (IFN-y)
(Drummond et al., 2019). When considering T cell subsets, studies using the 14-day Ang I
hypertension model have also found that CD4+ T cells accumulate in the kidneys, as well as
aortae, to a larger extent than CD8+ T cells (Guzik et al., 2007; Wei et al., 2014). However, the
role of CD4+ T cells in hypertension remains controversial, such that mice deficient in total T

and B lymphocytes (Ragl™~ mice) are protected from Ang ll-induced (14 days) hypertension,
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yet adoptive transfer of CD4+ T cells fails to restore hypertension in Ragl™~ mice (Trott et al.
(2014)). By contrast CD8+ T cells are thought to play a key role, being antigenically activated
and their deficiency conferring protection against Ang llI-induced BP elevation and vascular
remodelling in the kidney in mice (Trott et al. (2014). As such, based upon our finding that
global deletion of CCR8 in male mice, was associated with reduced infiltration of T cells,
especially CD8+ T cells, into the kidney of both normotensive and hypertensive mice, we may
have anticipated that CCR8 KO mice would be protected to an extent, from Ang ll-induced
hypertension and kidney damage. The apparent reduction in kidney T cell infiltration in
normotensive CCR8 KO mice, is not surprising given the known ability of CCR8 to mediate the
infiltration of T cells into sites of inflammation (Connolly et al., 2012). Future studies should
use flow cytometric analysis to confirm, in the 14-day Ang ll-infusion model, an elevationin T
cells in the kidney and a reduction in CCR8 KO mice. Moreover, investigating the impact of
genetic deletion of CCR8 on the associated vascular remodelling (vascular rarefaction) in the
kidney may provide a more comprehensive insight into the role of CCR8 signalling in the

pathogenesis of hypertension.
Vascular damage

It is well recognised that chronic hypertension is associated with stiffening of large elastic
arteries (e.g. aorta), which is determined by both the mechanical properties of the vessel wall
(e.g. thickness vessel wall, extracellular matrix composition) and smooth muscle tone (Brown
et al., 2018; Cocciolone et al., 2018). Such stiffening reduces the capacity to buffer pulse
pressure leading to damage to the microvasculature and end-organs (Briet et al., 2012). As
such a key focus of this thesis was hypertension-associated vascular damage. Although the
14-day Ang Il hypertension model may be more appropriate to study renal inflammation,
hypertension-associated vascular damage appears to be more prominent at later stages of
the disease. Specifically, 28 days of Ang Il treatment caused more apparent medial thickening
and elastin dysregulation in the aortae of WT male mice, as compared to those treated with
Ang |l for 14 days. Published studies have reported medial thickening induced by both 14 and
28 days of Ang Il infusion (Moore et al.,, 2015; Williams et al., 2019). However, to our
knowledge, elastin dysregulation (with Verhoeff-Van Gieson staining) has only been
associated with the use of higher doses of Ang Il (e.g. 2.1 mg/kg/d, 14d-day) (Cui et al., 2016)

or following longer treatment periods (> 14 days, e.g. 0.7 mg/kg/d, 28-day) (Moore et al.,
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2015). A key contributor to aortic stiffening is the increased deposition of collagen within the
vascular wall (Cocciolone et al., 2018). Aortic collagen content was assessed using picrosirius
red staining, and it should be noted that the quantification methods used in the 14- and 28-
day Ang Il infusion models differed slightly. Thus the % staining of adventitial area was
measured for the 14-day model, whilst the area of adventitial collagen was quantified for the
28-day model, due to the apparent medial thickening caused by 28 days of Ang Il treatment.
Both quantification methods revealed a trend for vascular fibrosis in hypertensive WT mice,
which failed to reach statistical significance. The 14-day and 28-day Ang Il models utilised in
our studies are well known to cause increased adventitial collagen deposition (Bersi et al.,
2016; Nosalski et al., 2020), whilst it is important to note that both picrosirius red and
Masson’s Trichrome staining are commonly used to assess vascular collagen content (Chen et
al., 2011a). It is likely that the failure to observe a significant increase in collagen content in
aortae from Ang |l treated mice, was due to low sample sizes and insufficient statistical power
due to the impacts of COVID-19 (detailed in Sections 4.1 and 5.1). We anticipate that the 28-
day Ang Il model of hypertension would lead to more robust vascular remodelling in male
mice than the 14-day model, and future studies using larger sample sizes and/or using
Masson’s Trichrome to stain for collagen are required. Of note, the above-mentioned end-
point measures were not performed in female mice, as they have been found to be protected

from Ang llI-induced vascular dysfunction (detailed in the following paragraph).

As highlighted, smooth muscle tone is central to arterial compliance/stiffness. An increase in
smooth muscle tone, in large conduit arteries, as a consequence of vascular dysfunction
(endothelial dysfunction and/or increased vascular smooth muscle contractility), is associated
with hypertension (Oparil et al., 2003). In the current studies, WT male and female mice did
not develop significant endothelial dysfunction after a 14- or 28-day Ang Il treatment (0.7
mg/kg/d). As discussed in Chapters 4-5, although this finding is inconsistent with published
literature (Al-Magableh et al., 2015; Madhur et al., 2010), other unpublished studies from our
laboratory or our collaborators have also observed a lack of endothelial dysfunction. Such
inconsistencies may be due to differences in experimental design, such as baseline tension
and precontraction levels prior to the construction of relaxation curves to the endothelium-
dependent dilator, acetylcholine (ACh). On the other hand, contractility to the ou-

adrenoceptor agonist, phenylephrine (PE) was augmented in the aortae of WT hypertensive
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male mice (in both the 14-day and 28-day models) as compared to their normotensive
counterparts. These findings were consistent with published data in the same pre-clinical
model of hypertension (Madhur et al., 2010; Seto et al., 2013). Increased responsiveness to
PE in the setting of hypertension, is often indicative of a loss in the modulatory actions of
endogenous nitric oxide (NO) (Al-Magableh et al., 2015). Indeed, our findings provided
evidence for an ability of NO to modulate PE-induced contraction, such that the contractility
to PE was increased in the presence of L-NAME (NO synthase inhibitor) in the normotensive,
but not hypertensive, vasculature. However, whether the enhanced contractility to PE in the
Ang Il infusion model of hypertension is due to a loss in endogenous NO remains unclear.
Thus, we did not have direct evidence of either endothelial dysfunction (maintained ACh
vasorelaxation) or a reduction in endogenous NO generation (ascertained via contraction to
L-NAME) in aortae from hypertensive WT mice. Given contractile responses of aortae to L-
NAME alone do not differ between treatment groups, we suggest that L-NAME alone may not
be an adequate indicator of endogenous NO. On this basis, L-NAME was not used to
investigate the effects of R243 (CCR8 antagonist) on hypertension-associated vascular
damage. Collectively, our findings do not support endothelial dysfunction in either the 14 day
or 28-day Ang Il infusion models of hypertension, and the augmented response to PE may be
related to changes in the expression and/or receptor-effector coupling of aii-adrenoceptors
(Rodriguez et al., 2020). Regardless of the mechanisms underlying the enhanced contractility
of hypertensive aortae to PE, we have shown that the PE response is positively correlated
with systolic BP in WT male mice, in both the 14-day and the 28-day hypertension models.
We propose that aortic PE contraction may serve as an indicator of systolic BP in WT male
mice. On the contrary, female mice are found to be protected from enhanced PE contractility
caused by Ang Il treatment, hence other end-point measurements on vascular damage have
been mainly performed on male mice. Of note, the absence of the increase in PE contractility
in females may be due to the fact that over the 14 days of Ang Il infusion, BP was elevated for

a shorter period of time in females as compared to males.

A growing body of evidence suggests that vascular inflammation may underpin the vascular
remodelling, fibrosis and dysfunction that occurs in chronic hypertension (Drummond et al.,
2019). There is evidence that monocytes and macrophages contribute to vascular damage in

hypertension. In brief, during the early stages of hypertension (e.g. first 7 days), M1
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macrophages in the vascular wall play a role in recruiting pro-inflammatory natural killer cells,
and promoting oxidative stress and endothelial dysfunction (Kossmann et al., 2014). During
the later stages of hypertension (2-4 weeks Ang Il infusion), the M2 subset of macrophages
contribute to vascular fibrosis and stiffening (Moore et al., 2015). In this thesis, we have
provided evidence for the presence of vascular inflammation in both the 14- and 28-day Ang
I models of hypertension in WT mice. Specifically, the expression of murine CCL8 (mCCLS),
the functional analogue of human CCL18 (hCCL8) (Islam et al., 2013), was increased in the
vasculature of hypertensive mice following both 14 (measured via PCR) and 28 (scRNA-
sequencing) days of Ang Il treatment. mCCL8 is a M2 macrophage-derived pro-inflammatory
chemokine (Islam et al., 2011) and based upon the scRNA-sequencing data, we propose that
M2 macrophages are the predominant source of this chemokine in hypertension. This
concept is further supported by a published study in which an elevation in both mCCL8 and
M2 macrophages was observed in the hypertensive mouse vasculature (Moore et al., 2015).
Unexpectedly, our flow cytometric analysis of aortic samples from 28-day Ang Il treated mice
did not show increased leukocyte (CD45+), macrophage (F480+) or M2 macrophage (CD206+)
infiltration into the hypertensive vasculature. As discussed in Chapter 5, this flow cytometric
data is inconsistent with published literature (Moore et al., 2015). Such a discrepancy may be
due to the lack of statistical power and/or a small number of aortic cells processed in each

sample, which can cause higher data variability and/or lower data accuracy.

Having characterised the vascular changes associated with shorter-term and more prolonged
hypertension, we sought to assess the impact of genetic deletion of CCR8 on aortic function
and remodelling. In this regard, genetic deletion of CCR8 led to several vascular changes that
were primarily independent of hypertension. Though we proposed that a loss in CCR8 would
limit vascular dysfunction, we observed an augmented contractility to PE in aortae from
normotensive CCR8 KO male mice as compared to their WT counterparts, an effect which was
sustained in hypertension. A similar trend was observed in female CCR8 KO mice. As discussed
in Chapter 4, the underlying reasons for this modulation of ai-adrenoceptor signalling by
CCR8 are currently unknown but such an interaction may explain why PE contractility is
positively correlated with BP in WT but not CCR8 KO mice (in both the 14-day and the 28-day
model). Unexpectedly, following 14 days of Ang Il infusion, we observed an improvement in

ACh-induced vasorelaxation in the aorta of male hypertensive CCR8 KO mice, as compared to
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hypertensive WT mice. Such an improvement was not apparent in female mice or following
28 days of Ang Il treatment. Such observations may indicate that in males CCR8 signalling
attenuates endothelial function early in the development of hypertension and such an impact
is lost in the later stages of the disease. However, it remains possible that the apparent time-
dependent differences observed reflect the distinct cohorts of WT and CCR8 KO mice used. It
is important to note that the CCR8 KO and WT mice used in the 14-day Ang Il model were
littermates, whilst the 28-day Ang Il model did not use littermates due to time constraints and
the limited number of CCR8 KO mice generated via heterozygous (CCR8*/") x heterozygous
(CCR8*) breeding. Consequently, the data generated using the 14-day Ang ll-infusion model,
may be more robust and provide evidence to support targeting of CCR8 to improve
endothelial function in hypertension. Future studies should confirm these findings and
include a saline treated CCR8 KO group for comparison in the 14-day Ang Il model and use

WT and CCR8 KO littermates in the 28-day Ang Il treatment groups.

In relation to vascular inflammation, we made the interesting observation that a loss in CCR8
attenuated the hypertension-associated (14-day Ang Il) increase in aortic mCCL8 expression.
Such a finding may be indicative of a decrease in M2 macrophages in the vascular wall and/or
reduced generation of mCCL8 from this macrophage subtype. Given M2 macrophage content
was not decreased in hypertensive CCR8 KO mice, at least following 28 days of Ang Il infusion,
we propose that, like hCCL18 (Schraufstatter et al., 2012), mCCL8 act on M2 macrophages to
further promote mCCL8 generation in an autocrine or paracrine manner, creating a positive
feedback loop. It remains to be determined if aortic mCCL8 levels are modulated similarly,
following genetic deletion of CCRS8, in the later stages of hypertension. Collectively our
findings suggest that in the hypertensive vasculature negating CCR8 signalling may improve
endothelial function and limit the impact of the chemoattractant and pro-fibrotic chemokine,

mCCLS.
Cardiac damage

Similar to the findings with regard to vascular damage, the 28-day hypertension model seems
to be better suited than the 14-day model to study hypertension-associated cardiac damage.
Thus, whilst cardiac hypertrophy (increase heart weight) was evident in female mice following

14 days of Ang Il treatment, a consistent increase in heart weight was only observed following
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28 days of Ang Il treatment in male mice. The data from female mice (14-day model) and male
mice (14- and 28-day models) are all consistent with published findings (Kirchhoff et al., 2008;
Li et al., 2007; Moore et al., 2015). As discussed in Chapter 4, the observed sex difference may
be due to the different types of cardiac hypertrophy present in hypertensive males and
females. Hypertensive male patients tend to develop eccentric cardiac hypertrophy, whereas
female patients with systemic hypertension most commonly develop concentric cardiac
hypertrophy (Kessler et al., 2019). Compared to eccentric hypertrophy, concentric cardiac
hypertrophy is associated with a greater left ventricular mass (de Simone, 2004), and may
thereby contribute to the early-stage heart weight increase in female hypertensive mice.
Eccentric cardiac hypertrophy in men is also associated with heart failure with reduced
ejection fraction (HFrEF), as opposed to concentric cardiac hypertrophy in females being
associated with heart failure with preserved ejection fraction (HFpEF) (de Simone, 2004).
Importantly, hypertension is a risk factor for both types of heart failure (Dunlay et al., 2017),
and patients who develop HFrEF have a higher mortality rate than those who develop HFpEF
(Chioncel et al., 2017), which may place male hypertensive patients under a greater risk of
fatal cardiovascular events than females. The underlying mechanisms leading to these sex
differences are currently under investigation, where researchers have suggested that
estrogen and estrogen receptor-beta (ER-B) may protect pre-menopausal women from

cardiac damage (Kessler et al., 2019).

Whilst cardiac hypertrophy was evident in the current study, cardiac fibrosis was not detected
in hypertensive WT mice (28-day model). These findings contrast a previous study in the 28-
day Ang Il infusion model, which reported interstitial collagen deposition in the heart, albeit
using a higher dose of Ang Il than ourselves (Yu et al., 2018). Therefore, whilst our 28-day Ang
Il model causes more robust cardiac hypertrophy than the 14-day model, other hypertension
models may still be required to assess the associated cardiac fibrosis. Indeed, in combination
with Ang I, a DOCA-salt rodent model can cause substantial cardiac damage including fibrosis

(Kirchhoff et al., 2008).

Cardiac hypertrophy and fibrosis, in the setting of hypertension, have been associated with
inflammation. Moreover, toll-like receptor 3 (TLR-3) and TLR-4, key components of the innate
immune system, have recently been shown to mediate Ang llI-induced cardiac hypertrophy in

mice (Singh et al., 2019). Although the profile of infiltrating leukocytes into the heart following
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Ang Il infusion was not examined, based upon our findings in the hypertensive kidney we
anticipate that genetic deletion of CCR8 would modulate T cell infiltration/ functioning, rather
than the innate immune cell (macrophage) populations. As such, the finding that cardiac
hypertrophy was sustained in hypertensive CCR8 KO mice, may reflect the more prominent
role of monocytes/macrophages in cardiac hypertrophy and an inability of CCR8 signalling to

modulate infiltration of this immune cell population.
Summarising the effects of CCR8 genetic deletion

In the setting of hypertension, the modest effects of genetic deletion of CCR8 on end-organ
function, remodelling and inflammation, and lack of modulation of the pressor response to
Ang Il, suggest that CCR8 deficiency does not afford protection against Ang Il-dependent
hypertension. Whilst CCR8 expression has been reported on immune cells and cardiovascular
cell types including VSMCs and endothelial cells (Haque et al., 2004), the lack of impact of
global CCR8 deletion on hypertension may be attributed to the low expression of CCR8 in the
mouse vasculature and our finding that CCR8 was only co-localised with T cells (scRNA-
sequencing data). In addition, we propose that contrary to previous reports (Islam et al., 2013),
mMCCL8 does not target CCR8 (further discussed in Section 6.2.2). Thus the chemokine CCL1,
rather than hCCL18 or mCCLS, is recognised as the endogenous ligand of CCR8 in both mice
and humans (Haskell et al., 2006). To our knowledge, the CCL1-CCR8 axis has not been studied
in the setting of hypertension, yet this axis may be protective in atherosclerosis, facilitating
the recruitment of regulatory T cells (Vila-Caballer et al., 2019). Importantly, hypertension is
associated with a reduction in regulatory T cell activity, and selective depletion of these cells
exacerbates experimental hypertension (Barhoumi et al., 2011; Kvakan et al., 2009). As such,
a loss in CCR8 may not protect against hypertension associated-end organ damage, due to
disruption of the CCL1-CCR8 axis and a potential reduction in protective regulatory T cells. Of
note, this thesis has shown a low level of CCL1 expression in the normotensive and
hypertensive mouse vasculature (via scRNA-sequencing). As such, future studies should
measure CCL1 levels in other end-organs and examine the impact of CCR8 KO on regulatory T
cells. Although our findings suggest that CCR8 signalling does not play a crucial role in
hypertension, global deletion of CCR8 in mice may lead to compensatory mechanisms to
counteract the loss of CCR8. As such, pharmacological inhibition of CCR8 may help us draw

more valid conclusions.
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6.2.2 Effects of R243, a CCR8 antagonist

As discussed in Section 6.1.1, experiments that pharmacologically target CCR8 can
complement the findings in CCR8 KO mice, and are more clinically relevant. Therefore, the
CCR8 antagonist, R243 (Oshio et al., 2014), was administered as an intervention, in Ang Il
treated hypertensive mice. These studies were performed concurrently with our CCR8 KO
studies. Like genetic deletion of CCR8, R243 had little effect on the Ang ll-induced pressor
response, cardiac hypertrophy or vascular dysfunction. In line with findings in the 14-day Ang
Il treated CCR8 KO mice, R243 appeared to augment contractility to PE in the aorta and
improve endothelial function. Given R243-treated normotensive WT mice were not included
in the study design, it is unclear if this effect of R243 is only apparent in hypertensive mice. It
is important to note that R243 lacks selectivity and can also antagonise CCR2 (Oshio et al.,
2014), a chemokine receptor which has been shown to contribute to the pathogenesis of
hypertension (Chan et al., 2012). Thus researchers have found that the inhibition of CCR2
prevents monocyte recruitment and macrophage accumulation into the vasculature, which
in turn reverse vascular fibrosis in Ang lI- (Moore et al., 2015) as well as DOCA-salt- (Chan et
al., 2012) induced hypertension. CCR8 independent actions of R243 could be ascertained by
administering R243 to hypertensive CCR8 KO mice to determine if the antagonist confers any
additional beneficial actions. Alternatively, a new antagonist that is highly selective for CCRS,
AZ084 (Connolly et al., 2012), has recently become commercially available and may be used

to further study the effects of pharmacological inhibition of CCR8 on hypertension.

In this thesis, CCR8 KO mice and the CCR8 antagonist, R243 were used to negate the actions
of the hCCL18/mCCL8-CCR8 axis in the setting of hypertension. These experiments were
designed based on the findings of a reputable research group, which suggested that CCR8 is
the cognate receptor of hCCL18, and that mCCL8 is a functional analogue of hCCL18 (Islam et
al., 2011; Islam et al., 2013). However, we now have evidence that neither mCCL8 nor hCCL18
activate CCR8. Using BRET assays in CCR8-expressing CHO cells, we have demonstrated that
the well-recognised CCR8 agonist CCL1 (Haskell et al., 2006), but not mCCL8 or hCCL18
activates CCR8. By contrast, Islam et al. (2013) has shown that hCCL18 causes chemotaxis and
calcium influx in CCR8 transfected 4DE4 cells (pre-B cell line), as well as CCR8-expressing type
2 T helper (Th2) cells. Whilst our study has used hCCL18 from the same source as Islam et al.
(2013), CCR8 activation could not be detected in CCR8 transfected CHO cells. A possible

220



Chapter 6

explanation for the observed differences may be related to potential receptor crosstalk. For
example, CCL18 may activate an unidentified receptor leading to the subsequent stimulation
of the chemotactic function of CCR8. If this novel CCL18 receptor is naturally expressed on
4DE4 cells and Th2 cells, but not on CHO cells, then CCL18 will activate the cells used by Islam
et al. (2013), but not CHO cells. Therefore, future studies should repeat the relevant BRET
assays using 4DE4 cells and/or Th2 cells to confirm the above-mentioned hypothesis, followed
by the identification of the CCL18 cognate receptor using molecular and proteomic

approaches.

A further limitation to the research area, is that CCL18 is only found in primates. Islam et al.
(2013), however concluded that murine CCL8 was a functional analogue of hCCL18, based on
their observations that these two chemokines are regulated similarly in M2 macrophages and
both target CCR8. We now provide evidence to suggest that like hCCL18, mCCL8 does not
activate CCR8. As such, whether mCCL8 is a functional analogue of hCCL18 requires further
confirmation. These two chemokines are indeed only 31 % identical according to the online
Basic Local Alignment Search Tool (BLAST) (National Library of Medicine (US), 2006; National
Library of Medicine (US), 2015), whereas proteins with >40% identity are generally considered
likely to have functional similarities (Pearson, 2013). Therefore, regarding the mouse
functional analogue of hCCL18, its existence and/or identity remains unclear. Nonetheless, as
detailed in Section 6.2.1, independent of the identity of the endogenous ligand, our studies,
using CCR8 KO mice and pharmacological inhibition of CCR8, have shown that CCR8 signalling
may not contribute to the development of hypertension. Without identification of the
cognate receptor or mouse functional analogue of CCL18, the most appropriate approach to

investigate the role of CCL18 in hypertension is to use human cells or patient samples.

6.2.3 Study limitations and future directions

Although the genetic or pharmacological targeting of CCR8 failed to significantly impact the
development of hypertension and associated end-organ damage, our studies provide
valuable information about the 14-day and 28-day Ang Il models (0.7 mg/kg/d) and challenge
the idea that CCR8 is the cognate receptor of CCL18. The limitations and future directions of

these studies are mostly discussed in Chapters 4-5, as well as Sections 6.2.1 and 6.2.2 of this
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chapter. In brief, no robust renal or cardiac damage is observed in our hypertension models,
which suggests that the use of a different hypertension model (e.g. the DOCA-salt model)
(Kirchhoff et al., 2008) to study relevant end-organ damage would be appropriate. A number
of experiments, particularly the flow cytometric analysis in the kidney and aorta, generated
inconclusive data due to the low sample size and lack of statistical power (under the impact
of COVID-19). Future studies should obtain larger sample sizes to confirm our findings.
Furthermore, the use of a highly selective CCR8 antagonist (AZ084) (Connolly et al., 2012), or
the inclusion of a R243 treated group of CCR8 KO mice will allow further confirmation of the
effects of pharmacological CCR8 inhibition on hypertension. In addition, the potential
implication of PE contractility in aortae as a predictor of systolic BP in WT male mice is to be
further explored. As discussed in Chapter 4 (Section 4.7), changes in expression or receptor-
effector coupling of al- adrenoceptors (Couto et al., 2014; Tanaka et al., 2006; Yamamoto &
Koike, 2001) and/or oxidative stress (Mui et al., 2018; Tsai & Jiang, 2010) may contribute to

the enhancement of vascular contraction in response to PE in the setting of hypertension.

To thoroughly interrogate the role of CCL18 in hypertension, it is essential to identify its
cognate receptor. Two complementary approaches could be taken to achieve this aim
including i) screening against known chemokine receptors and ii) cross-linking/pulldown
together with proteomics. Thus, CCL18 has only moderate (29%) sequence identity to CCL1,
the only validated CCR8 ligand, but much higher (up to 62%) identity to numerous other
human CC chemokines that are agonists or antagonists of other receptors (CCR1-5 and CCR7)
(National Library of Medicine (US), 1988). Indeed, studies have found that CCL18 antagonises
CCR3 (Nibbs et al., 2000), and inhibits CCR2, 4, 5 by displacing receptor-bound chemokines
(Krohn et al., 2013). Whilst CCL18 does not activate CCR1-5, studies have identified CCL18 as
an agonist of PITPNM3 (Chen et al.,, 2011b) and GPR30 (Catusse et al., 2010). CCL18 can
activate PITPNM3 on tumour-associated macrophages to promote tumour cell migration and
metastasis (Chen et al., 2011b). On the contrary, GPR30 on acute lymphocytic leukemia B cells
is activated by CCL18 to inhibit chemotaxis and cell proliferation (Catusse et al., 2010). To date,
the biphasic functions of CCL18 mediated by PITPNM3 and GPR30 have only been studied in
the setting of cancer (Chenivesse & Tsicopoulos, 2018), and the role of these receptors in
hypertension remains to be investigated. The potential receptors of CCL18 and their

characteristics are summarised in Table 1 below. Future experiments, using CHO cells
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expressing these receptors coupled with BRET assays for downstream signalling, could test

the ability of CCL18 to activate these targets and antagonise activation of these receptors by

known agonists. The second approach, would aim to directly identify CCL18 receptors on

primary monocytes/macrophages, T cells, and fibroblasts using cross-linking/pulldown

together with proteomics. In brief, biotinylated CCL18 could be bound to these cells, cross-

linked to adjacent proteins, extracted and then the bound target identified by proteomics.

Looking ahead, with the absence of a validated rodent functional analogue of CCL18, human

samples, such as cells and plasma, are most likely to be the main study focus in the near future.

Table 1. Potential receptors of CCL18 other than CCRS.

Stimulated/ Cell t . Acti f
e es expressin ctions o
Receptors | Inhibited by P P & References
receptors receptors
CCL18
Stimulated Tumour cells, tumour
PITPNM3 Metastasis (Chenetal., 2011b)
(agonism) associated macrophages
Inhibition of
Stimulated Acute lymphocytic | chemotaxis
GPR30 (Catusse et al., 2010)
(agonism) leukemia B cells and cell
proliferation
(Huber et al., 2002;
Inhibited Mainly eosinophils, Th2 | Chemotaxis, | Komai et al., 2010; Krohn
CCR3
(antagonism) cells and fibroblasts pro-fibrotic | et al., 2013; Nibbs et al.,
2000)
(Krohn et al., 2013;
e CCR1 and CCR2:
Inhibited (via monocytes, Matsuo et al., 2016;
CCR 1, 2, | displacement macrophages, Chemotaxis, | Pignatti et al., 2006; Seki
VSMCs
4,5 f bound GAG . -fibroti t al., 2009a; Seki et al.,
of boun e CCRA: mainly T cells pro-fibrotic | et a a; Seki et a
chemokines) e CCRS5: monocytes, 2009b; Vestergaard et al.,
macrophages 2004)

VSMCs: vascular smooth muscle cells, HUVECs: human umbilical vein endothelial cells, Th2

cells: type 2 T helper cells, GAG: glycosaminoglycan.
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6.3 Role of CCL18 in resistant hypertension

Despite the lack of involvement of CCR8 in experimental models of hypertension, the role of
its purported ligand, CCL18 in the pathogenesis of hypertension remains to be of interest.
Indeed, CCL18 is elevated in a number of cardiovascular disease states (de Jager et al., 2012;
Hagg et al., 2009; Versteylen et al., 2016), and it may mediate the pro-fibrotic actions of M2
macrophages in BP controlling organs in hypertension (Zhu, 2016). Expressed predominantly
by monocytes and macrophages (Schraufstatter et al., 2012), CCL18 has a suite of actions
including chemoattraction of T and B lymphocytes (Chenivesse & Tsicopoulos, 2018; Glinther
et al., 2014), stimulation of collagen generation from pulmonary fibroblasts (Atamas et al.,
2003) and promotion of M2 polarisation (Schraufstatter et al., 2012). Chapter 3 of this thesis
presents the novel finding that CCL18 promotes vascular fibrosis, and is elevated in patients

with resistant hypertension.

Using clinically relevant human vascular cells types, we have provided the first evidence that
exogenous CCL18 promotes vascular fibrosis. Specifically, CCL18 directly targets aortic
adventitial fibroblasts (AoAFs) to stimulate collagen generation, an effect which was
independent of fibroblast to myofibroblast differentiation. In addition, using human aortic
endothelial cells (HAECs), this thesis has demonstrated that CCL18 may also stimulate
endothelial-mesenchymal transition (End-MT) to promote vascular fibrosis. Although
additional experiments are required to confirm these observations, our findings are
supported by the previously identified pro-fibrotic capacity of CCL18 in pulmonary fibroblasts
(Atamas et al., 2003).

As discussed in Chapter 3, the pro-fibrotic function of CCL18 in the vasculature can be further
studied by measuring the levels of pro-collagen |, collagen |, MMPs and TIMPs (tissue inhibitor
of metalloproteinases) in the AoAF culture media. Additional End-MT markers, such as
transcription factor SNAIL (Kokudo et al., 2008), may also be used to confirm the effects of
CCL18 on End-MT. Furthermore, the effects of CCL18 on other collagen generating cells in the
vascular wall are of interest. Specifically, it will be of interest to determine if CCL18 modulates
collagen-producing VSMCs (Wanjare et al., 2015) and fibrocytes (Yeager et al., 2011).
Fibrocytes are of particular interest given the recent report by Wu et al. (2016) which

suggested that, rather than resident fibroblasts, collagen-producing leukocytes known as
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“fibrocytes” are the predominant source of collagen in the aortic wall during hypertension.
As such there is potential for CCL18 to additionally target fibrocytes to enhance their
infiltration into the vessel wall and/or generation of collagen. Furthermore, fibrocytes
themselves may be a source of CCL18. These concepts would be interesting to investigate in
future studies in order to identify the key vascular targets of M2 macrophage-derived CCL18
and their role in mediating aortic stiffening. Given CCL18 is a chemoattractant, its pro-fibrotic
capacity may also be dependent upon its ability to promote migration of T cells into the

vascular wall and stimulate their capacity to generate ROS and IFN-Y.

Collectively, our findings suggest that CCL18 may promote aortic stiffening. This is of
particular relevance in the context of hypertension, as aortic stiffening promotes damage of
other end-organs in hypertension (Oparil et al., 2003), and can further exacerbate the
elevation of BP (Kaess et al., 2012). Importantly, the pro-fibrotic actions of CCL18 may extend
beyond the vasculature. Indeed, our laboratory has demonstrated an ability of CCL18 to
increase collagen generation from human cardiac fibroblasts (Lewis, 2017) and future studies

will investigate the effects of CCL18 on renal fibroblasts.

Based upon our findings, there is clear rationale for suppressing CCL18 activity to limit
cardiovascular fibrosis. Given chemokine receptors are G-protein coupled receptors, which
are highly druggable, it would be appropriate to target the CCL18 receptor itself. However,
in Chapter 5 we have challenged the idea that CCR8 is the cognate receptor of CCL18. In
further support of this concept, in Chapter 3 we were unable to detect CCR8 expression, at
the level of mRNA or protein, in either human AoAFs or HAECs. As such, the receptor
responsible for the pro-fibrotic actions of CCL18 remains unknown (detailed in Section 6.2).
The future identification of the CCL18 receptor, will facilitate the use of siRNA or small
molecule antagonists directed at the receptor, to further explore the mechanisms of CCL18-
induced cardiovascular fibrosis. Our studies suggest that CCL18 may represent a novel
therapeutic target for hypertension-associated fibrosis. Since current anti-hypertensive
treatments do not directly target fibrosis, anti-fibrotic medications targeting CCL18 or its
cognate receptor may be used alone or in combination with current therapies, to improve the

clinical outcome of hypertension.
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Targeting CCL18 to prevent hypertension-induced organ damage may be of particular benefit
in patients with resistant hypertension. Resistant hypertensive patients have uncontrolled
blood pressure (BP) ((= 140/90 mmHg) despite treatment with > 3 different classes of anti-
hypertensives (de la Sierra et al., 2011). Prolonged exposure to uncontrolled BP results in
measurable end-organ damage (e.g. aortic stiffening, heart failure and kidney disease), and
patients with resistant hypertension are ~50% more likely to experience cardiovascular
events than patients with controlled hypertension (Daugherty et al., 2012). Moreover, there
are currently no available biomarkers to identify patients who will be resistant to anti-
hypertensive therapies, leaving them at high cardiovascular risk while attempting to optimize
conventional therapies often over prolonged periods of time. This thesis presents the novel
hypothesis that CCL18 can serve as a biomarker of resistant hypertension and a therapeutic
target for the treatment of hypertension-associated end-organ damage. We have shown, for
the first time, that plasma levels of CCL18 are elevated in patients with resistant, but not
essential (untreated), hypertension. Correlational studies described in Chapter 3 suggest that
the association between CCL18 and resistant hypertension is not confounded by age, BMI,
heart rate, or the amplitude of BP per se. Thus, the use of CCL18 as a biomarker may provide

a unique opportunity to improve the clinical management of resistant hypertension.

To validate CCL18 as a biomarker and therapeutic target, it is critical that future studies
determine the cause-effect relationship between CCL18 and resistant hypertension. This will
be achieved via a longitudinal assessment of resistant hypertensive patients, in which plasma
CCL18 levels and end-organ damage (LV hypertrophy, aortic stiffness, renal function) will be
measured pre- and post- renal denervation, a surgical process recently found to effectively
decrease BP in resistant hypertension (Azizi et al., 2018; Townsend et al., 2017). If CCL18 is
elevated as a consequence of resistant hypertension, reduced BP following renal denervation
will lead to a decrease in plasma CCL18 levels. Conversely, if CCL18 plays a casual role in
resistant hypertension then a reduction in plasma levels of CCL18 may proceed the fall in BP.
Potential identification of a causal role of CCL18 in patients with resistant hypertension will
provide a stronger rationale for the development of pharmacotherapies targeting CCL18 to

treat the disease.

To further understand cause-effect relationship of CCL18 and hypertension, it is also

important to determine the primary source of human plasma CCL18. According to the Human
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Protein Atlas (proteinatlas.org, 2020; Uhlén et al., 2015), macrophages express much higher
levels of CCL18 than circulating monocytes. As such, CCL18 is likely to be synthesized by
macrophages residing in tissues and released into the circulation. The proposed major
organ/tissue sources of CCL18 include the lungs, lymph nodes, thymus, heart, adipose tissue
and tonsils (proteinatlas.org, 2020). Among these organs/tissues, the role of the lungs in
systemic hypertension remains unclear, although a study has demonstrated a positive
association between systemic hypertension and an accelerated decline in lung function (Miele
et al., 2018). On the other hand, in the setting of hypertension generation of CCL18 from the
heart is feasible given cardiac inflammation and damage is commonly seen in chronic
hypertension (Drummond et al.,, 2019). Similarly, adipose tissue may modulate the
development of hypertension (Das et al., 2018), and lymphoid organs of the immune system
have a clear role in the pathogenesis of hypertension (Drummond et al., 2019). In addition,
CCL18 is a marker of the M2 subtype of macrophages (Vrancié et al., 2012). M2 macrophages
play a key role in hypertension-associated vascular fibrosis (Moore et al., 2015), and are
implicated in renal fibrosis (Guiteras et al., 2016). As such, it is possible that M2 macrophages
in the vasculature or kidneys may generate substantially higher levels of CCL18 in
hypertension-associated pathological conditions. Collectively, if CCL18 is the cause of
resistant hypertension, M2 macrophages from one or more of the above-mentioned tissues
may synthesize abnormally high amounts of CCL18 contributing to the development of

resistant hypertension and associated end-organ damage.

Regardless of whether CCL18 has a causal role in resistant hypertension, it remains as a
potential biomarker of resistant hypertension. This concept is supported by findings in other
cardiovascular pathologies such as atherosclerosis (Hagg et al., 2009), acute coronary
syndrome (ACS) (de Jager et al., 2012) and unstable angina pectoris (Kraaijeveld et al., 2007).
The prognostic value of CCL18 is further supported by the finding that ACS patients with high
serum CCL18 levels (66.9 [43.3—-104.8] ng/ml) are at a three times greater risk of having a
future fatal cardiovascular event (de Jager et al., 2012). As discussed in Chapter 3, future
studies are required to confirm the predictive value of CCL18 as a biomarker for resistant
hypertension. In particular, more female patients are to be recruited for the investigation of
a potential sex difference in the utility of CCL18 as a biomarker. Thus, our study has shown

that CCL18 may serve as a better marker for resistant hypertension in females than males.
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Moreover, patients in the “essential hypertension” cohort were newly diagnosed and
untreated in our study. As such, future identification and exclusion of patients resistant to
treatments in this cohort will provide a clearer distinction between essential and resistant
hypertension. Further correlational studies may also be utilised to assess the predictive value
of CCL18 in hypertension-associated clinical outcomes, such as pulse wave velocity,
ventricular hypertrophy, and glomerular filtration rate. In addition, plasma CCL18 may serve
as a more selective marker of resistant hypertension, when combined with measures of
systemic inflammation markers, such as C-reactive protein (CRP) (de Jager et al., 2012),

tumour necrosis factor-a and IL-1B (Dorffel et al., 1999) (detailed in Chapter 3, Section 3.7).

Establishing CCL18 as a biomarker of resistant hypertension will allow earlier identification of
these patients and facilitate more aggressive and earlier use of multi-combination
conventional anti-hypertensive therapies. Interventional approaches, such as renal
denervation (Azizi et al., 2018), may also be considered upon early diagnosis of resistant
hypertension to significantly lower BP. In addition, longitudinal monitoring of CCL18 plasma
levels in resistant hypertensive patients following renal denervation, may provide a robust
indicator of the effectiveness of the intervention as opposed to the more invasive measures.
For example, the level of renal noradrenaline spillover, measured via catheterisation, is a
current indicator of renal denervation effectiveness (Schlaich et al., 2004). The early diagnosis
of resistant hypertension, and the subsequent treatment and BP monitoring strategies, will
lead to improved clinical outcomes via prevention of end-organ damage and reduction of

cardiovascular event risk.

The findings of Chapter 4 collectively suggest that CCL18 is a potential biomarker of resistant
hypertension, and may promote hypertension-associated vascular fibrosis. The key findings
of this thesis, in relation to the current literature are summarised in Figure 1. From a clinical
context, this research program has identified a potential approach to improve the clinical
management of patients with resistant hypertension. The early identification of resistant
hypertensive patients, using plasma CCL18 measures, will allow clinicians to implement
relevant treatments and BP monitoring strategies to prevent end-organ damage and reduce
cardiovascular risk. Identification of a causal role of CCL18 in patient with resistant
hypertension will also provide strong rationale for the development of pharmacotherapies

targeting CCL18 to treat the disease.
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Figure 1. Summary of the role of CCL18 in hypertension, based on findings of this thesis and

published literature. Left panel: hypertension is associated with damage in end-organs. M2
macrophages have been implicated in the fibrosis of these organs (Falkenham et al., 2015; Guiteras et
al., 2016; Moore et al., 2015), and can generate high amounts of CCL18 (Guiteras et al., 2016). This
thesis identifies plasma CCL18 as a potential biomarker of resistant hypertension, which may be a
cause or an effect of resistant hypertension and/or the associated end-organ damage. Right panel:
CCL18 promotes collagen generation from human cardiac fibroblasts (unpublished data from our
laboratory) and human aortic fibroblasts (data from this thesis). We also have evidence that CCL18
induces endothelial-mesenchymal transition in human aortic endothelial cells. The receptor mediating

CCL18 effects remains to be identified.
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6.4 Conclusions

This thesis represents the first study to identify CCL18 as a potential biomarker of resistant
hypertension, and to demonstrate pro-fibrotic effects of CCL18 in the human vasculature. We
have also conducted the first studies to demonstrate that genetic or pharmacological
targeting of CCR8 may not modulate the development of hypertension in mice, and
subsequently challenge the idea (Islam et al., 2013) that CCR8 is the cognate receptor of
CCL18. We suggest that future research should focus on confirming the predictive value of
CCL18 as a biomarker of resistant hypertension, further exploring the role of CCL18 in target
organs of hypertension, and identifying the CCL18 cognate receptor. In conclusion, CCL18 is a
potential biomarker of resistant hypertension, and targeting CCL18 may represent a novel
therapeutic strategy for resistant hypertension and/or hypertension-associated end-organ

damage.
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Appendices

Appendix 1: Monash Histology Platform Verhoeff-Van Geison staining protocol

WORK INSTRUCTIONS FOR VERHOEFF’S ELASTIC STAIN FOR ELASTIC FIBRES
PQMS3-MHP-WIN-0088-V1

DOCUMENT AUTHORISATION Date of Next Review: 36 months
Prepared by: Sue Technical Officer Signed: SC — refer Date: 31/10/13
Connell hard copy

Reviewed by: Camilla | Platform Manager Signed: CC — refer Date: 03/10/18
Cohen hard copy

Authorised by: Camilla | Platform Manager Signed: CC — refer Date: 03/10/18
Cohen hard copy

Additional authorisation if required

To describe the procedure used for demonstrating elastic fibres in paraffin sections.

It is the responsibility of the Platform Manager to oversee the implementation and
maintenance of this procedure. The Platform Manager must ensure that staff or
clients have been adequately trained to perform this procedure.

It is the responsibility of staff and clients involved in performing this technique to
ensure that the methodology is followed correctly.

HEALTH AND SAFETY CONSIDERATIONS
Gloves and Laboratory gowns should be worn when performing this procedure.

All clients must undergo a training program with a suitably qualified staff member
prior to performing this technique.

Refer to Protocol for Staff Occupational Health and Safety PQMS3-MHP-SOP-0008.
Refer to Protocol for Client Occupational Health and Safety PQMS3-MHP-SOP-0009.
Refer http://www.monash.edu.au/ohs/ for general safety information

1. PURPOSE

2. RESPONSIBILITIES
3.

4. PROCEDURE

Refer to Protocol for Staining PQMS3-MHP-SOP-0026-V for general staining
information. This is a useful contrast stain to the Van Gieson’s Stain.

Fixation Requirements:
¢ 10%Neutral buffered formalin or

e Carnoy’s solution or
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* Bouin’s fixative

Reagents:

e 1. Modified Verhoeff’s Solution:
5% alcoholic Haematoxylin (freshly prepared) 20ml
10% aqueous Ferric chloride 8ml

Lugol’s lodine solution (1gm iodine crystals, 2gm potassium iodide, 100ml dist.
water) 7ml Add the above reagents in the order given.

Prepare this solution immediately before use.

® 2. Van Gieson’s Stain:
1% Aqueous acid Fuchsin
7ml Saturated aqueous Picric acid 93ml

® 3. 2% Aqueous Ferric chloride

Method:

1. Bring paraffin sections to water.

2. Stain in Verhoeff’s solution 15 minutes

3. Wash in water.

4. Wipe off surplus lake from around the section.

5. Differentiate in 2% aqueous ferric chloride a few seconds at a time, stop the process
in tap water and examine microscopically till elastin fibres are defined on a slightly
overstained background.

6. Wash in water.

7. Rinse in 95% ethanol.

8. Wash in water

9. Counter stain in Van Gieson’s stain 2 minutes.
10. Rinse briefly in water.

11. Blot section with No.1 Whatman filter paper
12. Dehydrate in absolute ethanol 10 seconds.

13. Clear in xylene and mount.

Comments:

An excellent stain which requires careful judgement in differentiating to show the
finest fibrils. Prolonged staining in Van Gieson’s solution removes the elastic stain.
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Results:

Elastic fibres— intense black
Chromatin— Black

Collagen fibres— Red

Other elements— Yellow or brownish yellow

REFERENCES

5.1 Internal

Protocol for Staining PQMS3-MHP-SOP-0026-V
5.2 External

Bancroft, J.D. and Gamble, M., Theory and Practice of Histological Techniques, 6th
Edition, 2008, Page 152-3.
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Appendix 2: Monash Histology Platform haematoxylin and eosin staining protocol

WORK INSTRUCTIONS FOR HAEMATOXYLIN AND EOSIN STAIN AUTOMATED METHOD FOR
ROUTINE HISTOLOGICAL STAINING

PQMS3-MHP-WIN-0098-V3

DOCUMENT AUTHORISATION Date of Next Review: 36 months
Prepared by: Sue Technical Officer Signed: SC — refer Date: 24/10/13
Connell hard copy

Reviewed by: Camilla | Platform Manager Signed: CC — refer Date: 13/07/17
Cohen hard copy

Authorised by: Camilla | Platform Manager Signed: CC — refer Date: 13/07/17
Cohen hard copy

Additional authorisation if required

1. PURPOSE

To describe the procedure used for differentiating nuclei from other tissue
components in paraffin sections.

2. RESPONSIBILITIES

It is the responsibility of the Platform Manager to oversee the implementation and
maintenance of this procedure. The Platform Manager must ensure that staff or
clients have been adequately trained to perform this procedure.

It is the responsibility of staff and clients involved in performing this technique to
ensure that the methodology is followed correctly.

3. HEALTH AND SAFETY CONSIDERATIONS
Gloves and Laboratory gowns should be worn when performing this procedure.

All clients must undergo a training program with a suitably qualified staff member
prior to performing this technique.

Refer to Protocol for Staff Occupational Health and Safety PQMS3-MHP-SOP-0008.
Refer to Protocol for Client Occupational Health and Safety PQMS3-MHP-SOP-0009.
Refer http://www.monash.edu.au/ohs/ for general safety information

Refer Monash Risk Assessments https://riskcloud.net/prod/?ccode=monash#skiplink
Staining Risk Assessment Ref 387

4. PROCEDURE

Refer to Protocol for Staining PQMS3-MHP-SOP-0026-V for general staining
information.
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Fixation Requirements:

¢ 10%Neutral buffered formalin
e Carnoy’s solution

¢ Bouin’s fixative

Reagents:

e Harris’s Haematoxylin
e Acid alcohol
e Scott’s tap water substitute

¢ 1% Alcoholic Eosin

Method:

Select Program 1 on Leica XL Autostainer
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Ovenise sections for 25 minutes at 65 degrees Celsius
Dewax in 3 xylene changes 2 minutes each
Absolute alcohol x 3 for 2 minutes each

Running tap water 1 minute

Rinse in running tap water for 30 seconds

Stain in Harris’s Haematoxylin for 5 minutes

Rinse in running tap water for 30 seconds
Differentiate in Acid Alcohol for 1 second

Rinse in running tap water for 30 seconds

Blue in Scott’s tap water substitute for 30 seconds
Rinse in running tap water for 30 seconds

Stain in Aqueous Eosin for 2 minutes 30 seconds
Dehydrate in absolute alcohol x3 for 2 minutes each
Clear in xylene x 3 for 2 minutes each

Transfer via transfer station into xylene bath

Coverslip with Leica CV Mount

Results:

Nuclei— Dark blue

Other tissue components— Varying shades of pink
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REFERENCES

5.1 Internal

Protocol for Staining PQMS3-MHP-SOP-0026-V
5.2 External

Bancroft, J.D. and Gamble, M., Theory and Practice of Histological Techniques, 6th
Edition, 2008, page 126-7.
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Appendix 3: Monash Histology Platform Masson’s Trichrome staining protocol

WORK INSTRUCTIONS FOR MASSON’S TRICHROME STAIN FOR COLLAGEN FIBRES
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PURPOSE

Masson’s Trichrome is the most popular of the Trichrome stains and is a good stain
for examining collagen deposition within tissue.

RESPONSIBILITIES

It is the responsibility of the Platform Manager to oversee the implementation and
maintenance of this procedure. The Platform Manager must ensure that staff or
clients have been adequately trained to perform this procedure.

It is the responsibility of staff and clients involved in performing this technique to
ensure that the methodology is followed correctly.

HEALTH AND SAFETY CONSIDERATIONS
Gloves and Laboratory gowns should be worn when performing this procedure.

All clients must undergo a training program with a suitably qualified staff member
prior to performing this technique.

Refer to Protocol for Staff Occupational Health and Safety PQMS3-MHP-SOP-0004.
Refer to Protocol for Client Occupational Health and Safety PQMS3-MHP-SOP-0005.
Refer http://www.monash.edu.au/ohs/ for general safety information

REAGENTS
i) Bouin’s Fixative
(1) 250 mL of Formalin (37%)
(2) 750 mL of saturated aqueous picric acid
(3) 50 mL of glacial Acetic acid
i) Weigert’s Iron Haematoxylin
(1) Solution A
(a) 5 g of Haematoxylin powder

(b) 500 mL of absolute Ethanol
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i)

(2) Solution B

(a) Add 6 grams of ferric chloride to 520mL of distilled water, and
then add 5mL of concentrated hydrochloric acid. Stir continuously until
the ferric chloride is completely dissolved.

(3) Mix solution A and B in equal parts, does not keep beyond a day
Celestin Blue R

(1) 25 grams of Ferric ammonium sulphate

(2) 500 mL of distilled water

(3) 2.5 grams of Celestin Blue

Bring to the boil on a hot plate. Cool rapidly using a magnetic stirrer. When
cool, add 70 mL of glycerin

iv) Biebrich scarlet-acid fuchsin staining solution
(1) 9 grams of Biebrich scarlet in 900 mL of distilled water
(2) 1 gram of acid fuchsin in 100 mL of distilled water
(3) 10 mL of glacial acetic acid
V) 5% aqueous Tungstophosphoric acid
(1) 50 grams of Tungstophosphoric acid
(2) 1,000 mL of distilled water
vi) Aniline blue staining solution
(1) 25 grams of Aniline Blue
(2) 25 mL of glacial Acetic acid
(3) 1,000 mL of distilled water
vii) 0.5% acid alcohol
(1) 5 mL of concentrated hydrochloric acid
(2) 995 mL of 70% aqueous ethanol
viii) 1% aqueous acetic acid
(1) 1 mL of glacial Acetic acid
(2) 99 mL of distilled water
PROCEDURE
1. Bring sections to water
2. Place sections in Bouin’s fixative either overnight at room temperature or 1
hour at 60°C
3. Wash the sections in running water
4. Stain sections in Celestin Blue for 5 minutes
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Wash the sections in tap water
Place the section in Weigert’s haematoxylin for 30 minutes
Wash the sections in running tap water

Differentiate briefly in acid alcohol

T A

Wash in running tap water for 10 minutes

10. Stain with Biebrich scarlet-acid fuchsin for 5 minutes
11. Wash briefly in distilled water

12. Apply 5% tungstophosphoric acid for 5 minutes

13. Wash briefly in distilled water

14. Stain with Aniline blue staining solution for 5 minutes
15. Wash in 1% aqueous acetic acid for 3 minutes

16. Dehydrate through 3 changes of ethanol

17. Clear in 3 changes of xylene

18. Mount with DPX

RESULTS
Collagen— Blue
Cytoplasm and muscle— Red

Nuclei— Dark brown to Black

REFERENCES

7.1 Internal

Protocol for Staining PQMS3-MHP-SOP-0026-V
7.2 External

Masson PJ, 1929, J. Tech. Methods, 12 p 75-90

COMMENTS

The given method is representative of a large group of collagen fibre stains based on
the original methods of Mallory and Heidenhain. The trend to introduce more
complexity (*) into the method by additional differentiating steps limits many
modifications to specialised laboratories.

Remarks made under Van Giesen’s stain are relevant to these methods and the
function of tungstophosphoric acid which has both an affinity for collagen fibres and
NH2 groups of triphenylmethane dyes increases the selectivity of the fibre stain.

* Picro-Mallory stain, MacFarlane Stain Tech. V.19, p.29. 1944
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