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Abstract

Endothelial cells (EC) release paracrine factors which can modulate the survival, morphology,
and function of neighbouring cardiomyocytes (CM), e.g. contraction and relaxation. In multiple
cardiomyopathies, as well as in heart failure, EC dysfunction correlates strongly with severity
and prognosis, and moreover, endothelial inflammation is thought to precede this dysfunction.
While it is known that EC functions are modified by inflammation, the paracrine effects of this
response on neighbouring CM are poorly understood and too often confused with those of
endothelial dysfunction. | hypothesised that calcium handling and contractile properties of CM

were differently regulated by inflamed EC.

To investigate this, a co-culture system was first validated as a model of the paracrine EC-CM
crosstalk. A pro-inflammatory cocktail of TNFa, IL-18 and hIL-6 (“Cytomix”) was then validated
as a pre-conditioning treatment for cardiac microvascular EC. Adult ventricular CM were co-
cultured with untreated or Cytomix-treated EC. Calcium transients were then analysed in CM
using Fluo-4 and Fura-2. Cell contractility and relaxation were also studied using an automated
CytoCypher™ system. Finally, living rat myocardial slices were used to investigate the effects

of Cytomix in a more complex heterocellular model.

Co-culture with Cytomix-treated EC induced a significant shortening of calcium transients in
CM compared to untreated EC (thus validating the hypothesis). This was due to an increase
in SERCA activity. However, the cell shortening amplitude and rate of relaxation were
unaffected by co-culture or Cytomix treatment, while data also suggests that the myofilament
sensitivity to calcium was unchanged. In cultured myocardial slices, Cytomix treatment
increased force but not the passive tension, although this was limited to high levels of stretch

and kinetics were unchanged compared to untreated slices.

Further work is required to better define and understand these mechanisms. This could help

determine the therapeutic potential of controlling EC function in inflammatory heart diseases.
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1.1 Heart failure and inflammation

1.1.1 Heart failure with preserved ejection fraction

Heart failure (HF) refers to a life-threatening dysfunction of the myocardium which can impair
the contractility or relaxation of the cardiac tissue, and its adaptability to stress or exercise. As
such, this definition actually covers a range of disorders, with a variety of clinical presentations,
aetiologies, and effective therapeutics. Clinically, these are first categorised by the efficiency
of the left ventricle to eject blood during each beat (systole), forming two categories: HF with
a reduced ejection fraction (HFrEF), where the left ventricular ejection fraction is below 40%,
and HF with a preserved ejection fraction (HFpEF). The boundaries of these categories and
the relevance for such a distinction are still being discussed. An intermediate category (i.e. HF
with mid-range, or moderately reduced, ejection fraction, HFmrEF) has even been created as
part of the 2016 European Society of Cardiology HF guidelines’, for patients with an ejection

fraction of the left ventricle (LVEF) comprised between 40% and 50%.

Studies have determined that between 22% and 73% of all HF patients fall into the category
of HFpEF, depending on the assessment criteria applied and the year of publication'*. While
the symptoms of HFpEF resemble those of HFrEF (breathlessness, intolerance to exercise,
fatigue), it is now accepted that these are distinct clinical entities. Indeed, common treatments
for HFrEF fail to improve cardiac function in HFpEF patients®. To date, there are no approved
treatment, which further increases the urgency to validate new therapeutic strategies to benefit
these patients. Yet, clinically defining HFpEF is still up for debate, with current definitions being
challenged by practical and semantical limitations. Indeed, current assessment scores for HF
(e.g. Framingham criteria or the Braunwald definition) are either not sensitive enough, biased

towards older patients, or demand an invasive test of ventricular function under exercise®.

Because systolic function (as measured by the ejection fraction) is largely normal in HFpEF,

it is generally considered that HFpEF is the result of diastolic dysfunction. In other words, the
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filling of the ventricle is impaired, as opposed to HFrEF where the emptying of the ventricle is
impeded. However, HFpEF and diastolic dysfunction are not interchangeable as most HFrEF
patients also present diastolic dysfunction’, which can also be seen without HF. Moreover, the
limited ability to increase the stroke volume in conditions of stress or exercise (as is seen in
HFpEF) could well be interpreted as systolic dysfunction®, further increasing its confusion with

HFrEF,

HFpEF is associated with many risk factors, including aging, gender (female patients are more
prevalent in the HFpEF group than in HFrEF), ethnicity, and sedentarism®. It is also linked with
comorbidities which include coronary artery disease, overweight or obesity, diabetes mellitus,
hypertension, chronic obstructive pulmonary disease, and chronic kidney disease®®. These
factors have been proposed as the first step of pathogenesis for HFpEF, in the new paradigm
published by Paulus & Tschope (2013)°. To summarise it briefly, the presence of multiple or
severe comorbidities induces a chronic systemic pro-inflammatory response which provokes
a coronary microvascular endothelial inflammation. This, in turn, results in a reduced nitric
oxide (NO) bioavailability, negatively affecting the cyclic guanosine monophosphate (cGMP)
levels and protein kinase G (PKG) activity in cardiomyocytes (CM). Finally, this leads to
hypertrophic remodelling in CM, as well as the hypophosphorylation of titin, stiffening the cell
and hindering relaxation during diastole. These steps are detailed and explained further in
other sections of this introduction, but it should be noted that inflammation (particularly
coronary microvascular endothelial inflammation) is a pivotal element to this paradigm, as
illustrated in Figure 1.1. The remodelling of myocardial architecture during HFpEF is extensive
and not limited to hypertrophy and CM stiffening. CM apoptosis, interstitial fibrosis, arteriolar
wall thickening and capillary rarefaction are thought to contribute to the pathogenesis of
HFpEF as well, and can result from inflammation of the myocardium (myocarditis) or of cardiac

endothelial cells (EC)%"3.
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Figure 1.1: Inflammatory cascade and NO in the pathogenesis of HFpEF

1.1.2 Ischemic heart disease and myocardial infarction

Ischemic heart disease has a prominent role in both types of HF'#, although it is more prevalent
in HFrEF patients. Indeed, between 50 and 70% of all HF cases in Europe and in the United
States are caused by or associated with an underlying coronary artery disease (CAD), which
is a risk factor for ischemia'®. Ischemia can be chronic (e.g. obstructive epicardial stenosis) or
acute (e.g. after a sudden thrombotic occlusion of a coronary artery), but also non-obstructive,
as described below. If sustained, this results in a loss of contracting CM, fibrosis, hypertrophy,
necrosis, arrhythmia, and inflammation®. This is known as a myocardial infarction (MI), which
begets a severe remodelling of the left ventricle, culminating in a dilated cardiomyopathy and

HF 7.

Infarction is essentially the result of an imbalance between oxygen supply and demand, and
is therefore not necessarily of obstructive origin. A severe hypertension, hypotension or shock,
hypertrophy, respiratory failure, anaemia, severe tachycardia or bradycardia, coronary spasm,

24



coronary microvascular dysfunction, coronary artery dissection, Takotsubo syndrome, as well
as myocarditis have the potential to disrupt this supply/demand equilibrium, to cause an acute
infarction (this would be classified as a type 2 MI)'®. Obstructive (type 1 MI) and type 2 MI can
be distinguished from each other based on the presence of myocardial injury, which clinically
is detected by an elevated level of circulating cardiac troponin'®. Recently, however, Ml with
nonobstructive coronary arteries (MINOCA) has been better defined'® and fails to fall into the
traditional type 1-2 groups of MI, as cardiac troponin levels are elevated in these patients. This
is a complicated issue, as MINOCA patients also present myocarditis?® and coronary spasm?’,
pointing to endothelial inflammation and dysfunction. Interestingly, biomarkers of inflammation
were found at higher levels in MINOCA patients 3 months after Ml than in MI-CAD patients??,

indicating that perhaps anti-inflammatory treatments may offer some protection.

For MI-CAD patients, revascularisation procedures (percutaneous coronary intervention, PCI,
and coronary artery bypass grafting, CABG) have long been adopted to limit myocardial injury,
improve survival, and reduce the occurrence of future MI?%. Such procedures are however not
adapted for type-2 Ml or MINOCA patients, for whom a therapeutic control of vascular function

may be preferable. Relevant clinical trials have yet to be performed to fully test this hypothesis.

1.1.3 The role of inflammation in non-ischemic cardiomyopathies

Cardiomyopathies, whether they transform into HF or not, are not limited to ischemic events.
Indeed, numerous pathophysiological or environmental factors can induce cardiomyopathies.
These include genetic mutations, viral infections, cardiac amyloid deposition, cardiotoxic drugs
(e.g. chemotherapy), physical trauma, pulmonary or systemic hypertension, sustained stress
(Takotsubo syndrome), and systemic inflammatory diseases, such as rheumatoid arthritis?+-26.
The mechanisms of pathogenesis, in each case, are too complex and irrelevant to be detailed
in this thesis. It is interesting to note, however, that inflammation (e.g. vasculitis, myocarditis,

and pericarditis) is a common cause and feature of cardiomyopathy?’.
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In western countries, case reports indicate that viral infections are responsible for the majority
of myocarditis cases?®. Many viruses have been associated with inflammatory heart disease,
including parvovirus B19, human herpes virus 6, coxsackievirus, adenovirus, cytomegalovirus,
and Epstein-Barr virus?®. SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) has
also been associated with myocarditis®*3', which was identified as the cause of death for some
patients®. Direct cardiotropic effects of viral load and the host immune response contribute to
the pathogenesis of viral myocarditis®. Viral infection leads to myocardial injury, partly due to
the cytotoxic activity of T-lymphocytes, which are recruited and stimulated by a cytokine storm
involving predominantly interleukin-6 (IL-6)3334. Although this has the potential to affect cardiac
cell viability and CM functions, by mechanisms elaborated below, non-specific immunity may

also directly impair the function and survival of myocardial cells?’.

1.1.4 Inflammatory cardiomyopathy

To recapitulate the role of inflammation in cardiac dysfunctions: 1) systemic inflammation and
coronary microvascular inflammation have been proposed as the pivotal elements of HFpEF
pathogenesis, 2) myocarditis is prevalent in non-obstructive MI, and 3) it is also dominant in
non-ischemic cardiomyopathies. Myocarditis can disrupt multiple functions of the myocardium,
inducing interstitial oedema, leakage of capillary vessels, and fibrosis, in addition to impairing
CM contractility and promoting arrhythmia?’. The mechanisms are still poorly understood, and
further complicated by the highly dynamic nature of the pathogenesis. Inflammatory cytokines
are undoubtedly involved in disease progression towards HF, with local and systemic levels
of Tumour Necrosis Factor-a (TNFa), Interleukin-13 (IL-1B), IL-6, IL-8, IL-10, IL-1q, IL-2,
Interferon-y (IFN-y) and Transforming Growth Factor-B (TGF-B) found elevated in correlation
to the severity of HF, for example in diastolic dysfunction®. Systemic inflammatory diseases
(e.g. rheumatoid arthritis) are also known to evolve into myocarditis?*, with studies suggesting

that endothelial dysfunction plays an important role in this transition®®.
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1.2 Endothelial inflammation and dysfunction

To better understand the contribution of the endothelium to the pathogenesis of inflammatory
cardiomyopathies, and why it might be an interesting therapeutic target for HF, we must first
establish how EC respond to pro-inflammatory stimuli and how they transition to dysfunctional
EC. | will focus this review to IL-6, IL-18, and TNFa, which have all important roles in the acute
phase response, in chronic inflammation, in cardiomyopathies and HF, and are able to affect

EC functions in these conditions.

First, the activation of EC by pro-inflammatory cytokines is considered a Type-Il activation, as
opposed to Type-l which is mediated by G-protein coupled receptor activation. Although both
types of EC activation lead to an increased blood flow, vascular permeability, and binding and
extravasation of leucocytes, the time scale of these responses are different. Indeed, Type-l is
much more transient than Type-Il (10-20 minutes, compared to hours or even days in Type-II
activation). In addition, Type-I is independent of protein synthesis, unlike Type-Il activation. If
the stimulus of EC activation is maintained, this response can evolve into chronic inflammation

of EC (although EC can display features of acute and chronic inflammation simultaneously)?.

1.2.1 Inflammatory cytokines and endothelial cells

IL-6 is an important cytokine in cardiovascular diseases, and said to be pivotal in the transition
from acute to chronic inflammation?2. It mediates the activation of T cells and B cells, involved
in the immune response which accompanies inflammation. IL-6 also contributes to endothelial
dysfunction in the coronary vasculature, in the metabolic syndrome, an effect that was shown
to be dependent on TNFa signalling, decreasing the phosphorylation and activity of eNOS
(endothelial NO synthase)®. The activity of IL-6 is more nuanced than TNFa or IL-1B, as it
might be anti-inflammatory in the right conditions. Indeed, a lack of IL-6 in vivo was associated
with an increase of TNFa levels*°, and was identified as protective against angiotensin-Il (Ang-

I)-induced EC dysfunction*'. IL-6 also confers protection against apoptosis and endothelial
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dysfunction after MI*2, However, the inflammatory response to localised tissue damage was

found defective in IL-6 deficient mice*®.

To activate EC, IL-6 requires binding to a protein complex composed of the transducer protein
gp130 and IL-6Ra. If EC express gp130, they lack the constitutive expression of IL-6Ra, and
therefore are unable to transduce IL-6 signals on their own. IL-6Ra can however be secreted
by neutrophils, for example in response to EC-produced IL-8. In this case, this soluble IL-6Ra
(slL-6Ra) can reach EC and allow for IL-6 signal transduction to occur (as seen in Figure 1.2).
This is known as the trans-signalling of IL-6**. Where this is allowed, IL-6 activates multiple
pathways, including the Janus-associated kinases (JAK) and signal transducer and activator
of transcription (STAT) pathway (though primarily JAK1/2-STAT3 in EC), as well as the
extracellular signal-regulated kinases (ERK1/2), mitogen-activated protein kinases (MAPK),
and the phosphatidylinositol-3-kinase (PI3K/Akt) pathways*. Known target genes of IL-6 in

EC include MCP-1 (monocyte chemoattractant protein-1, or CCL2), which is pro-inflammatory
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Figure 1.2: Canonical signalling pathways and relevant target genes of TNFa, IL-1 and IL-6

in endothelial cells
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as it promotes macrophage infiltration to the site of inflammation, and SOCS3 (suppressor of
cytokine signalling 3), which conversely is anti-inflammatory as it rapidly inactivates STAT3.
IL-6 also stimulates the surface expression of cell adhesion molecules (e.g. ICAM-1, VCAM-
1 and E-selectin) in EC, promoting leucocyte attachment*®#. Finally, the inhibition of eNOS
activity by IL-6 has been proposed at multiple occasions*®4°. However, NO bioavailability was
not quantified in these studies, and a possible shift to iINOS (inducible NOS) expression and

activity has yet to be addressed.

Both TNFa and IL-18 activate the nuclear factor-kB (NF-kB) pathway, which involves inducible
transcription factors (NF-kB1/p50, NF-kB2/p52, RelA/p65, RelB, and c-Rel), as seen in Figure
1.2. This pathway is well known and has been detailed expertly by others®. It is important to
note that NF-kB holds a central role in inflammatory diseases (e.g. rheumatoid arthritis,
inflammatory bowel disease, and atherosclerosis), inducing the local and systemic release of
cytokines (e.g. TNFa, IL-1, IL-6, IL-8, and interferon-y), chemokines (e.g. MCP-1, IP-10), and
stimulating the cell surface expression of cell adhesion molecules. Other target proteins
include COX-2 (cyclooxygenase-2), iINOS, HO-1 (heme oxygenase-1), and CRP (C-reactive
protein)®°. Not all targets regulated by NF-kB activation are pro-inflammatory or detrimental to
cellular function. Indeed, MNnSOD (manganese superoxide dismutase), A20, and Bcl2, for
example, have anti-oxidant properties, help suppress NF-kB activation, and have anti-
apoptotic properties (respectively). As for IL-6, multiple other signalling pathways are activated

by TNFa or IL-1B (including PI3K/Akt, ERK1/2, and other MAPK pathways)®".

1.2.2 Vascular permeability and inflammation

The main function of the vascular endothelium is to form a physical barrier between the blood
and the underlying tissues, restricting the diffusion (or leak) of large molecules (the cut-off size
has been described between 20 and 40 kDa%?) or even cells. In pro-inflammatory conditions,
the endothelium becomes more permeable®. In vivo, a transient increase of permeability was

indeed reported in venules in the early stage of an inflammatory response, albeit chemically
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induced®. This promotes leucocyte extravasation, amplifying the inflammatory response. But
a chronic increase in permeability can also lead to oedema, or changes in the neurohormonal
environment of perivascular cells, and overall contribute to disease progression, for instance

in HFS355,

TNFa was shown to stimulate endothelial permeability®®, although this effect may not involve
changes in eNOS or iNOS expression. Similarly, other pro-inflammatory factors are known to
induce EC permeability, e.g. histamine, vascular endothelial growth factor (VEGF), bradykinin,
and thrombin®-5°, While the effects of TNFa and thrombin are mainly mediated by an increase
of intracellular Ca?*, that is transient®%5°-63 histamine, VEGF, and bradykinin have been shown
to primarily activate Akt®®. Both pathways however result in the phosphorylation of eNOS, and
this stimulates NO synthesis®®. Multiple downstream targets of this NO synthesis have been
proposed: 1) S-nitrosylation of B-catenin causing the disassembly of VE-cadherin and thus of
cell-cell junctions®®%4 and 2) a reversal of stress fibre formation®?, thus facilitating intercellular
gap formation and further destabilising cytoskeletal cell-cell junctions. IL-6 also increases EC
permeability, but this is protein kinase C (PKC)-dependent and the study which demonstrated

this relationship makes no mention of calcium transients or NO synthesis®.

It is unclear how EC behave mechanistically in more complex pro-inflammatory environments.
It has been reported that TNFa and thrombin can have synergistic effects on the duration of
calcium transients in EC, and on vascular permeability, but the interplay of other cytokines has
not been investigated®'. Of note, the contribution of INOS-mediated NO on the control of EC

permeability has never been seriously studied, limiting our understanding of this phenomenon.

1.2.3 Differential secretion of cardiotropic agents

As described above, endothelial dysfunction can negatively affect the function of CM and is
now considered a hallmark of HFpEF, as well as a candidate of choice for novel therapeutics.

In other words, the paracrine activity of EC on CM is considered an important feature of cardiac
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remodelling and a system which might be exploited clinically. First, we must understand how

EC can communicate with CM.

Although separated by a basement membrane and interstitial extracellular matrix, the distance
between microvascular EC and CM can be smaller than 1 um?®. This allows for soluble factors
to diffuse rapidly from one cell to the other, and this is of importance for paracrine mediators
with a short half-life in physiological conditions (such as NO)® . It is now recognised that the
secretome is not just limited to small molecules or proteins but can include lipids, mRNA,
microRNA, exosomes, macroparticles, etc. Furthermore, the composition of cell types in the
heart has been reassessed in recent years, to demonstrate that there are between 2 to 3
single EC per CM®¢8970 (although CM take up most of the space, due to their size). This cell
ratio is physiologically balanced, as a rarefaction of capillary or excessive CM hypertrophy are
susceptible to affect the efficiency of EC-CM crosstalk. Moreover, it could be speculated that
an excessive deposition of extracellular matrix (as is seen in interstitial fibrosis) could
physically increase the distance between EC and CM, and impair their paracrine exchange.
The soluble component of this crosstalk has been studied for decades. However, it should be
noted that other types of EC-CM communications can occur (e.g. biomechanical forces or

electrophysiological communication).

Endothelial function is highly plastic, and susceptible to change in inflammatory conditions, as
described above. The secretion of potential paracrine factors by EC is no exception. Indeed,
endothelin-1 (ET-1), which is a potent vasoconstrictor and increasingly considered a mediator
of inflammation”!, was found expressed and secreted at greater rates by EC treated in vitro
by chemokines (MCP-1) or cytokines (except IL-8)"2. This is consistent with circulating levels
of ET-1, which are increased in CAD, atherosclerotic, and HF patients’3. There is evidence to
suggest that an elevated ET-1 secretion may contribute to or even initiate coronary vasospasm
(and thus play an important role in MINOCA)"3. The release of ET-1 is however under control
by NO. In endothelial dysfunction, the reduced bioavailability of NO might be a primary mean

of upregulating ET-1 release from EC. Finally, EC-derived ET-1 is able to affect CM function.
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This is detailed in Section 1.3, but it should be observed here that a pro-hypertrophic effect of

EC-derived ET-1 on CM was identified using EC-CM co-cultures’®.

Pro-inflammatory cytokines such as TNFa and IL-13 have also been shown to affect NO levels
and synthesis by EC. This involves four main changes: 1) a decreased eNOS expression’®"7,
2) an upregulation of iNOS787®, 3) an uncoupling of eNOS (which becomes Ca?*-independent
and more likely to synthesise reactive oxygen species, ROS)%8' and 4) a scavenging of NO
by cytokine-mediated ROS generation or the NF-kB target gene MnSOD. It is still controversial
that INOS might be upregulated during inflammation. And even if this is the case, it is unclear
if this would result in the increase of NO synthesis and activity which was predicted decades
ago. However, as introduced in Section 1.2.2, a cytokine-induced synthesis of NO is essential
to the stimulation of vascular permeability. This is therefore likely to be a distinct cellular state
than endothelial dysfunction, which is defined solely by the pathologically reduced synthesis
of NO, and the resulting stiffening of the vasculature. NO has many effects on CM, which | will

describe in the next section.

32



1.3 Excitation-contraction coupling in CM and its modulation by EC-

derived cardiotropes

The action potential (AP), cyclic release of Ca?* in the cytosol (calcium transients) and calcium-
induced shortening of myofilaments are three functions of CM which connect stimulus and cell
contractions, in a sequence of mechanisms which is called excitation-contraction coupling.
Briefly, a small depolarisation of the plasmalemma of CM (trigger) induces a sequence of ionic
currents which further depolarise the cell before returning it to resting membrane potentials; a
process known as the action potential (AP). During the AP, a small entry of Ca?* via the L-type
calcium channel (LTCC) induces a large release of Ca?* from the sarcoplasmic reticulum (SR),
mediated by the ryanodine receptor (RyR2). This is known as calcium-induced calcium release
(CICR). Ca?* then interacts with myofilaments, which results in actin and myosin binding within
contractile units of myofilaments (known as sarcomeres), i.e. driving contraction. Ca?* is then
removed from the cytosol to the extracellular space via the sodium-calcium exchanger (NCX)
and, in the majority, re-sequestered to the SR lumen through the sarco-endoplasmic reticulum

Ca?*-ATPase (SERCA). The excitation-contraction coupling is illustrated in Figure 1.3.

These mechanisms are finely regulated in health and disease. It is now well recognised that
crosstalk of non-CM with CM contributes extensively to regulation of the excitation-contraction
coupling®?, and therefore controlling the kinetics, amplitude, and duration of CM contractions.
How each element of this coupling is modulated by EC or by EC-derived paracrine factors is

detailed below.

1.3.1 Effects of nitric oxide on contractility and relaxation

Endocardial ablation, using Triton X-100 or physical rubbing, provided the first evidence that
EC can affect CM contractility®, decreasing papillary muscle twitch tension (i.e. amplitude) in
the cat®*. Co-culture of papillary muscles deprived of endocardium with endocardial cells was

able to restore baseline contractility, but this was inhibited by haemoglobin (known to bind and
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inhibit NO activity)®. The effect of NO was however limited to accelerating relaxation, in this
study and in others®, without affecting systolic performance. However, a coronary infusion of
substance P in the human heart (stimulating NO release from the coronary vasculature) led to
a decrease of systolic force in addition to increasing diastolic stretch®’. This can be replicated
in vitro on isolated CM with NO donors®8. Using this approach of donors, some have also
reported an acceleration of the calcium transient decay®. These effects have been associated
with cGMP/PKG activity in CM, suggesting that EC-derived NO is synthesised and diffused at
sufficient concentrations to activate the cGMP/PKG signalling pathway. This is consistent with
the hypophosphorylation of titin that occurs as a response to endothelial dysfunction®', during
which NO release by EC is reduced along with the cGMP/PKG-mediated phosphorylation of
target proteins such as titin in adjacent CM. The effect of NO on contractility (inotropy) and on
relaxation (lusitropy) implicates multiple proteins of the excitation-contraction system in CM,

as described in the following sections.

1.3.2 Effects of endothelin-1 on contractility and relaxation

As for NO, the effects of ET-1 on contractility and relaxation were first studied using papillary
muscles stripped of their endocardium. In this case, an exogenous application of ET-1 induced
an increase of twitch tension®, which was attributed to a release of catecholamines (i.e. having
an indirect effect). However, this inotropic effect was reproduced in co-cultures of endocardial
EC and adult rat ventricular CM (ARVM)®, demonstrating the ability of EC-derived ET-1 to
control CM contractility. An intracoronary injection of ET-1 has a positive inotropic effect,
mediated by the ETa receptor, and a negative lusitropic effect (i.e. a prolonged relaxation)
mediated by the ETs receptor®. This is therefore diametrically opposed to the effects of NO,
interestingly in accordance with their respective effects on the vascular tone (vasorelaxation
for NO and vasoconstriction for ET-1). Although an acute blockade of ETa in healthy rats has
been reported to lack effect on cardiac contractility®®, a chronic blockade of the ET-1 system

in vivo was shown to depress significantly contractility and lusitropy®®. Curiously, both inotropy
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and lusitropy can be improved by a chronic inhibition of ET-1 when performed in a murine
model of myocarditis, where ET-1 release is elevated®. This contradiction may arise from
indirect effects of ET-1 inhibition (e.g. preventing CM damage and toxicity). It remains unclear
how NO and ET-1 interact to regulate CM functions in physiological conditions, as these

pathways are usually studied in isolation.

[-tubule

Figure 1.3: Calcium transport and the excitation-contraction coupling in CM

Reproduced from Bers et. al. (2002). Inset shows the time course of an action potential (AP), the

resulting calcium transient and myofilament contraction measured in a rabbit ventricular CM at 37°C.

NCX, Na*/Ca?* exchange; ATP, ATPase; PLB, phospholamban; SR, sarcoplasmic reticulum.

1.3.3 Pacemaker activity and ventricular rhythmicity

In adult ventricular CM, depolarisation of the membrane is predominantly caused by external
stimuli (e.g. electrical field stimulation, or intercellular propagation of depolarised voltages via
gap junctions). This lack of internal pacemaker activity contrasts with other in vitro models of
CM, such as neonatal CM or induced pluripotent stem cells-derived CM (iPSC-CM), both of
which spontaneously depolarise above the threshold of activation due to the high expression

35



of the hyperpolarisation-activated cyclic nucleotide-gated potassium channel (HCN4)
responsible for the funny current (/)%. NCX is also electrogenic and depolarises the
membrane when extruding Ca?*, hence contributing to pacemaker activity in CM®. However,
NCX-induced depolarisations are not sufficiently rapid to override sinus rhythm under normal

physiology conditions.

The effects of EC on the ventricular rhythm are difficult to pin-point. Coronary EC dysfunction
is a known risk factor for atrial fibrillation®® and potentiates ventricular arrhythmia after MI, with
evidence implicating an increase of ET-1'° and a loss of NO bioavailability'®'. This is
supported by other studies identifying anti-arrhythmic roles for NO'%2-1%_ The chronotropic
effects of NO on pacemaker currents might be location specific, as studies have shown that it
increased sinus rhythm'%31% while another study reported negative chronotropic effects of
endogenous NO on isolated CM'%. These can be difficult to differentiate from indirect effects,
e.g. baroreceptor-mediated reflex tachycardia in response to the fall in arterial blood
pressure'®, or NO-mediated inhibition of B-adrenergic signalling, therefore limiting positively
chronotropic effects'”. Finally, Giacomelli et. al. (2017) produced 3D constructs with co-
cultured CM and EC, where the electrophysiological properties of CM and the spontaneous
beating rate of the tissue were unchanged compared to constructs with only CM'%. However,
in this study, CM and EC were co-differentiated from induced-pluripotent stem cells, and the
relevance of such EC models is still up for debate. Conversely, primary human umbilical vein
EC (HUVEC) led to an increased beating frequency of co-cultured neonatal rat ventricular CM

(NRVM) in a separate study'®.

1.3.4 Action potential (AP)

The AP of ventricular CM is a well-regulated sequence of inward and outward currents carried
by Na*, K* and Ca?*-permeable voltage-sensitive ion channels situated on the plasmalemma,
depolarising the membrane potential of CM from -80 mV in resting conditions to +20 mV, and

returning to baseline within 250-400 ms. Such depolarisations propagate actively where these
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channels are expressed, i.e. along cell membranes and across gap junctions of excitable cells,
but can also propagate passively through non-excitable cells (e.g. up to 300 ym across in vitro

cultures of fibroblasts connected by gap junctions™').

The role of AP in the myocardium, beyond propagating anisotropically, is to induce a calcium
release from the SR via an inward Ca?*-current, implicating the L-type calcium channel. This
current opposes a repolarising K* current in phase 2 of the AP, thus slowing down the return
to resting membrane potential (Figure 1.4A). While an increased LTCC current stimulates a
larger CICR from the SR'"", as is the case in response to B-adrenergic agonists, it can also
delay the membrane repolarisation beyond the refractory period of sodium channels and thus
potentiate early after-depolarisations (EAD). This is due to Na* channels re-activating during
phases 2-3 of the AP, and is an important risk factor for ventricular arrhythmia. Endogenous
NO can inhibit the LTCC-mediated pro-inotropic effects of the 3-adrenergic response, and
therefore help prevent EAD'Y". This effect might be directly caused by S-nitrosylation of LTCC
subunits''? or indirectly by preventing the synthesis of cAMP, as a result of cGMP synthesis'3.
NO has also been associated with increased Iks and Ixs currents''#115, i.e. shortening phase 3
of AP and hyperpolarising the resting membrane potential in CM. In addition, NO inhibits /o1
and Ik currents''®'"7 shortening the AP plateau (therefore shortening the activity of LTCC)

and reducing the amplitude of CICR as a result.

ET-1, again in contrast to the effects of NO, can increase the expression of LTCC via activation
of the extracellular signal-regulated kinases 1/2 (ERK1/2)'*8, and inhibit the delayed rectifier
K* current responsible for the repolarisation during phase 3 of the AP, resulting in an
increased amplitude of calcium transients'?’. Some inotropic effects of ET-1 may also be
attributed to a stimulated release of endogenous catecholamines in the myocardium, eliciting
a traditional B-adrenergic response in CM®. The effects of other known EC-derived paracrine
factors on AP morphology in CM remain to be demonstrated and, to date, how AP morphology

is modulated in CM after co-culture with EC is still unclear.
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Figure 1.4: Ventricular action potential, with ion currents and after-depolarisations

Reproduced from Hoekstra et. al. (2012). Original legend: “A. Schematic representation of a human

ventricular action potential (top panel). Numbers denote the different phases of the ventricular action
potential. The dashed line represents phase 4 depolarization normally present in cells from the
conduction system and not in ventricular CMs. Underlying ionic membrane currents and their
schematic time course are depicted below. B. Schematic representation of an early
afterdepolarization (EAD) and its underlying mechanism. C. Schematic representation of a delayed
afterdepolarization (DAD) and its underlying mechanism. Ina, Na* current; lcaL, L-type Ca2* current;
Ica,T, T-type Ca?* current; lwo1, transient outward current type 1; lcica), Ca2* activated CI- current, also
called ko2; Ikur, ultra-rapid component of the delayed rectifier K* current, Ik, rapid component of the
delayed rectifier K* current; lks, slow component of the delayed rectifier K* current; Ik1, inward rectifier
K* current; I, funny current; Incx, Na*/Ca?* exchange current.” (Under CC Attribution License © 2012

Hoekstra, Mummery, Wilde, Bezzina and Verkerk)
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1.3.5 Calcium-induced calcium release (CICR)

By far, the most widely accepted mechanism of Ca?* release from the SR is LTCC-mediated
CICR, whereby Ca?* influx through LTCC activates the opening of neighbouring RyR2, and as
a result leads to a large release of SR Ca?* into the cytosol. Such CICR requires LTCC and
RyR2 to be juxtaposed, in a protein complex (which includes many others) known as a dyad.
Ca?" release is moreover concentrated to a narrow space formed between the plasmalemma
and the SR membrane: the junctional cleft. T-tubules are invaginations of the plasmalemma
which allow for this CICR to occur nearer to myofilaments, i.e. further away from cell surface
(Figure 1.3). A disruption of the tubular network is a common feature of CM remodelling during
HF, impairing the efficiency and synchrony of CICR across CM'?"'22_ |t is not known whether
factors secreted by EC contribute to this disruption during myocardial remodelling, or inversely

prevent it by stabilising the tubular network.

A NCX-mediated CICR has been proposed’?®, as the result of extruding Na* from phase 0
near dyads, but this has been challenged experimentally’?*'25, In addition, there is little
evidence for NCX and even sodium channels to be expressed sufficiently close to dyads and
contribute to CICR'?, Therefore, EC-mediated changes in NCX or Na* channels are not

thought to affect the CICR directly.

Ca?* released at the dyad through LTCC binds to and activates RyR2, which is normally closed
at diastolic concentrations of cytosolic calcium ([Ca?*])). Binding of Ca?* increases the open
probability of the channel and results in SR Ca?* flowing to the cytosol'?’. The amount of Ca?*
released is a function of both /c, and SR Ca?" load. The LTCC and RyR2 then close to
terminate the CICR, allowing the SR to reload and [Ca?']; to decrease to diastolic levels'"".
This is an intricate negative feedback mechanism, as the open probability of both channels
decreases with increasing cytosolic [Ca?']. RyR2 has been identified as a target of NO-
mediated S-nitrosylation, with which NO can increase RyR2 activity'?®12°, Yet, this has been
linked to an NNOS-mediated local synthesis of endogenous NO'° and the presence of such
regulation of RyR2 by EC-derived NO remains to be confirmed. Furthermore, cCAMP-mediated
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PKA activity has been shown to increase the sensitivity of RyR2 to cytosolic Ca?*, i.e.
facilitating CICR but also pro-arrhythmic SR leaks during diastole™'3! via direct
phosphorylation of RyR2. The effects of NO on the B-adrenergic response (mediated by
cGMP) have not been well characterised for this section of the excitation-contraction coupling.
In addition, while ET-1 can increase the amplitude of calcium transients, at least via LTCC'%,
it is still unclear whether ET-1 regulates directly the function of RyR2 or the properties of CICR
downstream of LTCC. The paracrine effects of EC on the CICR and SR Ca?* leaks in CM have

never been appropriately tested experimentally, with co-cultures or other models.

1.3.6 Sarco-endoplasmic reticulum Ca%*-ATPase (SERCA)

Once released from the SR during the CICR, Ca?* is cleared from the cytosol via at least three
mechanisms. In the adult rat and human ventricular CM, the dominant mechanism of extrusion
is the SERCA pump. This protein is abundantly expressed at the SR membrane, allowing for
Ca?* to be reloaded in the SR within milliseconds. The dominant isoform of SERCA in the adult
cardiac muscle is SERCA2a, and it requires the hydrolysis of ATP to transport Ca?* to the SR
lumen (against concentration gradients)'®2. SERCA is directly regulated by a protein known
as phospholamban (PLB) which, in unstimulated conditions, inhibits the activity of SERCA.
PLB phosphorylation relieves this inhibition, and therefore increases the velocity of Ca?* re-
uptake to the SR™2, This is a known target of the B-adrenergic signalling, whereby a cAMP-
dependent activation of PKA leads to the phosphorylation of PLB'"''. Importantly, a reduced
expression of SERCA (mRNA and protein levels), a hypophosphorylation of PLB, and logically
a decreased SR Ca?" transport have been reported in patients with HF of different
aetiologies'?*'3 SERCA downregulation also results in a reduced SR Ca?* content and thus
negatively impacts on the CICR, contributing to the reduced amplitude of calcium transients
in HF™1, However, it should be noted that not all studies have found a downregulation of
SERCA or PLB expression in HF, further illustrating the heterogeneity and complexity of these

dysregulations™®.
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Interestingly, little is known about the regulation of these mechanisms by EC-derived paracrine
factors. EC-derived NO has been shown to stimulate the activity of SERCA in vascular smooth
muscle cells™®, although this does not involve the same isoform of SERCA as in CM
(SERCA2b is predominant in smooth muscle cells'"). The effects of NO on SERCA2a activity
are unclear, with a study showing an nNOS-mediated inhibition of SR Ca?* uptake'#?, and
another showing that NO-derived peroxynitrite (ONOQO") increased the activity of SERCA by
S-Glutathiolation'*3. The regulation of SERCA activity by NO and NO-derived thiol oxidants
(e.g. ONOO") have not been well differentiated, and never confirmed in heterocellular in vitro
models. Moreover, the effects of other known EC-derived cardiotropes on SERCA activity can

only be speculated.

1.3.7 Sodium-calcium exchanger (NCX)

NCX is the second mechanism of calcium extrusion in CM. Unlike SERCA, NCX is expressed
at the plasmalemma and thus transports Ca?* to the extracellular space'"". There is evidence
to suggest that NCX is preferentially localized in T-tubules, although as discussed above its
expression and role within dyads is still being debated'**. To maintain Ca?* homeostasis, NCX
removes the same amount of Ca?* as was introduced by LTCC. Importantly, NCX exchanges
1 Ca?* for 3 Na*, which has two implications: (1) NCX activity is electrogenic, depolarising the
membrane of CM when extruding Ca?*, and (2) it contributes to Na* homeostasis'"145. NCX
has unsurprisingly been associated with pro-arrhythmic after-depolarisations, as well as Na*
overload, in models of cardiac hypertrophy or HF, where NCX expression is increased3314¢,
Interestingly, NCX can work in “reverse mode”, during which Ca?* enters the cell and Na* is
extruded. This occurs when the equilibrium potential of NCX (a function of the respective
equilibrium potential of Na* and Ca?*) is lower than the membrane potential, thus inverting the
driving force of this ion exchange'""'%. As discussed above, it is unclear if the reverse mode
of NCX contributes to the initiation of CICR. There is little evidence for a significant role of the

reverse mode of NCX on the excitation-contraction coupling in CM with physiological [Na*];
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and [Ca?']. However, during HF, Na* overload lowers the equilibrium potential of NCX,
potentiating the reverse mode'#’” and decreasing the normal (“forward”) mode. As a result,
more Ca?* enters the cell via NCX during the AP, and less Ca?* is extruded via NCX in diastole.
This slows Ca?* extrusion, and therefore affects the kinetics of relaxation, but it also promotes
SR Ca?" loading (with SERCA gaining a relatively larger portion of Ca?* to extrude than with
physiological [Na*])™®', It is also unclear whether such Na* overload can provoke the
constant leakage of SR Ca?" (partial CICR) which was proposed by others'. Conversely,
NCX might be part of cardioprotective compensatory mechanisms, e.g. by lowering [Na*]i and
supplying additional Ca?* in systole during its time in reverse mode. This is part of a complex
mechanism, however, and the effects of NCX activity should not be fully isolated from the

changes in NCX expression which are common in HF.

NCX is an important regulator of Ca?* homeostasis and, as demonstrated above, an important
feature of CM remodelling during HF. It is therefore surprising that the effects of EC or even
of NO on NCX activity have not gathered interest so far. Studies are too scarce to make a fully
comprehensive conclusion on the role of NO in the regulation of NCX activity. A study
performed in 2003 showed no effect of NNOS-mediated NO synthesis on the expression and
activity of NCX in CM™&. More interestingly, other reports have proposed indirect effects, all
consequential to changes in [Na*].. Richards et. al. (2019) reported that the transports of the
Na*/H*-exchanger-1 (NHE1) were increased by low [NO] and decreased by high [NO], and
this was mediated by cAMP and cGMP rather than by S-nitrosylation’°. Raised NHE1, as
seen in HF, can evoke a rise of [Na*]i which, as indicated earlier, reduces the driving force of
NCX fluxes in forward mode. Studies are however lacking to validate this second-degree effect
of NO on NCX. Furthermore, another study has shown that NO can increase the activity of the
Na*/K*-ATPase, hence limiting Ca?* and Na* overload in CM'°. Indeed, by decreasing [Na*];
via the Na*/K*-ATPase, NO increases the equilibrium potential of NCX (i.e. increasing the
forward mode of NCX while reducing the reverse mode). This is further complicated when

introducing elements of the 3-adrenergic response in CM, where cAMP-mediated activation
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of PKA can activate the Na*/K*-ATPase while reducing NCX currents (via phosphorylation of
their common co-factor phospholemman)'’. It should be noted that PKA can also increase
NCX currents, but that this is reduced significantly in HF due to direct hyperphosphorylation
of the exchanger'?. It is unknown how NCX phosphorylation is affected by NO or by other

EC-derived cardiotropes.

Finally, the role of ET-1 on NCX function is also unclear and deserves more attention. ERK1/2
activation, as a result of ET-1 autocrine or paracrine release, has been shown to increase the
activity of NHE1 in CM'33, As discussed above, this modulates the activity of NCX by reducing
its forward mode while increasing its reverse mode, hence contributing to both Na* and Ca?
overload in CM. However, this signalling has never been confirmed experimentally beyond the
ERK1/2-mediated activation of NHE1, and needs to be tested in EC-CM co-cultures. A direct

stimulation of NCX by ET-1 has also been reported, involving PKC activation®.

1.3.8 Additional mechanisms of calcium extrusion

In addition to SERCA and NCX, mitochondria can also uptake Ca?* and contribute to cytosolic
Ca?* clearance''. However, at steady state, this mechanism is unlikely to significantly regulate
the morphology of calcium transients. Beat-to-beat changes in mitochondrial Ca?* have been
demonstrated recently’s®, and this was enhanced in mitochondria localized near the SR. This
would suggest that mitochondria contribute to calcium transient decay, but it should be noted
that in the same study, intramitochondrial calcium transients decayed with a time constant too
long to be compatible with steady state (approximately 5 sec). This experiment was performed
at room temperature, so it remains unclear if mitochondrial calcium extrusion kinetics improve
at 37°C. In neonatal rat ventricular myocytes (NRVM), the siRNA silencing or overexpression
of mitochondrial Ca?* uniporter (MCU), which is responsible for mitochondrial Ca?* uptake®,
respectively induced an increase and decrease of calcium transients amplitude'’. This would
again suggest that mitochondrial activity contributes to the beat-to-beat control of Ca?* levels,

but this effect has been rejected as incompatible with steady state as well'*®. Furthermore,
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this result is inconsistent with data obtained using adult CM where inhibition of mitochondrial

Ca?" had a less significant impact on the amplitude and kinetics of calcium transients %160,

Cytosolic and mitochondrial Ca?* are not independently regulated, however, as a prolonged
Ca?* overload can increase the mitochondrial uptake and overload mitochondria as a result'®".
ATP generation is calcium-dependent, so it is possible that cytosolic Ca?* modulates indirectly
the activity of kinases or ATPases (e.g. Na*/K*-ATPase) and thus multiple components of the
excitation-contraction coupling machinery'®?, A mitochondrial Ca?* overload is associated with
ischemia-reperfusion injury, and is thought to be critical for cell necrosis'%. However, how this

is linked to the pathological remodelling of the excitation-contraction coupling is still unknown.

NO may affect mitochondrial respiration and Ca?* uptake, but not in ways which are directly
relevant to the excitation-contraction coupling'®. The effects of EC-produced cardiotropes on

mitochondrial calcium handling are still unexplored, and can only be speculated.

Finally, non-mitochondrial mechanisms of Ca?* extrusion should be considered: e.g. diffusion
via gap junctions, packaging in secreted vesicles, transport to other intracellular compartments
(nucleoplasmic calcium transients have been reported, as reviewed by others'4), Ca?'-
ATPase transport at the plasmalemma’"!, and store-operated calcium entry (SOCE)'6%'6¢_ Of
note, SOCE could be lost during maturation of CM'®’, but SOCE proteins (e.g. stromal
interaction molecule 1, STIM1) could regulate the activity of SERCA and SR Ca?* content even
in the absence of SOCE'®8, In the interest of brevity, it is not necessary that these mechanisms
are reviewed in this thesis. These have never been validated as potent regulators of the
excitation-contraction coupling and, even if present in adult CM, would presumably not
account for significant Ca?* fluxes compared to SERCA or NCX activity. Evidence is also
lacking to draw firm conclusions on the effects of EC-derived cardiotropes on these

mechanisms.
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1.3.9 Sarcomeres and myofilament sensitivity to calcium

When released from the SR, Ca?* interacts with myofilaments and provokes a force-generating
interaction of actin with myosin, i.e. shortening of the CM length'®. Briefly, free Ca?* binding
to troponin-C induces an allosteric conformational change of the troponin-tropomyosin
complex, which exposes myosin-binding sites on the actin filaments. Once myosin heads bind
to actin, ATP induces a conformational change of myosin which generates force and results
in myosin filaments sliding along actin filaments. This is dependent on the amount of cytosolic
Ca?* and the sensitivity of these myofilaments to Ca?*, but also the level of cellular stretch.
Actin-myosin cross-bridges are indeed regulated by the interfilament lattice spacing, which
decreases when CM are stretched'”°. Of note, differences of lattice spacing were not observed
in isometrically contracting CM'"". Because cross-bridges of myosin with actin potentiate Ca?*
binding to actin, interfilament lattice spacing holds an important role in the length-dependent

responsiveness of myofilaments to Ca?* and the length-dependent development of force'’2.

Myofilaments are organised in symmetrical contractile blocks, known as sarcomeres, which
are arranged in series and in parallel along the entire length of CM. It is beyond the scope of
this introduction to describe the numerous sarcomeric proteins, but titin is noteworthy for three
reasons: (1) its placement along the sarcomere increases the lattice spacing when sarcomere
length decreases, thus acting as a mechanosensor'’3. (2) It is also responsible for the passive
lengthening of CM in diastole (in conjunction with forces generated by the extracellular matrix
and cardiac filling). Titin acts as a “molecular spring” that is essential to diastolic function'®®,
(3) Hypophosphorylation of titin contributes to the development of HFpEF by lowering the
elastic capacity of titin, resulting in a stiffening of CM during relaxation which can eventually
lead to diastolic dysfunction®’. This is strongly associated to endothelial dysfunction, as a loss
of NO bioavailability in EC can lead to titin hypophosphorylation®. NO can also induce a
cGMP/PKG-mediated phosphorylation of troponin-l, which increases the rate of Ca?*
dissociation from the myofilaments and therefore improves diastolic function and relaxation

(i.e. positively lusitropic effects)''75, Finally, cAMP-mediated activation of PKA during the B-
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adrenergic response has been associated with the phosphorylation of troponin-1'"¢, of the
myosin binding protein C'7” and of titin'"®17°, Overall, this increases the rate of cross-bridge
cycling, increasing the rate of force development and the stretch activation response’, in
addition to decreasing passive tension of cardiac tissue'’®'7°, Although interference with this
signalling by NO-mediated generation of cGMP can be hypothesised, it has never been tested
experimentally. ET-1 has been associated with a phosphorylation of troponin I, therefore
lowering the myofilament sensitivity to Ca?*. This was attributed to PKC'®" and Protein Kinase
D (PKD)'® activation. The involvement of other known EC mediators on sarcomeric function
remains undefined, and is a blind spot which should be scrutinised to better understand how

endothelial plasticity can regulate cardiac contractility.

1.3.10 Bowditch, Frank-Starling and Anrep effects

The Bowditch effect (or staircase phenomenon) is a property of the myocardium to increase
or decrease force in response to an increasing beating frequency. This relationship is positive
in adult human myocardium'"" but tends to be flat or negative in small rodents, including
rats'®, or in the failing myocardium'. The mechanism responsible for this effect is still being
debated but is thought to involve SERCA', by which an increased frequency of calcium
release acutely modifies SR Ca?* loading, as well as LTCC and NCX'. This affects the
intensity of CICR and the activation of myofilaments. As shown above, EC-derived paracrine
mediators (NO and ET-1 particularly) can affect the activity of SERCA, LTCC and (although
this is less well studied) NCX. However, it is challenging to differentiate in HF the paracrine
contribution of endothelial dysfunction from independent changes of SERCA, LTCC or NCX
activity and expression. It is thus unclear if EC play a role in regulating the Bowditch effect in
normal or failing myocardium. Furthermore, no in vitro study has to date shown a direct effect

of EC on the force-frequency relationship of co-cultured CM.

CM experience two major types of mechanical load during the cardiac cycle: the end-diastolic

stretch (preload), which is caused by the ventricular filling, and a systolic resistance (afterload),
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which is caused by aortic pressure. These loads apply uniaxial forces on the CM and regulate
CM contractility, as described below. Stroke volume (a result of force) increases with preload,
a relationship known as the Frank-Starling mechanism. This has been shown to be modulated
by phosphorylation of troponin 1'®” and of the myosin binding protein C'%, as well as by titin8°.
The most likely mechanism for this effect is an increased sensitivity of myofilaments for Ca?*
at long sarcomere lengths, though this might not be associated with a change of actin-myosin
cross-bridge kinetics'®. As discussed in the previous section, these proteins are likely to be
independently modulated by NO. However, evidence is lacking to confirm that NO activity can
alter the length-dependent activation of the Frank-Starling mechanism. Furthermore, while the
role of EC and endothelial dysfunction on passive tension has been well studied, their effects

on length-dependency remain unknown.

The Frank-Starling mechanism can also be viewed as a rapid response to stretch. If the stretch
is prolonged and uncompensated by the Frank-Starling response, a gradual increase of force
will take place over 10-15 min. This is known as the slow myocardial response to stretch, and
is commonly referred to as the Anrep effect''. Of note, this effect was first described as a
result of aortic banding'®?, indicating that an increasing afterload can trigger this response.
Distinctly from the Frank-Starling mechanism, the Anrep effect has been associated with an
increase of calcium transient amplitude in CM™'. It is beyond the scope of this section to detail
this effect but, in summary, it is thought to involve a number of non-genomic events: 1)
autocrine/paracrine release of angiotensin Il (Ang-Il), 2) activation of Ang-Il type-1 receptors
(AT-1), 3) autocrine release of ET-1 (ET-1 can also be provided by other cell types), 4)
activation of the ET-1 receptor ETa, 5) activation of mineralocorticoid receptors (MR), 6)
transactivation of epidermal growth factor receptor (EGFR), 7) mitochondrial generation of
ROS, 8) phosphorylation of ERK1/2, 9) stimulation of the NHE1, 10) increase of [Na*];, 11)

entry of Ca?* via NCX in reverse mode, 12) increase of calcium transient amplitude'™".

The order of these events is well understood, but not all links have been confirmed as crucial

elements to the Anrep effect, while some have only been extrapolated from other models. This
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limits greatly the strength of this paradigm. Furthermore, this sequence might not be the only
possible pathway bridging stretch and calcium transient amplitude elevation, as some studies
have proposed alternative pathways (e.g. those implicating NOS and the CICR)'®3. However,
such pathways have so far been refuted by others'*. Theoretically, EC-produced paracrine
factors (again focusing on NO and ET-1) have the ability to interfere with the Anrep effect, by
direct regulation of the ET-1 signalling, ROS synthesis, phosphorylation of ERK1/2, as well as
NHE1 and NCX activity. However, this has never been tested and hence constitutes another

blind spot of the scholarship regarding the EC-CM crosstalk.

1.3.11 Other mediators of EC activity on CM, and the pitfalls of transitive logic

So far, | have focused this review of the literature on NO and ET-1 and their effects on CM for
three reasons: 1) NO and ET-1 are the most relevant paracrine mediators of the EC-CM axis
for the rest of this thesis, 2) they have also been studied in more detail than any other paracrine
factor, and 3) both have pleiotropic activity, regulating multiple components of CM physiology.
However, other paracrine factors secreted by EC can regulate the excitation-contraction
coupling of CM. These include neuregulin-1 (NRG-1)'® and apelin'®, which have gathered
considerable interest as inotropic agents. The most experimentally validated effects of EC-

derived factors on CM functions are listed in Table 1.1.

This table may appear reductionist in comparison to recent reviews or meta-analytical works
relating to EC-CM crosstalk. In Segers et. al. (2018)'%7, where the effects of EC-derived factors
on CM have been most recently and exhaustively compiled, the EC-CM paracrine network is
shown in more detail (Figure 1.5). However, not all links should be accepted at face value. For
example, EC are shown secreting follistatin-like 1 (FSTL-1) during pressure overload, with
anti-hypertrophic and pro-survival properties on CM. This is potentially misleading, as no direct
evidence exists to suggest that EC can affect CM function via FSTL-1. The anti-hypertrophic
effects of FSTL-1 were demonstrated in CM-specific gene knock-out and in NRVM'%, Lara-

Pezzi et. al. (2008) were able to confirm an elevation of FSTL-1 expression in EC in models
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of pressure overload, but did not study directly the effects on CM'. Indeed overexpression
of FSTL-1 in NRVM has anti-apoptotic effects?®, but this cannot serve as evidence that EC-
secreted FSTL-1 can affect CM survival. Other studies implicating FSTL-1 include further CM-
specific experiments?®!, as well as analyses of its implication in vascular repair after MI.
Therefore, linking EC-produced FSTL-1 with anti-hypertrophic and pro-survival effects on CM

relies entirely on transitive logic.
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Figure 1.5: EC-CM paracrine crosstalk and its plasticity

Reproduced from Segers et. al. (2018). Original legend: “Both cardiomyocytes and microvascular

ECs are responsive to acute and chronic changes in loading conditions. Autocrine and paracrine
signaling leads to acute changes in lusitropy and inotropy of cardiomyocytes and to chronic changes
in cardiomyocyte growth and survival.” (Under CC BY License © 2018 Segers, Brutsaert and De

Keulenaer)
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Table 1.1: Effects of neuregulin-1, apelin, endothelin-1 and nitric oxide on CM function

Agent Demonstrated targets and/or effects on CM Ref
NRG-1 Protects CM against hypoxia/reoxygenation injury 202
Pro-hypertrophic 203
Negatively inotropic 195
Apelin Positively inotropic 204
ET-1 Positively inotropic 94,96
Negatively lusitropic 94,96
Cardiotoxic 96
Pro-arrhythmic 100
ERK1/2-mediated upregulation of LTCC 118
Decreased Iks 119
PKC-mediated stimulation of NCX 154
PKC/PKD-mediated phosphorylation of troponin | 181,182
NO Negatively inotropic 89
Positively lusitropic 89
cGMP-mediated inhibition of B-adrenergic signalling 107
Anti-arrhythmic (including a lower frequency of EAD) 103,104
S-Nitrosylation of LTCC (inhibition) 12
Increased Ixs and Ix; 114,115
Decreased /i1 and Ik, 116,117
Stimulation of RyR2 128,129
ONOO" mediated S-Glutathiolation of SERCA (activation) 143
Decrease NHE1 activity at high concentrations / increase NHE1 activity at low concentrations 149
Activation of the Na*/K*-ATPase 150
Phosphorylation of titin (decrease passive tension) o1
Phosphorylation of troponin | (pro-lusitropic) 174,175
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In other words, it implies that FSTL-1 secreted by EC has the same effects on CM as FSTL-1
produced within CM. The relevance of such logic for cell-cell interactions is debatable, but this
has never been challenged in the literature. Without data from co-cultures or in vivo models,
it remains speculative to conclude that EC affect CM via a given factor because: 1) EC can
produce this factor, and 2a) this factor can affect CM function, or because 2b) CM express the
receptor for this protein. Focusing on direct evidence might be too conservative, however, as
too many components of EC-CM crosstalk would have to be discarded (i.e. FSTL-1, placenta
growth factor, Dickkopf-related protein-3, thrombospondin-4, leukemia inhibitory factor, IL-1j3,
thioredoxin, parathyroid hormone-related protein, C1g/TNF-related protein-9, frizzled-related
protein-3, secreted protein acidic and cysteine-rich (SPARC), bone morphogenetic proteins,
adrenomedullin, Wnt1-inducible signalling pathway protein 1, osteopontin, midkine, tenascins,
periostin, glutathione, connective tissue growth factor, and insulin-like growth factor-1). This
would revert our knowledge of the EC-CM interactome back to 2003, when only NO, ET-1,
NRG-1, apelin, Ang-Il, and IL-6 were considered as direct contributors to the EC-to-CM axis?%.
The current trend to adopt transitive logic without any further or direct evidence of intercellular
communication should still be considered one of the biggest limitations of the literature serving

as foundation for this thesis.

Although NO and ET-1 have been confirmed as mediators of EC-to-CM signals®-°2, much of
what is known of their respective effects on CM physiology also relies on transitive logic. For
example, the effects of NO on SERCA, LTCC and RyR2 activity (described above) have been
studied in models of isolated CM or in vivo but non-specifically to EC, with either exogenously
applied NO (using NO donors)?% or a direct manipulation of NOS activity affecting endogenous
NO synthesis by CM'%, In these models, it is assumed that NO released by EC has the same
effects on CM as endogenous NO. In light of the importance of subcellular spatial confinement
for NOS isoforms and NO synthesis in CM'?°, and of the biphasic effects of NO on CM function
based on its effective bioavailability?°®, this assumption deserves more scrutiny. Similarly, the

effects of ET-1 on CM physiology have been studied in isolated CM, either stimulating an ET-1
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autocrine release by CM or applying ET-1 exogenously at concentrations which might not be

physiologically relevant to EC activity''®.

1.3.12 Conclusions

As described above, almost all aspects of CM physiology can be modulated by NO, ET-1, and
other soluble factors known to be secreted by EC in certain conditions. Their secretion is highly
dynamic, and sensitive to the environment. We now have a vast set of evidence that acute or
chronic inflammation can modulate the secretome of EC, either quantitatively or qualitatively,

for example disrupting the NO/ET-1 relationship.

There has been an emphasis on endothelial dysfunction and its effects on myocardial function,
for years. However, even though it is well understood that inflamed and dysfunctional EC are
not necessarily synonymous, the paracrine effects of inflamed EC (where NO bioavailability is
not lost) on CM remain untested and theoretical. In studying this, it might be possible to bring
to light contractile or electrophysiological signs of an early myocardial or vascular inflammatory

response (i.e. preceding the EC dysfunction).
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1.4 Hypothesis

The paracrine effects of EC on the excitation-contraction coupling of CM are modified by pro-

inflammatory treatment of EC.

1.5 Aims

| address this hypothesis in three chapters of this thesis (3-5), aiming to:

1. Optimise and validate an in vitro co-culture system to study the paracrine effects of EC
on CM, and identify a CM function which can serve as a reference point for the effects

of EC-CM co-culture in Aim 3. (Chapter 3)

2. Characterise endothelial functions, with an emphasis on NO synthesis and the profile
of protein secretion, in response to in vitro treatment with pro-inflammatory cytokines,

and validate this treatment as relevant to cardiac vascular inflammation. (Chapter 4)

3. Investigate the effects of cytokine-treated EC on the excitation-contraction coupling of

co-cultured CM. (Chapter 5)

Though the first two aims do not address the hypothesis of this thesis directly, they represent
important steps in the validation of results in the third aim. Chapter 3 is also the opportunity to
test the basal paracrine effect of EC on the calcium handling of co-cultured CM, a target of the
crosstalk which has been theorised but never directly confirmed experimentally. While the aim
of Chapter 4 is primarily to validate the pro-inflammatory treatment of EC prior to co-culture
with CM, it is also the opportunity to investigate the differences of endothelial responses to

different inflammatory cytokines, which is still poorly understood.
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1.6 Study design

In Chapter 3, co-culture models were reviewed to determine the optimal mean of investigating
EC-CM paracrine crosstalk with the highest physiological relevance and the lowest implication
of other types of intercellular communication (e.g. exchanges of biomechanical forces). Next,
with this model of co-culture, the effects of EC on the calcium transients in CM were assessed

to confirm that this system can be used to generate a paracrine EC-CM interaction.

In Chapter 4, EC were treated with a cocktail of TNFa, IL-18 and hyper-IL-6. Cell proliferation,
endothelial permeability, NO synthesis, and the secretion of inflammatory proteins were tested

to assess the relevance of this treatment to model microvascular inflammation.

In Chapter 5, the co-culture model and the pro-inflammatory treatment established in Chapters
3 and 4 were combined. Calcium transients in CM were characterised after co-culture with EC
that were pre-conditioned with cytokine treatments, compared to co-culture with untreated EC.
In this Chapter, | have also laid the foundations for further experiments in ex vivo and ultimately

in vivo models, which will aim to confirm the results obtained with co-cultures.

A simplified representation of this study design, divided by aims and chapters, can be found

in the following page (Figure 1.6).
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Figure 1.6: Schematic summary of the study design
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Material and methods
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2.1 Animal models

All procedures were carried out in compliance with the standards for the care and use of animal
subjects as stated in the Guide of the Care and Use of Laboratory Animals (NIH publication
No. 85-23, revised 1996) and following the requirements of the UK Home Office (ASPA 1986
Amendments Regulations 2012) incorporating the EU directive 2010/63/EU. Protocols were

approved by the Animal Care and Use Committee of Imperial College London.

2.1.1 Sprague-Dawley

Adult male wild type Sprague-Dawley rats (Rattus norvegicus) were obtained from Charles
River Laboratories (Harlow, UK) and housed in the Centre for Biological Services at Imperial
College London and maintained on standard rat chow ad libitum. Four to five rats were housed
per cage, and exposed to a 12-hour light-dark cycle at 21°C. Rats typically weighed between
150-250 g for CM isolation and 250-350 g for preparations of living myocardial slices (note: it
is easier to slice larger left ventricles, which come from heavier rats). Rats were sacrificed in
accordance with the Human Killing Register via Schedule 1 method, subsequent to completing
the modules 1-4 of the Home Office and possession of a personal licence. Animals were briefly
anaesthetised using 5% isoflurane in an anaesthetic induction box. Primary method of killing

involved cervical dislocation before confirmation of death by dissection of the carotid arteries.

2.1.2 Myocardial infarction (Ml) model in rats

To model chronic HF, the rats described in Section 2.1.1 underwent proximal coronary ligation
to induce permanent MI. This model has been shown to induce severe ventricular remodelling,
a loss of t-tubule structures in CM, reduced twitch amplitude, slower calcium transient kinetics,
and increased frequency of Ca?*, all consistent with chronic HF'?2, ARVM-MI were then
isolated after 16 weeks, as described in Section 2.3.2. The coronary ligation and ARVM

isolation were both performed by Mr Peter O’'Gara.
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2.2 Solutions

The following solutions were used throughout this study. Concentrations are described in mM
unless stated otherwise. All chemicals were provided by VWR international, Sigma Aldrich, or
ThermoFisher unless stated otherwise. Solutions were made up in Milli-Q water except for the

low calcium solution and enzyme solution which used AnalaR water.

Krebs-Henseleit (KH) solution: 119 NaCl, 4.7 KCI, 0.94 MgSOy, 1.2 KH2PO4, 25 NaHCOs3,
11.5 glucose, 1 CaCly; pH-controlled and oxygenated by continuous bubbling through with

95% Oz and 5% COz

Low calcium solution: 120 NaCl, 5.4 KCI, 5 MgSQO., 5 Na* pyruvate, 20 glucose, 20 taurine,
10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 5 nitrilotriacetic acid (NTA),

0.04 CaCly; pH 6.96 (NaOH)

Enzyme buffer: 120 NaCl, 5.4 KCI, 5 MgSO., 5 Na* pyruvate, 20 glucose, 20 taurine, 10

HEPES, and 0.2 CaCly; pH 7.4 (NaOH)

Normal Tyrode’s solution (for human cells preparations): 140 NaCl, 4.5 KClI, 10 glucose,

10 HEPES, 1 MgCly, 1.8 CaCly; pH 7.4 (NaOH)

Normal Tyrode’s solution (for rat cells preparations): 140 NaCl, 6 KCI, 10 glucose, 10

HEPES, 1 MgClz, 1 CaCly; pH 7.4 (NaOH)

Normal Tyrode’s solution (for myocardial slices): 140 NaCl, 6 KClI, 10 glucose, 10 HEPES,

1 MgCl, 1.8 CaCly; pH 7.4 (NaOH)

Na*- and Ca?*'-free Tyrode’s solution: 140 LiCl, 6 KCI, 10 glucose, 10 HEPES, 1 MgCl,, 10

egtazic acid (EGTA); pH 7.4 (KOH)
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Slicing solution: 140 NaCl, 6 KCI, 10 glucose, 10 HEPES, 1 MgCl;, 1.8 CaCl,, 30 2,3-

butanedione monoxime (BDM); pH 7.4 (NaOH); Sterile-filtered (0.2 um)

Lysis buffer (western blotting): Radioimmunoprecipitation assay buffer (RIPA), cOmplete™
protease inhibitor cocktail (Roche, Switzerland), PhosSTOP™ phosphatase inhibitor cocktail

(Roche, Switzerland)

Tris-buffered saline Tween (TBS-T): 20 Tris base (Trizma), 137 NaCl, Tween 20 ata 1:1,000

dilution; pH 7.8

Loading buffer: Bolt™ Lithium dodecyl sulfate loading buffer (LDS), 166.6 dithiothreitol (DTT)

Blocking buffer (western blotting): TBS-T, 5% bovine serum albumin (BSA)

Blocking buffer (fluorescent immunostaining): 94.7% Phosphate-Buffered Saline (PBS),

5% normal serum (species matched with the antibody), 0.3% Triton X-100

Antibody dilution buffer: PBS, 1% BSA, 0.3% Triton X-100

Permeabilization buffer (cell cycle): PBS, 50 Ethylenediaminetetraacetic acid (EDTA), 0.1%

Triton X-100

Stock RNAse A solution: 10 mg/ml RNAse A (Sigma, Cat. No. R5000) dissolved in 10 mM
sodium acetate buffer, pH 5.2. Heated to 100°C for 15 min, cooled to room temperature, and

pH adjusted to 7.4 using 0.1 volume of 1 M Tris-HCI, pH 7.4. Stored at -20°C

Propidium iodide (Pl) staining solution: 91% permeabilization buffer, 5% propidium iodide

(1 mg/ml in dH20; Sigma, Cat. No. P4170), 4% stock RNAse A solution (v/v)
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Below is the composition of culture media used throughout these experiments. All products
were supplied by Gibco® (Life technologies, USA), Sigma Aldrich or PromoCell. Fresh culture

medium was made in 50ml batches when required.

Human umbilical vein endothelial cells and human aortic endothelial cells (HUVEC and
HAEC) culture medium: Medium-199 (with L-glutamine), 10% heat-inactivated bovine serum
(FBS), 7.5 pg/ml endothelial cell growth supplement (ECGS), 0.2% heparin, and 100 U/ml

penicillin, 100 yM streptomycin

Human cardiac microvascular endothelial cells (HCMEC) culture medium: Endothelial
Cell Growth Medium MV2 (EGM-MV2, PromoCell; Cat. No. C-22121), with 10% FBS and 100

U/ml penicillin, 100 uM streptomycin

Fibroblast culture medium: Dulbecco’s Modified Eagle Medium (DMEM) with high glucose,

L-glutamine, and supplemented with 10% FBS and 100 U/ml penicillin, 100 uM streptomycin

Adult rat ventricular myocytes (ARVM) culture medium (ACCT): Medium-199 (with Earle’s
salts, L-glutamine, and sodium bicarbonate), 100 U/ml penicillin, 100 uM streptomycin, 0.2%
BSA, 1.6 carnitine, 4.4 creatine monohydrate, 5.3 taurine, 100 uM L-ascorbate; sterile-filtered

at 0.2 um

Cell co-culture medium: Basal medium consisted of 50% ACCT and 50% EGM-MV2 (with

supplements but not FBS); supplemented with 1% FBS, 6 ug/ml ECGS, and 0.2% heparin

Myocardial slice culture medium: Medium-199 (with Earle’s salts, L-glutamine, and sodium
bicarbonate), 300 U/ml penicillin, 300 uM streptomycin, 1:1,00 dilution of Insulin-Transferrin-

Selenium (ITS) supplement (Gibco; Cat. No. 41400045)
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2.3 Cell culture

All biological procedures were carried out under sterile conditions in BioMat 2 class Il microbial

safety cabinets. Cell cultures were maintained in a humidified incubator at 37°C and 5% CO..

2.3.1 Culture of human EC

HUVEC, HAEC and HCMEC at passage 2 (P2) were purchased as cryopreserved vials from
PromoCell. The EC were cultured on 1% gelatine-coated tissue culture (TC)-graded flasks,
up to P6, and in their specific culture medium (see Section 2.2). Cells were split 1:3 when
reaching confluency. To achieve this, the medium was removed, the culture flasks rinsed with
PBS, and 1.5 ml of Trypsin-EDTA (Gibco®, Life Technologies, USA) was added to detach cells
from the flask (for 5 min at 37°C). This was quenched with 4.5 ml of medium. Cells were
collected and centrifuged at 500 g for 5 min, the supernatant discarded, and the pellet
resuspended in fresh medium. This was distributed in new gelatine-coated flasks, or cells were
counted using a Cellometer automated counter (Nexcelom Bioscience, USA) and distributed

to culture wells for specific experiments.

2.3.2 Isolation and culture of human adult cardiac fibroblasts

Human cardiac ventricular fibroblasts were obtained from adult donor hearts that were rejected
for transplant surgery at Addenbrooke’s Hospital (Cambridge). The whole heart was provided
by NHS Blood and Transplant, UK (REC reference 16/LO/1568). TC Petri dishes were coated
with 10 yg/ml fibronectin in PBS for 1 hour at 37°C, during fibroblast isolation. Left ventricular
free wall samples were collected in ice-cold cardioplegia. Excess fat and connective tissues
were removed from myocardium pieces, which were washed and minced in PBS containing
5% v/v penicillin and streptomycin (<10 mm?). Tissue pieces were transferred into a new dish
of sterile PBS, minced to smaller pieces (<1 mm?®), and washed in 0.05% Trypsin-EDTA for 2

min. Trypsin was quenched with an equal volume of fibroblast culture medium. Tissue pieces
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were then transferred to the fibronectin-coated Petri dishes and separated from each other by
at least 5 mm, to allow for cell outgrowth. These were incubated with fibroblast culture medium
for 2 hours (50% normal volume) before additional medium was added to submerge the tissue
explants. These were cultured for 4 days before the next change of medium. After this, media
were changed every other day while cell outgrowth was monitored. At cell confluence, which
was approximately 2 weeks after explant isolation, fibroblasts were trypsinised and transferred
to TC flasks. The fibroblast isolation, characterisation and early cell passaging were performed

by Brian Wang, PhD, with the help of Mr Oisin King. Cells were used up to passage 20.

2.3.2 Isolation of adult rat ventricular myocytes (ARVM)

Following Schedule 1, incisions were made along the subcostal margin, giving access to the
thoracic cavity through the diaphragm, which was dissected away. Viscera were removed and
submerged in ice-cold KH solution. Blood was removed by gentle massage of the heart, which
was separated from lungs and pericardial fat. The aorta was cannulated, mounting the heart
on a Langendorff system for retrograde perfusion of coronary arteries with 37°C KH. Beating
was allowed for approximately 2 min, to clear as much blood from the system as possible. KH
was then switched to low calcium solution to stop contractions. This solution was switched to
enzyme buffer containing 1 mg/ml Collagenase Il and 0.6 mg/ml Hyaluronidase after 5 min, to
degrade the extracellular matrix for 10 min. The left ventricle was then isolated from the other
parts of the heart, minced into fresh enzymatic solution (with Collagenase and Hyaluronidase)
and mechanically shaken at 35°C for 5 min. The supernatant was filtered, and the enzymatic
solution replaced. Tissue was shaken for 30 min at 35°C, before replacing again the enzymatic
solution, eliminating smaller cardiac cells (i.e. all but CM). Myocytes were centrifuged at 50 g
for 1 min, the supernatant discarded, and the pellet resuspended in enzyme buffer (but without
Collagenase or Hyaluronidase). This resulted in a suspension of calcium-tolerant ARVM. Both

the Schedule 1 and ARVM isolation were performed by Mr Peter O’Gara.
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2.3.3 Culture of ARVM

After a maximum of 1 hour after isolation, ARVM were counted, centrifuged at 20 g for 1 min,
resuspended in co-culture medium, centrifuged, and resuspended in co-culture medium again.
Cells were plated on 13 mm diameter glass coverslips (pre-coated with 1% laminin) at 20,000
rod-shaped cells per coverslip. These were incubated at 37°C for 2 hours to let as many ARVM
attach as possible, before gently washing away unattached cells and replacing the co-culture
medium. Co-cultures with EC were initiated at this point, whenever applicable. Cells were thus

incubated at 37°C for 4 or 24 hours before the experimental endpoints.

2.3.4 Transwell co-culture of EC and CM

A Transwell co-culture model was used to investigate the paracrine interaction of EC and CM.
In this system, the two cell types are separated by a porous membrane. This is done by plating
one of the cell types, here EC, in culture well inserts (called Transwells) which hang at a short
distance above the other cell type, cultured in the well in a traditional fashion (Figure 2.1). This
allows for bidirectional paracrine exchange to occur between the cells, but not biomechanical

or electrophysiological interactions.

EC were plated in sterile gelatine-coated ThinCert™ inserts, adapted for 12-well format plates
(Greiner Bio-One, Austria), at 60,000 cells per insert. These were composed of a transparent
polyester (PET) membrane, with capillary pores of 0.4 ym diameter at a density of 2x10° cm?,
on which the EC were plated. Cells were cultured in 0.5 ml of medium in the insert, with 1 ml

in the culture well (lower compartment).

EC were grown to confluence in the inserts, for 24 hours in EGM-MV2. The medium was then
removed, cells rinsed with sterile PBS, and cultured for 24 hours in co-culture medium. Inserts
were then transferred in culture wells containing freshly isolated and plated CM. Empty inserts

(but still gelatine-coated) were used for negative controls (i.e. ARVM alone). EC were washed
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with PBS and the medium renewed before co-culture. Co-cultures were thus maintained for 4

or 24 hours, depending on the experiment.

To obtain co-cultures with Transwell inserts where EC and CM are only separated by the insert
membrane, the 12-well inserts were first positioned upside-down (Figure 2.1A). HCMEC were
then plated in a droplet of medium (100 ul) on the insert membrane (Figure 2.1B). After 1 hour
of sedimentation at 37°C, the medium droplet was removed, leaving a layer of EC attached at
the bottom of the inserts. These were turned, placed normally in culture plates, and the other
side of the membrane (upper) was coated with laminin before rod-shaped ARVM were plated

at a density of 4.4x10* cells/cm?.

+ Cell suspension

fea ) Endothelial cell

Culture medium
) (== Adultcardiomyocyte
- - - -

--------- Porous membrane

Figure 2.1: Transwell co-culture systems

Traditional and alternative uses of Transwell inserts for EC-CM co-culture. A. Picture of a single insert
upside-down. B. Upside-down insert with a 100 pl droplet of EC suspended in medium, during 1 hour
of sedimentation in the alternative method. In the traditional method, EC are instead plated inside the
insert (C). D. Picture of an insert in a culture plate well, with medium inside and outside the insert. E.
Side view picture of an insert placed in a well, with medium inside the insert only. The plain and dotted
lines represent the bottom of the well and the porous membrane of the insert, respectively. F. Simple

schematic of the inverted (left panel) and traditional (right panel) Transwell models.
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24 SDS-PAGE and western blotting

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting

allow for semi-quantitative measurements of protein expression from cells or tissue.

241 Sample preparation

To collect and purify protein samples in cell preparations, cultures were washed twice with ice-
cold PBS. PBS was removed entirely, and a RIPA-based lysis buffer was used to break cellular
membranes and stabilise proteins (including phosphorylation). For HCMEC samples, 80 pl of
lysis buffer was used per well of 6-well plates. For ARVM, four technical replicates were pooled
from 13 mm diameter coverslips covered by 20 ul of lysis buffer. Samples were incubated for
5 min on ice throughout, after which a cell scraper was used to ensure that all proteins were
collected from the lysed preparation. Samples were collected in 0.5 ml Eppendorf tubes, then
centrifuged at 14,000 g for 12 min and the pellet discarded to remove cellular debris from the
final sample. Samples were conserved at -80°C until further use. Repeated freeze-thaw cycles

were avoided whenever possible.

2.4.2 Quantification of protein concentration

The concentration of proteins in lysis buffer was quantified after sampling using a detergent-
compatible colorimetric protein assay (Bio-Rad, USA). BSA was used to generate a standard.
Samples were loaded in triplicates in a plate of 96-well format. Proteins were detected as per
manufacturer’'s recommendation, by reading the absorbance at 595 nm (the plate reader was
from Synergy HT, BioTek, USA). Data were collected between the 15-60 min points of the
colorimetric reaction. This reaction is based on the Lowry assay, and is linear for at least 2
hours. This method was used to determine the volume of protein sample corresponding to 5-

10 ug of protein.
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243 SDS-PAGE

Electrophoresis samples were prepared by diluting lysis protein samples into loading buffer,
for a total volume of 30 pl containing 5 or 10 ug of protein per sample. Proteins were denatured
through a heat cycle of 100°C for 10 min. Samples were then loaded in single wells of Bolt™
precast polyacrylamide Bis-Tris HCI buffered 4-12% gradient gels (Invitrogen). Two gel lanes
were reserved for a protein standard: SeeBlue® Plus2 pre-stained standard (Invitrogen), which
was used to extrapolate the approximative molecular weight of protein signals detected later.
Electrophoresis was performed in Bolt™ 3-(N-Morpholino)propanesulfonic acid (MOPS)-SDS
running buffer (Invitrogen) and run at 200 V for 32 min, or until the protein separation by size

was judged appropriate for the detection of specific targets.

2.4.4 Protein transfer and blotting

After the SDS-PAGE, proteins were transferred from the electrophoresis gels to polyvinylidene
difluoride (PVDF) membranes of 0.2 um pore size, using the dry transfer method and utilizing
iBlot™ 2 premade transfer stacks (Invitrogen) with pre-activated PVDF membranes. Transfer
was performed using the iBlot™ 2 Gel Transfer Device, with the following program: 20 V for 1
min, 23 V for 4 min and 25 V for 5.5 min. Membranes were then incubated at room temperature
in blocking buffer containing BSA, for 1 hour on a rocking table. Proteins were probed using
specific primary antibodies, at 1:3,000 to 1:1,1000 dilution in blocking buffer, at 4°C overnight
and with a rocking motion. Membranes were then washed thoroughly three times with TBS-T,
in cycles of 15 min on a rocking table. They were incubated for 1 hour at room temperature
with horseradish peroxidase (HRP)-labelled secondary antibodies (species matched with the
primary antibodies) diluted at 1:3,000 in blocking buffer. Membranes were finally washed again

three times with TBS-T, as previously.
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2.4.5 Imaging and quantification

Immunostaining was revealed by enhanced chemiluminescent (ECL) reaction using Pierce™
ECL substrate reagents (Amersham, GE Healthcare, USA). Radiographic images were taken
in complete darkness at different exposures, using X-ray films (Thermo Scientific) which were
then run through a Konica-Minolta-SRX101A film developer and scanned at 300 dpi resolution.
Quantification was performed using ImageJ, after down-conversion of JPG images to 8-bits.
Pixel density for specific bands was corrected for each lane to the pixel density of the loading
control Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Normalised densitometric
data were then compared between lanes of the same gels, but not directly between different

gels.
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2.5 Endothelial cells studies

2.5.1 Flow cytometric characterisation of HCMEC

To confirm that culturing HCMEC in the co-culture medium does not induce transdifferentiation
of vascular EC into lymphatic EC or mesenchymal cells, the expression of EC markers (CD31,
CD144), of the lymphatic marker Lyve-1 and of a-smooth muscle actin (a-SMA) was quantified

by flow cytometry. HUVEC and hACF were used as control EC and non-EC, respectively.

Cells were cultured in 6-well plates (300,000 cells per well) in their respective culture media,
and trypsinised after 48 hours. Samples were centrifuged at 300 g for 5 min to remove media,
and cells were subsequently resuspended in PBS to be counted. PBS was removed, and cells
were resuspended in Cell Staining Buffer (BioLegend, Cat. No. 420201) which contained the
fluorophore-conjugated antibodies of interest (for cell surface antigens, i.e. all except a-SMA),
or isotype control antibodies (listed in Section 2.9). Samples were vortexed and incubated at
4°C for 30 min in the antibody solution. Cells were then washed three times with Cell Staining
Buffer, each time centrifuged for 5 min, and finally resuspended in Fixation Buffer (BioLegend,
Cat. No. 420801) in darkness for 20 min at room temperature. Cells were centrifuged again to
remove the buffer, which was replaced by Permeabilization Wash Buffer (BioLegend, Cat. No.
421002), used to wash cells again three times with centrifugation cycles. Cells were incubated
for 20 min at room temperature in Permeabilization Wash Buffer containing the intracellular
primary antibodies of interest, and washed three times with the wash buffer before suspending

fixed and intracellularly labelled cells in Cell Staining Buffer.

Cell suspensions were then processed through a CyAn™ APD cytometer (Beckman Coulter,
USA). At least 10,000 events were recorded for each sample. Debris and cell multiplets were
excluded from the datasets by a selective gating strategy from a forward-/side-scatter plot and
secondly from a pulse width/forward scatter plot. Analysis was carried out using Summit 4.3

(Beckman Coulter, USA).
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2.5.2 Cell cycle progression

Cell cycle progression and proliferation of HCMEC were analysed by flow cytometry using a
propidium iodide (PI) staining. After cell permeabilization, Pl is used to stain DNA, which allows
for stages of the cell cycle (G1, G2, S, M) to be differentiated by a quantitative analysis of Pl
fluorescence intensity. Since Pl can also bind to double-stranded RNA, it is necessary to treat

the cells with RNAse.

EC were trypsinised and centrifuged at 300 g for 5 min to collect cell pellets and remove the
media. Samples were then washed at room temperature with PBS three times, with a cycle of
vortex and spin each time, before final resuspension in 200 ul of PBS. Cells were fixed with
70% ice-cold ethanol for 1 hour at 4°C. To prevent cell aggregates, the ethanol was slowly
added in a drip-wise manner using a micropipette, while cells were constantly vortexed at a
medium speed. Next, samples were centrifuged to remove the ethanol and washed three more
times with ice-cold PBS. PBS was removed and cells resuspended in Pl staining solution, for
30 min at 37°C (in darkness). Cell suspensions were then processed through a CyAn™ APD
cytometer (Beckman Coulter, USA), with 15,000 +/- 5,000 events recorded from each sample.
Debris and cell multiplets were excluded from the datasets by a selective gating strategy from
a forward-/side-scatter plot and secondly from a pulse width/forward scatter plot. Analysis was
carried out in FCS Express, using the in-built analytical tool to classify cells by cell cycle stage
(MultiCycle, Phoenix Flow Systems, USA), which is based on an algorithmic processing of the

P1 staining.

2.5.3 Endothelial permeability

To measure the endothelial permeability of HCMEC, cells were plated at 60,000 cells per 12-
well Transwell insert (Greiner Bio-One, Austria) and grown to confluence for 48 hours in EGM-
MV2 and, in the last 24 hours, the co-culture medium. The fluorescent tracer FITC-Dextran of

40 kDa (Sigma, Cat. No. FD40) was added at 0.1 mg/ml in the luminal chamber of the inserts
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(i.e. upper compartment). Immediately after adding FITC-Dextran, Thrombin (Sigma, Cat. No.
T7572) was added in the upper chamber of the inserts as well, at a final concentration of 0.1
U/ml. After 1 hour of diffusion, medium from the abluminal chamber was sampled in triplicates
(200 ul). Fluorescence intensity was measured on a plate reader (Synergy HT, BioTek, USA),
at 488 nm. Finally, concentrations were extrapolated from a standard curve of FITC-Dextran.
Endothelial permeability (P(EC)) was calculated as previously described?®’, by first calculating
the volume (V) of tracer cleared through the filter (insert membrane):

CA.VA
V=

1
L (1)

where (CL) is the initial luminal concentration of FITC-Dextran, (CA) the concentration in the
abluminal compartment after diffusion, and (VA) the abluminal volume of media. The changes
of FITC-Dextran concentration in the luminal chamber can be regarded as insignificant?’. The
permeability (P) of the system was expressed in m.s™' and calculated from the clearance rate

(dV/dt) and the surface area of insert membranes (S) in m?:

dv /dt
p=2/

S (2)

Permeability was calculated thus with EC monolayers (P(EC + F)) and separately in gelatine-
coated inserts (P(F)), therefore isolating the transendothelial component of permeability in this
system as shown in equation 3. Of note, the diffusion of FITC-Dextran is passive since there
are no hydrostatic and oncotic gradients at play, nor active transport mediated by EC function.

11 1
P(EC)  P(EC+F) P(F) (3)

2.5.4 Thrombin-induced calcium transients

Thrombin-induced calcium transients were investigated in HCMEC using the non-ratiometric
Ca?*-sensitive dye Fluo-4-acetoxymethyl ester (AM) (Invitrogen) and fluorescent microscopy

(Optical Mapping). Culture medium was replaced with fresh normal Tyrode’s containing 4 uM
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Fluo-4 AM (solubilised in DMSO). Next, cells were incubated for 15 min at 37°C, the Tyrode’s
solution was then changed to remove Fluo-4 from the bath, and further incubated for 10 min
at 37°C to allow for cytosolic dye de-esterification. Cells were superfused with normal Tyrode’s
at 37°C throughout this experiment. Fluo-4 was excited using a LED emitting at 488 nm and
signals were imaged through a 560 + 35 nm long-pass optic filter. These were recorded with
WinFluor, an analogue signal acquisition software, and a Complementary Metal Oxide
Semiconductor (CMOS) sensor C11440 digital camera (Hamamatsu, Japan) mounted on a
Nikon Eclipse FN1 upright microscope. Fluo-4 signals were recorded for 20 min at 2 fps (33

ms interval exposure) and at 10x magnification.

After 120 seconds of recording, Thrombin was injected at different concentrations in the bath
solution, using a micropipette in proximity to the area of interest. This triggers a cytosolic Ca?*
wave in EC translating into a higher Fluo-4 signal. Videos were converted to TIFF format, and
regions of interest (ROI) delineated in ImagedJ to generate TXT files of averaged fluorescence
intensity for each frame. Trace morphology was then analysed in Clampfit (pClamp 10.2.0.14).
The background noise was averaged in cell-free regions and subtracted from averaged signals

in individual cell. Only one dish was used per thrombin-induced calcium wave.

Baseline fluorescence was defined as FO, and fluorescence at any time-point as F1. Traces
were shown as F1/F0. The amplitude of thrombin-induced calcium transients was calculated
at max F1. The duration of transients (TTD80%) was calculated in seconds, from the first point

of transients to the point of the decay phase corresponding to 80% of decay from the peak.

2.5.5 Endothelial NO bioavailability

To measure the intracellular levels of NO in HCMEC, the cell permeable fluorescent probe for
NO, 4,5-Diaminofluorescein diacetate (DAF-2 DA, Abcam), which was added at 1 uM in EGM-
MV2 to 60,000 HCMEC (per well, on #1.5 glass in glass-bottom 12-well plates; Cellvis, USA).

Cells were incubated thus for 1 hour and medium was then changed to fresh Tyrode’s solution.
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After 5 min of equilibration at 37°C, Thrombin (0-0.1 U/ml) and/or N(w)-nitro-L-arginine methyl
ester (L-NAME) (10 pM) were added to the wells and incubated for 20 min at 37°C. DAF-2 DA
fluorescent images were collected using a Zeiss LSM-780 inverted confocal microscope (FILM
facility), at 488/515 nm (ex./em.) and at 63x magnification. The intensity of fluorescence was

corrected for background noise and averaged as pixel intensity for each cell using ImageJ.
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2.6 Cell secretome characterisation

Culture supernatants (1 ml) were collected from the lower compartment of Transwell cultures.
Samples were centrifuged at 18,000 g for 12 min (at 4°C) to remove floating cells, debris, and
larger vesicular bodies. Processed conditioned media were stored at -80°C until used and only
thawed once to limit cytokine degradation. Different samples were used for the cytokine array

and the enzyme-linked immunosorbent assay (ELISA), which are described below.

2.6.1 Human XL Cytokine Profiler™ Array

The culture supernatants of HCMEC (UT or cytokine-treated) were screened for inflammatory
soluble proteins, mainly cytokines, chemokines and growth factors, with a Human XL Cytokine
Array kit (R&D, Cat. No. ARY022B). In this array, nitrocellulose membranes have been spotted
in duplicates with capture antibodies for 105 proteins (listed in Table 4.1). This array was used
as per manufacturer’s recommendations but, briefly, membranes were incubated with culture
supernatants, washed, and incubated with a cocktail of biotinylated detection antibodies. Next,
protein binding was revealed using Streptavidin-HRP, a chemiluminescent reaction, and X-ray
films. As previously, the films were processed using a Konica-Minolta-SRX101A radiographic
film developer and scanned at 300 dpi resolution. Pixel densities were collected and analysed
using Imaged, after down-conversion of JPG images to 8-bits. Negative control spots allowed
for background noise to be corrected in the dataset. Signals were compared between samples

(i.e. membranes collected on the same X-ray film and at the same exposure).

2.6.2 Enzyme-Linked Immunosorbent Assay (ELISA)

A more quantitative and accurate approach than the cytokine array was required to verify the
level of soluble proteins of interest in the media supernatants of HCMEC and after co-culture
with CM. This was accomplished with ELISAs. All kits were purchased from R&D Systems®.

ET-1 was detected using a Quantikine™ ELISA (Cat. No. DET100). DuoSet™ ELISAs were
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used to detect the C-X-C motif chemokines CXCL5 (Cat. No. DY254) and CXCL1 (Cat. No.
DY275), as well as the Granulocyte colony-stimulating factor (G-CSF; Cat. No. DY214) and
Granulocyte-macrophage colony-stimulating factor (GM-CSF; Cat. No. DY215). For the
DuoSet™ kits, an ancillary reagent kit was required (R&D, Cat. No. DY008). All arrays were
used as per manufacturer's recommendations. Protein standards were provided in each Kkit.
To determine the appropriate sample dilution for further experiments, samples were first used
at different dilutions in assay diluents (1:1, 1:50, 1:100, 1:200). Samples were run in technical
duplicates and data were collected using a plate reader (Synergy HT, BioTek, USA) measuring
optical density at 450 nm and 562 nm. The reading at 562 nm was subtracted from the reading

at 450 nm to correct for optical imperfections in the ELISA plate.
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2.7 Cardiomyocyte studies

2.7.1 Immunofluorescent staining, confocal microscopy, and CM planimetry

Hypertrophy and sarcomeric remodelling of CM were investigated by confocal microscopy of
a-actinin, a sarcomeric protein. To accomplish this, ARVM were first fixed for 15 min with ice-
cold methanol and washed with PBS three times. This fixative is adapted to preserve the
cytoskeletal architecture, thus preferable to paraformaldehyde in this instance. Fixed samples
were incubated for 1 hour at room temperature with blocking buffer, and overnight at 4°C with
anti-a-actinin antibody diluted in antibody dilution buffer (see Table 2.1). Samples were rinsed
with PBS and incubated for 2 hours at room temperature with the secondary antibody diluted
in antibody dilution buffer. Finally, after three gentle washes with PBS, samples were mounted
on glass microscope slides using Vectashield® Antifade HardSet™ mounting media containing
4' 6-diamidino-2-phenylindole (DAPI) (Vector laboratories, USA, Cat. No. H-1500-10). Slides

were then cured overnight at room temperature, in complete darkness, and stored at 4°C.

A single focal image of a-actinin fluorescent signals was collected at 40x magnification in each
cell, avoiding the nuclei, using a Zeiss LSM-780 inverted confocal microscope (FILM facility).
The Alexa Fluor® 488 probe, conjugated to the secondary antibody, was stimulated at 488 nm
with an argon laser, and images were collected through a 500-550 nm band-pass filter. Images

of ARVM morphology were collected using brightfield microscopy, also at a 40x magnification.

Analysis was carried out in ImagedJ. ARVM dimensions (planimetry) were described as follows:
maximal length as “long axis”, maximal width as “short axis”, and long axis divided by the short
axis as “aspect ratio”. The number of sarcomeres was counted along the long axis. Sarcomere

length was averaged from >20 sarcomeres.
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2.7.2 Normal calcium transient analysis

Calcium handling was characterised in ARVM by recording calcium transients with the Optical
Mapping technique described in Section 2.5.4, but with some variations. Briefly, media were
replaced with fresh normal Tyrode’s solution containing 4 uM Fluo-4 AM. Cells were incubated
for 15 min at 37°C, the Tyrode’s solution changed to remove Fluo-4, and further incubated for
10 min at 37°C to allow for cytosolic dye de-esterification. Cells were superfused with normal
Tyrode’s solution at 37°C throughout the experiment. Fluo-4 was excited using a LED emitting
at 488 nm and signals were imaged through a 560 + 35 nm long-pass optic filter, with WinFluor
and a C11440 digital camera (Hamamatsu, Japan) at a 40x magnification. ARVM were field-
stimulated at 1 Hz with 40V bipolar pulses (of 10 ms), using a MyoPacer stimulator (lonOptix,
USA) and platinum wires. Videos were collected at 250 fps, exposed 4 ms per frame, and for
5 sec minimum to ensure that the calcium transients recorded were consistent. The gain and

offset of the camera were kept as constant as possible across samples and experiments.

Videos were converted to TIFF format, and regions of interest (ROI) delineated in ImageJ to
generate TXT files of averaged fluorescence intensity for each frame. Trace morphology was
then analysed in Clampfit (pClamp 10.2). Background noise was averaged in cell-free regions
and subtracted from averaged signals in individual cell. Analysis was done manually, but in a
blinded fashion to remove bias. Traces were shown as F1/FO with FO as baseline fluorescence
and F1 as the fluorescence at any time-point. These were used to determine the amplitude of
transients (max F1/F0), the time to peak (TP), the rate of decay (k) and the time to 90% decline
from the peak (TD90%), as shown in Figure 2.2A. The rate of decay k was calculated from the
time constant tau (1) of a mono-exponential decay curve (Equation 4) that was fitted along the

decay phase of calcium transients:

FO =) Aetrise @
i=1
1
K=z (5)

77



2.7.3 Fractional release of calcium

Not all the Ca?* stored in the SR is released in the cytosol during each cycle. Determining the
amount of calcium released as a function of total SR calcium can serve as an indirect indicator
of calcium-induced calcium release efficiency in CM. To measure this, calcium transients were
first recorded as in Section 2.7.2 for 5 sec to establish the baseline amplitude (F1/F0). Caffeine
was then injected at 40 mM near the ROI, after the field-stimulation was interrupted. Caffeine
is a potent agonist of RyR2, therefore inducing a maximal calcium release from the SR (which
is approximated as total SR content). Caffeine was injected with a glass micropipette (Harvard
Apparatus, Cat. No. 30-0058) stretched with a P-97 pipette puller (Sutter, USA). The caffeine-
back-filled pipette was connected to a manual pressure syringe (to inject approximately 30 ul).
The pipette tip was placed at the bottom of the dish and at the edge of the field of view, which
was centred on the cell of interest. Fractional release of calcium corresponds to the amplitude

of stimulated calcium transients divided by the amplitude of caffeine-induced transients.

2.7.4 Differentiating the mechanisms of calcium extrusion

The activity of SERCA and NCX can be measured using the calcium imaging with Fluo-4, as
described in Section 2.7.2. The rate of decay k of stimulated calcium transients corresponds
to the combined activity of all calcium extrusion mechanisms. However, k of caffeine-induced
transients does not integrate the activity of SERCA since the SR cannot accumulate calcium
in these conditions (described in Section 2.7.3). The perfusion of normal Tyrode’s solution was
replaced with Na*- and Ca?*-free Tyrode’s solution (0/0), which eliminates the activity of NCX.
This prevents field-stimulated calcium release, but still allows for caffeine to induce a calcium
release from the SR, from which the rate of decay can be measured. A direct comparison of k
values in the three conditions allows for the calculation of mechanism-specific k, as described

in Figure 2.2B and with Equations 6-8.
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Figure 2.2: Calcium transient recording and analysis of calcium extrusion mechanisms

Calcium transient analysis in ARVM, by Optical Mapping recording of cytosolic Fluo-4 fluorescence
intensity over time. A. (Left panel) images of a CM extracted from video recording, showing variations
of Fluo-4 signals at different time-points (t1-4). (Right panel) Traces of fluorescence over the baseline
fluorescence (F1/F0) for 1 sec, showing a calcium transient. B. Representative traces of Fluo-4 after
application of the protocol described in Section 2.7.4. Exponential decay curves (shown in red) were

fitted to the relevant decay phases of these transients to measure k values in the three conditions.

Keca = Ksgr + Kncx + Ksiow (6)
KCaffeine = Kncx + Ksiow (7)
KO/O = Ksiow (8)
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2.7.5 Contractility and relaxation of isolated ARVM

The CytoCypher™ MultiCell system (Netherlands), which is a fully automated CM contractility
recording system based on lonOptix technology, was used to measure fractional shortening
(percentage change of cell length), TP, TD90% and the rate of decay of CM contractions. CM
were transferred into a 35 mm glass bottom MatTek dish, with fresh normal Tyrode’s solution,
on stage of the temperature-controlled CytoCypher chamber (at 37°C). Cells were incubated
for 15 min to stabilise temperature in the dish and reach a stable state of contractions, which
tend to be prolonged in the first 15 min after cell transfer (see Figure 6.1). During equilibration
and throughout the recording, cells were continuously field-stimulated with platinum electrodes
connected to a MyoPacer stimulator (lonOptix, USA) and at 1 Hz (40 V bipolar pulses of 10
ms). While this frequency is lower than the in vivo beating frequency in rat, it was preferred for
this experiment due to the lack of elastic recoil during diastole. At higher frequencies (e.g. >2),
isolated CM tend to hypercontract, therefore reducing the relevance of fractional shortening

measurements.

At the time of this experiment, not enough data had been collected between users to confirm
that the automated seek-and-record capability of the system was sufficiently functional. When
fully automated, non-contracting or arrhythmic CM were often included in datasets. CM were
therefore selected manually, based on the following criteria: rod-shaped, contracting, and non-
arrhythmic. The analysis was however performed automatically by the Transient Analysis Tool

of the MultiCell system. Data points were collected at 250 fps.

2.7.6 Calcium transients with Fura-2

The ratiometric fluorescent Ca?* indicator Fura-2 AM allows for more accurate measurements
of calcium transient amplitude than Fluo-4. Optics included in the CytoCypher MultiCell system
are also designed for Fura-2 imaging, with a 340/380 nm excitation ratio for the dye. CM were

incubated with 1 yM Fura-2 AM (Invitrogen) for 15 min whilst still in co-culture with EC, before
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being washed with a fresh Tyrode’s solution and equilibrated on the stage of the MultiCell
system for 15 min (allowing for dye de-esterification). Cells were paced, selected, and
recorded at 500 fps as in Section 2.7.5. The analysis was performed automatically with the

Transient Analysis Tool, providing the same parameters as with Fluo-4.

2.7.7 Calcium sensitivity of myofilaments

With simultaneous recordings of contractions and calcium transients, as with the CytoCypher
system, it becomes possible to measure the relationship slope between [Ca?*] concentrations
and sarcomere shortening. To do this, traces of sarcomere shortening and of the 340/380 ratio
for Fura-2 were processed with an interpolation macro (lonOptix), homogenising the sampling
frequency of the two datasets (Figure 2.3A). Using this combined dataset, calcium-contraction
hysteresis loops were constructed (Figure 2.3B). From these, the sensitivity of myofilaments
to calcium was measured as the slope of the descending linear portion in hysteresis loops (red

dotted line in Figure 2.3B). Data was discarded where the slope could not be fitted accurately

(R2 <0.9)
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Figure 2.3: Calcium-contraction interpolation and hysteresis loops

Measurement of myofilament sensitivity to calcium, using MultiCell data of Fura-2 ratiometric signals
and of sarcomere shortening. A. Superposition of calcium and sarcomere length traces over time. B.
Representative hysteresis loop of the sarcomere shortening and Fura-2 intensity. The linear portion
of this loop (i.e. delineated by the arrows) is shown with a red dotted line. The slope of this line, which

corresponds to the calcium-sensitivity of myofilaments, is measured as 1.009 in this case.
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2.7.8 Bioinformatic meta-analysis of gene expression

The mRNA expression was analysed for specific markers of CM (TNNT2, MYL2, and ACTC1),
for CXCL5, CXCL1, CCL2, CSF2 (GM-CSF), CSF3(G-CSF), IL6, IL1RL1, the receptors CCR2
and CCR4 (activated by CCL2), CXCR2 (targeted by CXCL1, CXCL5 and IL-8), CSFR2A (for
GM-CSF), IL6R, TNFRSF1A (receptor for TNFa), EDNRA and EDNRB (ET-1 receptors). This

was accomplished indirectly, by bioinformatic meta-analysis of two transcriptomic datasets.

Tabula Muris is a single-cell transcriptomic dataset obtained from 20 mouse organs (7
mice)?%. Gene counts were assessed in flow cytometry-sorted cells, based on a SMART-Seq2
RNAseq library. Data were obtained from the open platform Figshare (which is found at

https://tabula-muris.ds.czbiohub.org/). Besides the raw RNA count for each gene of interest,

cells were also counted as positive for a certain gene when the cell RNA count was superior

or equal to 10.

To use a different model and a distinct method of analysis, a microarray for mMRNA expression
in neonatal and adult Sprague-Dawley rat ventricular CM was examined?®®. This was
performed from 6 rat samples using an Affymetrix GeneChip™ Rat Genome Array 230 2.0 (A-
AFFY-43) covering 31,000 gene transcripts (Expression Atlas — E-MTAB-2832). Data were
normalised by a Robust Multi-array Average using the Oligo 1.36.1 package (R). Extraction of

data was done with the help of Robert Maughan, PhD.
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2.8 Living Myocardial Slices

The following protocol is an abridged version of the protocol detailed in Watson et. al.
(2017)'°, Living myocardial slices (LMS) are preparations of cardiac tissue which can be
cultured for a period of days or even weeks without the requirement for coronary blood
perfusion, as slices are sufficiently thin (300 um) to allow for nutrients to diffuse to all parts of
the cultured tissue. However, to maintain cell viability, and to slow tissue remodelling or the
loss of contractility over time, LMS need to be maintained under constant mechanical load?'".
When this is done, LMS become an ideal model to study cardiac function where the
heterocellularity, architecture, extracellular matrix, and physiology of the myocardium are

preserved. For this thesis, LMS were produced from adult male Sprague-Dawley rats.

2.8.1 Rat myocardial slice preparation and culture

Heart and lungs were excised as in Section 2.3.2 and transferred into 37°C heparinised slicing
solution (2 U/ml; Fannin, UK), before gently compressing the heart to remove as much blood
as possible. The heart was transferred into ice-cold heparinised slicing solution, and dissected
down to a flat block of the left ventricle. The tissue block was mounted with Histoacryl® surgical
glue (B. Braun Medical, UK) as flat as possible with the epicardial surface sat down on a block
of 4% agarose, itself glued onto the specimen holder of a vibrating microtome 7000smz-2
(vibratome; Campden Instruments, UK). The tissue block was then sliced from the endocardial
side to the epicardial side with a ceramic blade vibrating at 80 Hz, at an amplitude of 2 mm,
and advancing through tissue at 0.03 mm/s. The section thickness was set to 300 um. Tissue
was sliced in ice-cold slicing solution (no heparin), constantly bubbled with 100% filtered O..
A maximum of 5 viable slices were obtained from each ventricle. Slices were trimmed to 7 x 9

mm, in slicing solution, immediately after being detached from the tissue block (Figure 2.4A).

Custom-made rectangular rings, 3D printed with T-Glase filament (taulman3D, USA) using an

Original+ 3D printer (Ultimaker, Netherlands), were glued at the extremities of slices (to 1 mm
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of tissue) and orthogonally to the myocardial fibre direction (Figure 2.4A). These were used to
apply an isometric and uniaxial mechanical load to myocardial slices, by mounting the slices
on custom-designed stretchers made of stainless steel (Figure 2.4D). An isometric stretch of
17% was applied, corresponding to a physiological sarcomere length of 2.1 ym (Figure 2.4C).
Stretched LMS were placed in custom-designed slice culture chambers and fully submerged
in slice culture medium. Chambers were then sealed and kept at 37°C for an incubation period
of 24 hours. Medium was oxygenated (95% Oz, 5% CO3) and recirculated using a peristaltic
pump at 15 ml/min throughout culture. LMS were stimulated at 1 Hz for 10 ms at 12 V, in the
first 2 hours, then 15V, via carbon electrodes submerged in the medium. The % stretch was

measured with calipers.

2.8.2 Rat myocardial slice contractility

After 24 hours in culture, LMS were removed from culture chambers and connected to a F30
isometric force transducer (Harvard Apparatus, USA). A micromanipulator was used to stretch
slices, being attached to a fixed post in the bath and the force transducer using the rectangular
plastic rings. LMS were continually superfused with oxygenated Tyrode’s solution at 37°C and
electrically field-stimulated at 1 Hz using platinum electrodes in the bath solution, with bipolar
pulses of 40 V for 4 ms. LMS were left to stabilise for 5 min before gradually increasing stretch,
from 0% to 30%, by increments of approximately 1%. Data were recorded using the AxoScope
software (Molecular Devices, USA) and analysed with Clampfit (pClamp, Molecular Devices).
The contraction amplitude was converted to force (mN) with a scale factor of 0.881, measured
during calibration of the force transducer, and normalised to the cross-sectional area of slices

(Equation 9). Contractility was thus expressed in mN/mm?.

Amplitude

= 1 1 9
Force 0881 /(width X thickness) 9)

The same equation was used to convert the averaged value measured at the end-diastole, for

each stretch, into passive tension. Contractions kinetics were calculated as in Section 2.7.2.

84



A B C

A Aligned tissue !l 50 =

40

30 4

% Stretch

Media
in

20 o

6% 14% 22% 29%
0 T T T T
1.8 2.0 2.2 2.4
Electrical O, in Sarcomere length (um)

stimulation

Figure 2.4: Preparation, culture and mechanical stimulation of rat living myocardial slices

Reproduced from Watson et. al. (2019). Application of electromechanical stimulation to rat myocardial

slices (LMS). A. (Top) Rat LMS visualised using a macroscope. The slice is placed on a mm grid and
the green rectangle highlights the portion of the tissue were myocardial fibres are aligned. (Bottom)
Custom-made 3D-printed rings are attached to opposite ends of the aligned portion of the myocardial
slice using surgical glue. B. Custom-made slice culture chamber, containing 4 samples on stretchers.
LMS are superfused with culture media, oxygenated directly in the culture chamber. Field stimulation
was provided via carbon electrodes. C. Percentage of stretch required to set the average diastolic rat
myocardial slice sarcomere length (SL). A linear regression was used to estimate the stretch required
to obtain SL of 1.8 uym (as this could not be measured accurately using the laser diffraction method).
D. Myocardial slice attached to the posts of a custom-made stretcher, using the rings, and stretched
at SL of 1.8-2.4 ym. Mean +/- standard error of the mean is shown on graphs. (The original figure is

under CC BY License — Permission is not required by Springer Nature)
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2.9 Antibodies

Table 2.1: List of antibodies mentioned in the thesis

Target Used as Description Dilution
a-actinin IF primary Mouse monoclonal (clone EA-53) — Sigma A7811 1:500
a-SMA Flow cytometry Mouse monoclonal IgG2a — APC (clone 1A4) — R&D IC1420A 1:100
A20 WB primary Rabbit monoclonal (clone D13H3) — CST #5630S 1:1,000
Akt1 WB primary Mouse monoclonal (clone 2H10) — #2967 1:2,000
CD144 Flow cytometry Mouse PE anti-human (clone BV9) — BioLegend #348505 1:100
CD31 Flow cytometry Mouse FITC anti-human (clone WM59) — BioLegend #303104 1:200
eNOS WB primary Rabbit polyclonal — BD Transduction 610298 1:1,000
GAPDH WB primary Rabbit monoclonal (clone 14C10) - CST #2118S 1:3,000
HO-1 WB primary Rabbit monoclonal (clone EP1391Y) — Abcam ab52947 1:1,000
ICAM-1 WB primary Mouse monoclonal (clone 15.2) — from culture supernatant 1:4
iNOS WB primary Rabbit monoclonal (clone D6B6S) — CST #13120S 1:1,000
Lyve-1 Flow cytometry Mouse monoclonal IgG1 APC (clone 537028) — R&D FAB20892A 1:100
MnSOD WB primary Rabbit polyclonal — Enzo Life Sciences #ADI-SOD-110 1:1,1000
P-PLB WB primary Rabbit polyclonal — Santa Cruz sr-17024-R 1:1,000
P-STAT3 (S727) WB primary Rabbit polyclonal — CST #9134S 1:1,000
PLB WB primary Mouse monoclonal (clone F-7) — sc-393990 1:1,000
RyR2 WB primary Mouse monoclonal (clone F-1) — Santa Cruz sc-376507 1:1,000
SERCA2 WB primary Mouse monoclonal (clone F-1) — Santa Cruz sc-376235 1:1,000
VCAM-1 WB primary Rabbit monoclonal (clone E1E8X) — CST #13662 1:3,000
Mouse IgG IF secondary Goat anti-mouse — Alexa Fluor® 488 — Life Technologies #A21121 1:1,000
Mouse IgG WB secondary Goat anti-mouse — HRP-conjugated 1:3,000
Rabbit IgG WB secondary Swine anti-rabbit — HRP-conjugated 1:3,000

IF: immunofluorescence; WB: western blotting
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2.10 Statistics

Data are represented in graphs as mean +/- standard error of the mean (SEM) unless specified
otherwise. Graph construction and statistical analysis were performed using GraphPad Prism
8 software (GraphPad Software Inc., USA). A D’Agostino-Pearson test was used to determine
the normality of sample distribution, with an a critical value of 0.05 set for the level of statistical

significance (p < 0.05).

A parametric two-tailed t-test was used to compare the means of two unpaired groups,
complemented by a Welch’s correction when standard deviations were significantly different.
When comparing >2 normally distributed groups, an ordinary one-way analysis of variance
(ANOVA) with Bonferroni’'s or Tuckey’s correction was used. For groups that were not normally
distributed, however, a non-parametric Kruskal-Wallis test with Dunn’s correction for multiple

comparisons was preferred.

When comparing >2 groups to the same control condition, a one-way ANOVA with Dunnett’s
multiple comparison test (parametric), or a Welch’s ANOVA with Dunnett’s T3 correction (non-

parametric) were used.

Sample sizes are described as n/N, with n = cells or images taken per biological replicate, and
N = biological replicates, unless otherwise specified. All statistical analysis was carried out
using biological replicates (i.e. N). In graphs, data points show N unless otherwise specified,
and significant differences between groups were indicated by *, **, *** or **** for p < 0.05, 0.01,

0.001, and 0.0001, respectively.
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Co-culture model to test the paracrine effects of cardiac
microvascular endothelial cells on adult ventricular

cardiomyocytes
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3.1 Introduction

The working hypothesis for this project can only be investigated with: (1) an appropriate model
of EC-CM crosstalk and (2) a well-defined basal effect of EC on CM. In this project, in order
to simplify the problem to be addressed, the focus is narrowed down to the paracrine effects
of EC on CM. With no prior experience with co-cultures involving CM and EC in the Mason
and Terracciano labs, the first step for this project was to review the relevant literature and
test some co-culture systems. As discussed in Chapter 1 and later in this thesis, the effects of
EC on CM have been rarely reported with direct evidence and remain poorly understood either
in vivo or when using co-cultures. Protocol guidelines for the co-culture of cardiac cells are
lacking, allowing for many publications to use unique and incomparable methods, resulting in
inconsistent effects of EC on CM being reported. This is reviewed later in this chapter. In this
project the initial challenge was therefore to optimise a model of co-culture, while not knowing
the type and magnitude of effect which might serve as an indicator of success for given in vitro

conditions.

As mentioned above there is a lack of agreement on the required characteristics of EC-CM
co-cultures, as much as there is (for example) a consensus on culture media for CM or about
protocols for angiogenic assays. As such, it is still not understood how these co-cultures differ
in physiological relevance by using different cell types, time-points, EC:CM ratios, co-culture

systems, or culture media.

It was shown that EC can transdifferentiate in vitro*'>2'® and that CM remodelling occurs
rapidly after isolation'?'2'4, questioning the physiological relevance of some co-culture media
and longer time-points. The marked heterogeneity of EC across all vascular beds?'S, including
within the heart®®, and the major phenotypic differences between in vitro models of CM®721°
also question the relevance of certain cell types in co-cultures. Finally, too little is understood
about the plasticity of CM in terms of their response to EC. While the current project aims to

test how a change in EC can affect different functions of CM, it is still possible that a change
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in CM would affect their response to co-culture with EC, for example during HF where the
expression profile of CM can be extensively altered?'”. It will be thus of interest in this chapter
to test: (1) different types of EC; (2) different time-points for co-cultures; (3) to exclude
transdifferentiation of EC induced by the co-culture medium; (4) to determine whether
pathological remodelling of CM impairs their response to healthy EC. Only once this is done
is it possible to discuss the basal effects of EC on co-cultured CM, and how this might be

altered by pro-inflammatory stimulation of EC.
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3.2 Methods

The methods described in this chapter are described in full in Chapter 2.

3.2.1 Experimental design for co-cultures

For all experiments, human umbilical vein EC (HUVEC), human aortic EC (HAEC) and human
cardiac microvascular EC (HCMEC) were used at passage 4-6 and cultured in their respective
culture media as recommended by their supplier. Adult rat ventricular myocytes (ARVM) were
isolated from male Sprague-Dawley rats (refer to Chapter 2 for the protocol). This was kindly
performed by Peter O’Gara. Prior co-cultures, 60,000 EC were plated in the 12-well Transwell
inserts (Greiner Bio-One) and grown to confluence for 24 hours in their maintenance medium.
Media were then changed for the co-culture medium (Section 2.2) and EC were cultured for
24 hours to acclimatise to the new medium. ARVM were collected immediately after isolation.
After a wash with co-culture medium, 20,000 rod-shaped cells were plated on laminin-coated
13 mm diameter glass coverslips and cultured for 2 hours to allow cell attachment. ARVM
were then gently washed with medium to remove the calcium-intolerant CM, and the Transwell
inserts containing EC were transferred on top of ARVM cultures. Empty inserts were used for

control groups (i.e. ARVM alone). Co-cultures were used for 4 or 24 hours.

To obtain co-cultures with Transwell inserts where EC and CM are only separated by the insert
membrane (Figure 3.2B), the 12-well inserts were first positioned upside-down. HCMEC were
then plated in a droplet of medium on the insert membrane. After 1 hour of sedimentation the
droplet was removed, leaving a layer of EC attached at the bottom of the inserts. These were
turned, placed in multiwell plates, and the other side of the membrane was coated with laminin
before rod-shaped ARVM were plated at a density of 4.4x10* cells/cm?. In all configurations
of the Transwell models, the lower compartment received 1 ml of medium and the top chamber

0.5 ml. For each biological replicate, at least 2 co-cultures were produced.
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3.2.2 Coronary ligation in rat

Adult male Sprague-Dawley rats (250-300 g) underwent a permanent ligation of the proximal
coronary system to induce chronic myocardial infarction (M1)'?2, ARVM were isolated 16 weeks

after ligation. This was performed by Peter O’Gara.

3.2.3 Calcium transient analysis by Optical Mapping

Calcium transients were recorded in ARVM using the cytosolic free-calcium indicator Fluo-4
AM. ARVM were loaded for 15 min with Fluo-4 AM while still in co-culture with EC. Transwell
inserts were then removed and the coverslips with ARVM were transferred on the microscope
stage to equilibrate in the superfused 37°C Tyrode’s solution for 5 min before the recording.
Samples were paced continuously at 1 Hz. Cells were delineated in Imaged to extract traces
of Fluo-4 AM signals from individual cells. Background noise was corrected for each recording
using cell-free regions. Fluo-4 AM traces were exported to Clampfit (pClamp suite) where the
calcium transient parameters were measured manually. The amplitude, time to peak, time to
50% and 90% decay, as well as the time constant tau (from which the rate of decay kappa

was calculated) were averaged for all cells within each biological replicate (20 cells minimum).

3.2.4 Flow cytometry with intracellular staining

Primary human adult ventricular fibroblasts (hACF) were isolated from the LV of hearts which
were ruled out for transplantation. Cells were isolated, maintained and kindly provided by Brian
Wang, PhD., with the help of Mr Oisin King. Fibroblasts were used under passage 20. HUVEC,
HCMEC and hACF were cultured in 6-well plates (300,000 cells per well) in their optimal
maintenance media or, in the case of HCMEC, the recommended bullet kit medium (EGM-
MV2) or the co-culture medium (custom), for 24 hours. Briefly, cells were trypsinised, fixed,
permeabilised and incubated with a panel of antibodies, at 1:100 in cell staining buffer, to stain

for CD31, CD144, a-SMA or Lyve-1. Isotype control antibodies were used as negative controls
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for this staining. Cell suspensions were then processed through a CyAn™ APD cytometer
(Beckman Coulter). At least 10,000 events were recorded for each sample. A selective gating
strategy was used to ensure that debris and cell multiplets were excluded from the datasets.

Analysis was carried out with Summit 4.3.

3.2.5 Immunostaining and confocal microscopy

ARVM were fixed with ice-cold methanol for 15 min, while in co-culture with EC, after 24 hours
of culture. Immunostaining of alpha-actinin was performed to identify sarcomeric architecture
in CM and imaged using a Zeiss LSM-780 inverted confocal microscope. Planimetric data
were obtained from bright-field images of CM. All images were taken with a 40x objective.
Analysis was carried out with ImagedJ. Sarcomere length was averaged from >20 sarcomeres

per cell. The short axis of ARVM was measured at the widest point of ARVM.

3.2.6 Statistics

Data are displayed as mean +/- SEM. Statistical significance was calculated with unpaired
two-tailed t-test for the comparison of two groups, complemented with Welch'’s correction
when standard deviations were not equal between groups. For the comparison of multiple
groups to a single control group, one-way ANOVA with Dunnett’'s multiple comparison test
was used. To compare >2 groups between each other, one-way ANOVA with Tukey’s or
Bonferroni’s post-hoc corrections were preferred. Significance is shown as: * p < 0.05. ** p <
0.01. Replicates are described as n/N, with n = cells or images taken per replicate, and N =

biological replicates.
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3.3 Results

3.3.1 There is lack of consensus on the basic methodology for EC-CM co-cultures

The literature contains many examples of in vitro co-cultures with EC and CM, published in
articles testing the EC-CM crosstalk and addressing hypotheses resembling that of the present
study. To determine if there was a predominant model or recurring culture parameters in such
papers that could be applied to this study, thus easing the process of validation for the model,
the relevant literature was first scrutinised. A total of 2,219 publications were found as a result

of a broad scope PubMed search using the following terms:
“endothelial AND cardiomyocyte AND [x]’ - (last updated on the 05.07.2020)

“[x]” was replaced by one of the following terms, thus panning basic elements of the co-culture
lexicon as well as the protein name of paracrine factors that have been associated with the

EC-CM crosstalk (independently of isoforms): “paracrine”, “co-culture”, “secretome”, “nitric
oxide”, “interleukin”, “TNF”, “Ang-II”, “ET-1”, “IGF”, “neuregulin”, “glutathione”, “PGF”, “BMP”,
“adrenomedullin®, “apelin”, “thioredoxin”, “thrombospondin”, “CTGF”, “PTHrP”, “midkine”,

“follistatin”, “periostin”, “osteopontin”, “CTRP9”, “LIF”, “SPARC”, “tenascin”, “WISP”, or “CCN”.

In order to reduce the number of articles to those that are relevant to the problem of EC-CM
co-culture methodology, all abstracts were read and eliminated from the list if: (1) experiments
using EC or CM could not be found’, (2) the role of EC was only attributed to mechanical
properties of the endothelium or the vasculature (e.g. focusing on barrier function or control of
coronary flow capacity), (3) not peer-reviewed, (4) written in another language than English,
or (5) not containing an in vitro co-culture model. All the articles which satisfied these criteria
were then categorised for each element of co-culture methodology. As seen in Figure 3.1A
and 3.1B, co-cultures with EC and CM in this selection of articles included predominantly EC

of non-cardiac origin (57%) and of human origin (52%). EC isolated from microvascular beds

* The search terms did not discriminate papers were EC or CM were used in experiments to papers were EC or
CM were only mentioned
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accounted for 38% of all EC, followed by EC of venous origin (23%; note that HUVEC were
included in the venous section) as well as of other origin (e.g. derived from pluripotent stem-
cells; 21%). The CM in contrast were largely isolated from rat tissue (64%), while mouse (19%)
and human (17%) were much less represented. Perhaps accounting for the challenges in
maintaining adult CM phenotype after isolation, CM were mostly used at the foetal to neonatal
stage (48%). Adult CM only accounted for 22% of cells used for EC-CM co-cultures. Although
a growing trend in cardiovascular research, the use of iPSC-CM or ESC-CM was still poorly

represented (16%), barely surpassing the controversial use of immortalised lines of CM (14%).

While DMEM was the most recurrent base component among all media variants (36%) there
was a worrying 25% of articles where the media components could not be identified (Figure
3.1D). Of note, only 5% contained a custom culture medium, often the maintenance media of
both EC and CM in various respective proportions. No less than 30% of all EC-CM co-cultures
removed serum from the media completely (Figure 3.1E), while the rest used FBS at various
concentrations, though mostly at 10% (in 20% of cases). Here again, this analysis is hindered

by 25% of articles in which it was not specified if serum was included in the media.

Co-cultures of EC and CM were found to be used for any duration between 15 min and 30
days (Figure 3.1G). Studies of paracrine crosstalk were notably collecting data at 12h + 12,
with longer time-points being almost exclusively reserved to studies developing engineered
heart tissues or vascularised 3D constructs. Another aspect of co-culture design, the ratio of
cell numbers (Figure 3.1F), was surprisingly poorly communicated with nearly 40% of relevant
articles not providing this crucial information. Of the rest, the most common case (17% of co-

cultures) was seen with EC and CM used in equal proportions (1:1).

Finally, no guidance can be found in the literature as to which co-culture system should be
used to model the EC-CM crosstalk. The transfer of conditioned medium (which admittedly
barely qualifies as a co-culture,) accounted for 19% of all in vitro studies on the subject (Figure
3.1C). More complex models, e.g. using 3D suspensions and/or organotypic features such as
vasculature, were included in 21% of all articles. The use of indirect co-cultures (i.e. paracrine
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Figure 3.1: Distribution of published EC-CM co-culture models per parameter

Numbers of articles describing the use of each co-culture parameters, expressed as a percentage of
all articles which include EC-CM co-cultures, and categorised as follows: A. Origin of EC, by organ,
type of vascular bed and species. B. Origin of CM, by species and nature of differentiation. C. Method
of co-culture, and pore size of Transwell inserts (in um). D. Base for culture medium. E. Percentage
of FCS in the complete culture medium. F. CM:EC ratio. G. Duration of co-culture before the endpoint

experiments. N/A: information not available.

bidirectional activities only) or direct co-cultures (i.e. with contact and therefore biomechanical
interactions allowed) accounted respectively for 30% and 26% of all articles screened for this
review. Indirect co-culture is synonymous with the use of porous well inserts (commonly called
Transwells). For these, 0.4 um was the preferred diameter for the pores in the membrane of

inserts (41% of articles with Transwells).

According to this literature overview, a stereotypical EC-CM model would be to co-culture non-
cardiac human microvascular EC with foetal/neonatal rat CM for up to 24h at a 1:1 ratio, with
EC in Transwell inserts of 0.4 ym pores, and in serum-free DMEM. As expected, not a single
article was found to fully match this stereotype. However, all parameters considered, 63% of
the relevant articles did not provide sufficient information to help define their model. Although
this brief review will help contextualise the methodology to be used later in this study, it was

not used as a primary mean to select co-culture properties.

3.3.2 Transwell co-culture system is the optimal model to study the paracrine effects

of EC on CM

It was not immediately obvious which co-culture system could be used for this study. To clarify
which in vitro or ex-vivo multicellular model would allow the current hypothesis to be tested,

the most widely published co-culture systems to date were first reviewed (Table 3.1).
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Table 3.1: Classification of published and theoretical in vitro and ex vivo systems to study the EC-CM crosstalk

is well formed
before co-culture

membrane), and
they will detach
easilyt

e o . Throughput Physiological
Name Classification Brief methodology Strengths Weaknesses (n) relevance* Notes References
& Cost (c)*
Unidirectionally Culture cell A with High control over Not representative
Trfu_)sfer o_fa paracrine with media supplemented the nature of the of full secretome; n+++ 218.219
specific portion of with exosomes or h : concentrations are --- N/A )
selected . . interaction and - -
the secretome mediators onl vesicles isolated from easy to manipulate often arbitrary or c
Y | cellB supernatant Y P supraphysiological
. Some soluble
High control over mediators will lose
Conditioned Unidirectionally | Culture cell A with cell | the nature of the e n+++ 68.220-224
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medium paracrine B supernatant interaction and half-life i di c--
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Tran5|:|‘/ell inserts ) Cells are separated by | separated easily Endpomts often_ n++ - Approach of a patch-clamp 68,75,225
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Throughput

Name Classification Brief methodology Strengths Weaknesses (n) P':éi':;ﬁggal Notes References
& Cost (c)*
Multiple cell . Sheets are difficult _
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Throughput

Name Classification Brief methodology Strengths Weaknesses (n) PhySIOlOgl(ial Notes References
" relevance
& Cost (c)
Cells and ECM are Complex shapes . Precision of printing Scaled reproduction of the heart
plated/printed can be produced in and cell viability are n-- anatomy is possible, allowing 242
3D bioprints 3D following strict 3D ?Dézegflggr;%:ell insufficient for other c++ + + the modelling of cardiac
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Cells on slices Direct contact | monolayeronto all its cell types, layer of tissue n=-- -+ N/A N/A
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X complex ECM, and c
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bioreactor
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undesired fibrosis,
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over timet

t Observation obtained from tests performed in the lab (preliminary data or data not shown)
*  Score tiering has been performed subjectively
N/A  Non-available (for references: no relevant paper investigating the EC-CM crosstalk with this technique was found)
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Relevant systems were categorised and scored based on practicality, physiological relevance,
overall cost, throughput, and limitations. Traditionally, a balance must be found subjectively
between physiological relevance and practical limitations associated with each model. For this
study, several criteria build up to restrict further the list of candidates. First, it must be possible
to pre-condition EC prior to co-culture with CM, so that co-cultures may begin with EC of
different phenotypes. The model should also allow the separation of the two cell types after
co-culture, to characterise the function of CM or collect cell type-specific molecular samples.
The current study is focused on the paracrine effects of EC on CM, so co-culture models which
allow physical interaction between the two cell types must also be excluded. Finally, models
which can only recapitulate parts of the paracrine interaction cannot be used, thus excluding
the transfer of EC-derived exosomes, vesicles, or conditioned media (in which some soluble
factors are unstable, such as nitric oxide). As seen in Table 3.1, the use of filters separating

EC and CM (i.e. Transwells) most closely satisfies the experimental needs of this study.

To test the most physiologically relevant application of this method, ARVM were plated in the
insert at a density of 4.4x10* cells per cm?, and HUVEC were plated on the opposite side of
the filter (apical membrane facing down) (Greiner Bio-One, 12 well-plate inserts, 0.4 um pore
size) (Figure 3.2B). In this model, EC and CM are only separated by the thickness of the filter,
and pores connect directly the two cell types. However, after 24h of incubation, three washes
with PBS in both compartments and a media change, there was a noticeable loss of ARVM in

all replicates (data not shown).

Preliminary tests also helped determine that the shape of the well insert was not adapted to
perform electrophysiological studies on CM. In-built customised inserts were ruled out and it
was rapidly decided to adopt the original Transwell conformation (Figure 3.2A), with CM plated
on glass coverslips in the lower compartment and EC plated into the insert and facing up. This
technique is compatible with all the endpoint experiments required for this study and was thus

used for further validation.
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Figure 3.2: Schematic view of the two main Transwell insert applications for use as EC-CM co-

culture model

A. Traditional application for transwell inserts. B. Plating cell types on either side of the membrane

3.3.3 Cardiac and non-cardiac EC might regulate calcium handling of CM differently

Many studies relying on EC-CM co-cultures have been published with HUVEC or other non-
cardiac EC lines’5221227.234,240242.245246 ' Tq determine if the response of CM to co-culture is
affected by the origin of EC, ARVM were cultured under Transwell inserts plated with HUVEC,
HAEC or HCMEC. Calcium transients were recorded in ARVM using the technique of optical
mapping after 24h of co-culture. First, in Figure 3.3, it can be seen that none of these EC lines
induced in CM a significant change of calcium transient amplitude (Figure 3.3A) or time to
peak (Figure 3.3B) compared to CM alone (CTL). However, HAEC and HCMEC, but not
HUVEC, induced a slower calcium reuptake compared to control (i.e. longer time to 90%
decay, Figure 3.3C, and a rate of decay reduced by approximately 19%, 42% and 33% by
HUVEC, HAEC and HCMEC respectively, Figure 3.3D). Increasing the N number might
provide further insight on these effects and potential differences between EC conditions, as

some of these comparisons produced p values near the threshold of significance.

3.3.4 HCMEC did not induce remodelling of cell dimensions and sarcomeres in ARVM

after 24 hours in Transwell co-culture

Following confirmation that HCMEC could be used in co-cultures with ARVM to study the EC-

CM interaction, the effects of EC on CM sarcomeric structures were investigated to test if the
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Figure 3.3: Cardiac and non-cardiac EC might regulate calcium handling differently in adult
rat CM

Calcium transients in ARVM after 24h of co-culture with HUVEC, HAEC, HCMEC, or no co-cultured
EC (CTL), recorded using optical mapping. A. Amplitude (F1/F0). B. Time to calcium transient peak.
C. Time to 90% decay. D. Rate of decay expressed as kappa. Control “CTL” n/N = 20/5, HUVEC n/N
= 20/5, HAEC n/N = 20/4, HCMEC n/N = 20/5 for all parameters analysed. n = average number of
cells per biological replicate. N = biological replicates. Data are represented as mean +/- SEM. Each
dot represents a biological replicate for which the values of all cells have been averaged. EC groups
were compared to CTL using ordinary one-way ANOVA with Dunnett’'s multiple comparisons test. EC
groups were compared to each other using one-way ANOVA with Tukey’s multiple comparisons test

in a separate analysis. * p < 0.05, ** p < 0.01.
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known pro-hypertrophic component of the EC-CM crosstalk®:247248 could be detected with this
short-term co-culture model. Freshly isolated ARVM were plated under Transwell inserts with
confluent HCMEC and co-cultured for 24 hours as described above. CM were then fixed and
a-actinin was stained for confocal imaging of sarcomeres. For planimetry, white light was used
to delineate the boundaries of cells. In Figure 3.4A it can be seen that co-culture with HCMEC

for 24 hours did not significantly alter the length (long axis), width (short axis) and aspect ratio
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Figure 3.4: Co-culture with HCMEC for 24 hours did not induce a remodelling of dimensions

or sarcomere structures in ARVM

Planimetric data and sarcomere properties in ARVM after 24 hours in co-culture with HCMEC. Data
were collected from immunofluorescent staining of a-actinin, imaged by confocal microscopy at 40x.
A. Quantification of CM dimensions and sarcomere number and length after co-culture (+EC) or in
CM alone (CTL). n/N (images per replicate/biological replicates) = 20/3. Groups were compared with
an unpaired two-tailed t-test with Welch’s correction when standard deviations were not equal. No
statistical indicator = no significant difference. Data points show N values (i.e. averaged n values). B.

Representative confocal images (40x objective) of a-actinin immunostaining (white). Bar = 25 ym.
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of ARVM, nor the average number of sarcomeres along the long axis and the length of these

sarcomeres. This suggests the hypertrophic signalling of EC on CM is not present in this model

of co-cultures, at least at this time-point.
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Figure 3.5: EC induced the same effects on calcium handling of co-cultured CM after 4 and 24

hours

Calcium transients in ARVM after 4 or 24h of co-culture with HCMEC (+EC), or no EC (CTL), recorded

using optical mapping. A. Amplitude (F1/F0). B. Time to calcium transient peak. C. Time to 90%

decay. D. Rate of decay expressed as kappa. CTL 4h n/N = 20/6, +EC 4h n/N = 20/6, CTL 24h n/N

= 20/5, +EC 24h n/N = 20/5 for all parameters analysed. n = average number of cells per biological

replicate. N = biological replicates. Data are shown as mean +/- SEM, with dots showing biological

replicates for which the values of all cells have been averaged. EC groups were compared to CTL

using ordinary one-way ANOVA with Tukey’s multiple comparisons test. * p < 0.05.
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3.3.5 HCMEC produced the same paracrine effects on calcium handling in ARVM after

4 or 24 hours of Transwell co-culture

Following the suggestion that sarcomeric remodelling was absent after 24 hours of co-culture,
more attention was given to the functional response of CM to EC, and particularly to calcium
handling. A shorter time-point for co-cultures was first tested to determine if the effect of EC
on calcium reuptake was time-dependent. ARVM were therefore co-cultured for 4 or 24h under
Transwell inserts containing confluent HCMEC, and calcium transients were recorded using
optical mapping (Figure 3.5). In this experiment, co-culturing ARVM with HCMEC for 4 or 24
hours had the same effect on the morphology of their calcium transients, both increasing the
time to 90% decay (Figure 3.5C) and reducing the rate of decay (Figure 3.5D) significantly
and with the same magnitude (4h versus 24h: p > 0.98). Thence co-cultures were performed
for only 4 hours in order to limit the incidence of arrhythmic behaviour or agent contamination

in cultures, as both issues were recurrent at 24 hours (data not shown).

3.3.6 HCMEC conserved their paracrine effects on calcium handling of ARVM isolated

after myocardial infarction

To determine if the effects of EC on CM described above are conserved when CM are isolated
from infarcted myocardium, ARVM were isolated 16 weeks after permanent coronary ligation,
and immediately co-cultured for 4h under Transwell inserts containing healthy HCMEC. Co-
culture induced the same changes of calcium transient morphology in CM from infarcted tissue
and healthy tissue (i.e. slower calcium uptake compared with CM alone, but no effect on the
amplitude or time to peak) (Figure 3.6). The rate of decay was indeed reduced by 30% and
39% by co-culture of EC with control-CM and MI-CM respectively (Figure 3.6D). Surprisingly,
there was no significant change of calcium handling properties after Ml in this experiment,

regardless of co-culture conditions.
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Figure 3.6: EC induced the same effects on the calcium handling of co-cultured CM after

myocardial infarction

Calcium transients in ARVM isolated 16 weeks after permanent MI compared to control (no Ml). Data
were collected after 4 of co-culture with HCMEC (+EC) using optical mapping. A. Amplitude (F1/FO0).
B. Time to calcium transient peak. C. Time to 50% decay. D. Rate of decay expressed as kappa.
CTL n/N =20/6, CTL + EC n/N =20/6, Ml n/N = 20/3, Ml + EC n/N = 20/3 for all parameters analysed.
n = average number of cells per biological replicate. N = biological replicates. Data are shown as
mean +/- SEM, with dots being biological replicates in which all cells have been averaged. Data were

analysed using ordinary one-way ANOVA with Bonferroni’s multiple comparisons test. * p < 0.05.
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3.3.7 Use of the custom designed co-culture media did not induce transdifferentiation

of HCMEC into lymphatic EC or fibroblasts

Because it is recommended to culture the commercially obtained HCMEC in their optimal kit
culture medium, it was a concern that these microvascular cells might transdifferentiate into
lymphatic EC or even into fibroblasts after incubation with the medium designed for co-culture
with ARVM. To test this, HCMEC were cultured for 24 hours in 6-well plates in either the kit
medium EGM-MV2 with 10% FBS or the custom medium (see Section 3.2.1). Cells were then
detached, fixed, permeabilised and counted by flow cytometry with staining for the endothelial
markers CD31 and CD144, the lymphatic marker Lyve-1, or a-SMA (Figure 3.7). HUVEC and
human adult cardiac fibroblasts served as controls for bona fide EC and non-EC, respectively.
Although the N number was too low for appropriate statistical analysis, these pilot data suggest
that HCMEC do not lose their expression of endothelial markers (N = 2) and do not express
Lyve-1 after incubation with the custom media (Figure 3.7A). Of note, a-SMA was expressed

by >70% of cells in all groups but as expected fibroblasts did not express CD31 or CD144.
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Figure 3.7: HCMEC did not transdifferentiate into lymphatic EC or fibroblasts after 24 hours

of incubation with the custom medium used for co-cultures

Flow cytometric quantification of CD31, CD144, Lyve-1 and a-SMA expression in HCMEC after 24
hours in the recommended kit media (EGM-MV2) or the custom media used for EC-CM co-culture.
A. Percentage of double- and triple-positive cells for CD31, CD144, and Lyve-1 or a-SMA. CD31 and
CD144: N = 2. Lyve-1 and a-SMA: N = 1. Due to low n number, data were not statistically compared.
B. Histograms of Lyve-1* or a-SMA* cells in the CD31*/CD144* gate (except for human adult cardiac

fibroblasts (hACF)).
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3.4 Discussion

Despite the multiplicity of articles and reviews which add every year to our knowledge on the
subject of EC-CM interaction, there is surprisingly no consensus on: (1) the basic elements of
methodology to study this crosstalk and (2) on the basal effects of EC on CM function. As a
result, the first steps of this project were to determine the optimal means to model in vitro EC-
CM crosstalk. After review of practices in the literature | determined that co-cultures using
Transwells were most adapted to model the EC-CM paracrine crosstalk, without interference
from intercellular mechanical coupling or partial loss of secretome content. The data presented
subsequently demonstrate that co-culture with this model using unstimulated EC is sufficient

to induce a change of calcium handling in CM.

In this chapter we show that: (1) there is no stereotypical model of EC-CM co-culture in the
literature. (2) Co-culture with EC induce a slower calcium reuptake in CM and a prolongation
of calcium transients without altering the amplitude or time to decay, but of note (3) HUVEC
do not produce as strong an effect on CM calcium handling as cardiac microvascular EC. (4)
Co-culture with EC do not induce hypertrophic or sarcomeric remodelling in CM after 24 hours.
(5) The effect of HCMEC on CM is preserved between 4 and 24 hours of co-culture, and (6)
conserved on CM isolated after myocardial infarction. (7) HCMEC do not transdifferentiate in

the custom co-culture medium, further validating the robustness of the model used.

3.4.1 Limitations and failures of published research with EC-CM co-cultures

To our knowledge there is currently no published analysis, discussion, or review of co-culture
methodology to study the interaction of cardiac cells. Moreover, seminal reviews on the subject
of EC-CM crosstalk have failed to examine previous studies in terms of co-culture quality and
relevance, and have failed to address the inconsistency of reported effects of EC on
CMB6.197.247 ' Ag g result, starting a research project on EC-CM interaction is challenged by the

multitude of possible co-culture protocols, by insufficient data to understand their inherent
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value or inter-comparability, and by the lack of consensus on what can serve as gold standard
for EC effects on CM. To illustrate this issue and better contextualise the future results in this
project, articles published with EC-CM co-cultures were categorised by methodology. Figure
3.1 demonstrates that such methodology can be optimised for practicality rather than for
physiological relevance, with non-cardiac EC from adult human donors cultured with CM
isolated from neonatal rats?®*223 for example. The inherent limitations of such practices are
still not fully understood and may contribute to a delay in the translation of results from co-

cultures to clinic.

The multiplicity of co-culture methods which have been published is an issue also aggravated
by inconsistent levels of protocol validation, correction of experimental variables, transparency
of methods in publications, and even cogency of data interpretation. As an example, in Liu et
al. (2014) it is unclear which medium was used in co-cultures, and the EC:CM cell ratio cannot
be found??’. There was also no justification provided for the use of rat aortic EC, no experiment
testing other time-points, and curiously an experiment on CM viability after co-culture with EC
did not include a CM-only group. Finally, the mechanism which was studied in this article (the
role of endothelial vasostatin-1 on CM survival after hypoxia/reoxygenation injury) was only
manipulated using adenoviral protein overexpression in EC, notwithstanding that endogenous
expression was not ruled out in the article. Other articles share these practices?%324%.2%0 while
the mechanisms thus attributed to the EC-CM crosstalk are adopted in subsequent articles.
As is shown in Figure 3.1 there is a high percentage of articles not providing crucial information

for the reproducibility of experiments. This can only impair the relevance of such studies.

3.4.2 Transwell inserts are most appropriate to study the paracrine interaction of EC

and CM without mechanical or electrophysiological interference, or loss of secretome

There is a substantial record of publications in which transwell inserts have been used for co-
cultures’225-227 making this approach one of the most widely accepted means of investigating

a crosstalk in vitro. Having reviewed all major types of in vitro and ex vivo systems which could
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be used in the current project (Table 3.1), the Transwell model was selected for the following
reasons. First, in this model, CM face the basolateral membranes of EC (when EC are plated
in the insert as in this project). Due to the known polarity of endothelial secretory pathways?'-
253 this conformation is more physiologically relevant than other published models, e.g. plating
ARVM on top of EC monolayers??6. The insert membrane physically separates both cell types,
thus preventing cross-contamination during functional assays or when collecting samples, in
addition to preventing mechanical or electrophysiological forces which might interfere with the
paracrine crosstalk. This system is also well suited to the experimental set-up required for this
project because: (1) EC can be grown to monolayer and pre-conditioned to given stimuli prior
to co-culture with CM, (2) cells can be easily separated after co-culture, (3) it requires low cell
numbers compared to 3D in vitro models (e.g. in vascularised organoids) and many more

replicates can be run simultaneously, allowing test conditions to be better controlled.

The transfer of conditioned media can satisfy the requirements above. However, the Transwell
model has the advantage in terms of the dynamics of secreted mediator activity on receptor
cells. Indeed, when transferring conditioned media, the available concentration of EC-secreted
cardiotropic factors cannot be maintained and thus decreases constantly at the rate of their
respective half-life in solution or as a function of their interaction with CM or CM-secreted
factors. Therefore, the method is much less physiologically relevant than the Transwell system
in which these cardiotropic factors are secreted by EC continuously. This is likely to alter the
response of CM to EC-derived products as, for example, bioavailability of cardiotropes such
as NO might be different in the two models. Indeed, NO was reported to have a very short
half-life in solution, ranging from milliseconds to minutes depending on the physiological and
molecular conditions?**, even after biotransformation into more stable species, and NO levels
decrease more rapidly with increasing concentrations of cells in the system?%. This suggests
that the activity of NO on CM after the transfer of conditioned media can only be transient (if
present at all after the processing of the culture supernatants), while NO is continuously

released by EC in the Transwell configuration. The same issue can be raised for other factors,
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including proteins, even though their half-life and consumption by CM may be slower than with
NO. It has long been understood that cell signalling and functions were highly sensitive to
temporal dynamics of stimuli®®®, thus questioning the relevance of transferring an unstable
pool of proteins, vesicles and other soluble factors on CM. Furthermore, the EC-CM crosstalk
is incompletely modelled by conditioned media, since the CM-to-EC communication axis is
absent, abrogating potential feedback loops (note: this might be a desired property of the

model, which admittedly is less difficult to interpret than Transwell systems).

There are however some limitations to using Transwells as a model. First, the physiological
relevance of the system is inferior to more complex models (e.g. vascularised constructs, >2
cell types co-cultures, ex vivo). It is also difficult to determine which cell type is responsible for
the secretion of a specific mediator. Finally, some experimental endpoints require the insert to
be removed or the media to be changed, which eliminates all paracrine factors from the micro-

environment of the target cell, potentially disrupting parts of the intercellular crosstalk.

3.4.3 HCMEC are most relevant for co-cultures with CM due to high EC heterogeneity

With the development of microarrays and RNA sequencing many reports have been published
in recent years to show that the phenotype of EC differs widely with their location in situ. This
heterogeneity is notably demonstrable across different vascular beds, differentiating large
vessels and microvasculature EC?57258 put also EC from different organs?'52%9260_ Beyond its
ability to discriminate expression profiles, EC heterogeneity was also seen in functional
responses of the endothelium to stimuli, such as inflammation in vivo?'. In face of this
evidence, a study rapidly argued that the heterogeneity was lost after isolation, culturing and
passaging of EC?'. However, this study only compared two EC populations of arterial origin
and more recent and more numerous papers have argued the opposite more
convincingly?®”2%9, |t would therefore be somewhat questionable to consider EC of different
sources as interchangeable for co-cultures with CM. Furthermore, as Figure 3.1A shows, the

majority of EC-CM co-cultures contained EC of non-cardiac origin. To date there has been no
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direct comparison of cardiac versus non-cardiac EC induced effects on CM in co-culture. In
2006 however, Lemmens et al. reported that co-culture with rat aortic EC had no effect on
neonatal rat CM while (in a separate experiment) cardiac microvascular EC induced CM
hypertrophy, a mechanism which the authors attributed to their differential expression of NRG-

1262 The data were not included in the article.

It is beyond the scope of this discussion to reflect on possible reasons for non-cardiac EC of
large veins or arteries being co-cultured with CM. However, since HUVEC, HAEC and HCMEC
where available in Prof Mason’s lab, this was an opportunity to directly compare their effect
on CM in co-culture. Figure 3.3 shows the effect of co-culture on calcium handling in CM,
where HAEC and HCMEC, but not HUVEC, induced a significantly slower calcium reuptake.
More biological replicates would help refine the conclusions from this experiment, but these
data suggest that these EC populations differ in their paracrine effects on calcium handling in
CM, quantitatively more than qualitatively. To fully determine how the heterogeneity of EC
modifies the endothelial crosstalk with CM, one would need to correlate transcriptomics or
proteomics data from a variety of EC subpopulations with the expression profile of co-cultured
CM. In this case, effector variables in EC can be correlated with receptor variables in CM, as
is done with heterocellular ligand-receptor correlation analyses™. Until this type of experiment
is performed and published, there will be no hard line between acceptable and unacceptable
EC subsets, and physiologically relevant co-culture behaviours when modelling in vitro the
cardiac EC-CM interaction. There is heterogeneity of EC within the myocardium itselfc,
refuting the possibility of a perfect in vitro model. From early in vivo studies of the EC-CM
interaction it is established that myocardial capillary EC and endocardial EC are the subsets
of EC most likely to exchange paracrine signals with CM®¢:8587.92263 yalidating further the use

of HCMEC for this study.
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3.4.4 Using ARVM, a custom co-culture medium and a short time-point to circumvent

the limitations of in vitro co-culture of EC and CM

In the last decade CM derived from human pluripotent stem cells have been developed and
utilized increasingly as a valuable and malleable resource for regenerative medicine, cardiac
disease modelling in vitro and EC-CM co-cultures. However, these cells exhibit structural and
functional properties which have been called “immature” in that they model inadequately the
properties of primary adult human CM®:264 notably at the level of calcium handling?®®. This is
an issue shared in many aspects with neonatal CM, which also lack the complex tubular
network and calcium handling properties fit to generate optimal excitation-contraction coupling
such as is seen in adult CM?%%, The paucity of access to healthy adult human CM is yet another
challenge to in vitro CM models. Though theoretically ideal, such cells can only be isolated
from healthy donor hearts that have been ruled out for transplantation. Because of this,
electrophysiologists tend to rely preferably on adult primary CM isolated from mammals such
as dog, pig, rabbit, guinea pig, mouse, rat, cat and ferret?'®2%¢_|mportantly, CM phenotype can
differ across these species and with human CM, and this impacts relaxation properties and

calcium handling?16.266.267,

In vitro culture conditions of CM have been long validated. Yet, there are still articles which go
against traditional cardiac cell culture, introducing serum in the media of primary adult CM for
example??®. Since 1982 many reports have demonstrated that even though it could stabilise
CM cultures for days, FBS also induced cell hypertrophy in ARVM?%¢269  neonatal rat CM?7°
and human embryonic stem cells-derived CM or induced pluripotent stem cells-derived CM?"".
It is less well understood what effects serum has on other properties of CM. There is no
guideline on EC-CM co-culture methodology with regards to serum content and media
formulation. As a result, a multitude of media have been used and rarely validated. As shown
in Figure 3.1D, some co-cultures have been performed in endothelial growth media, which
typically contains growth factors such as VEGF and unknown concentrations of calcium

chloride. It is still unclear how such media formulations can alter CM function in vitro. Because
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of this, the composite medium which was designed for this project was first validated during
preliminary experiments, and did not induce remodelling of calcium handling or hypertrophy
compared with the optimal culture medium (i.e. medium-199 and ascorbic acid, creatinine,
carnitine, taurine) (data not shown). In co-cultures the presence and absence of serum can
be as problematic, notably due to the poor viability of EC in response to prolonged serum
starvation. Preliminary experiments helped determine that 1% FBS was the minimum required
to maintain HCMEC viability in co-culture for at least 24 hours without altering CM properties,
as discussed above (data not shown). As shown in Figure 3.7 there is also evidence that the
custom medium for co-cultures does not induce HCMEC to transdifferentiate into fibroblasts,
nor increases the presence of lymphatic EC in culture. In this experiment, adult cardiac
fibroblasts were predominantly categorised a-SMA®/CD31/CD144- while EC were a-
SMA*/CD31%/CD144*, including HCMEC cultured with the custom medium. HCMEC were also
predominantly negative for the lymphatic EC marker Lyve-12"2, in fact less so than HUVEC.
Partial expression of Lyve-1 in HUVEC in vitro was reported previously?'223  so this finding
was expected. However, this experiment was too underpowered for statistical analysis and
access to lymphatic EC samples as positive controls for Lyve-1 staining, as well as additional
markers for lymphatic EC (such as Prox-1?"2) would have increased the validity of these
results. CD34 was also found to be absent in Lyve-1* cells?’? and thus would have been a

good addition to this panel of antibodies for flow cytometry.

Finally, it is well accepted that primary CM undergo rapid de- and re-differentiation in vitro after
isolation. In adult pig ventricular myocytes, T-tubule density was significantly reduced after the
first 24 hours of culture post-isolation''. This was associated with a slower calcium rise, less
efficient excitation-contraction coupling, and a depolarised resting membrane potential in CM,
all in all resembling the electrophysiological and cytoarchitectural properties of CM in HF?'4, It
was therefore important to control this phenotypic shift in co-cultures, testing the feasibility of
shorter time points. As Figure 3.5 shows there was no effect of culturing ARVM for 4 or 24

hours at the level of calcium handling, whether in co-culture with HCMEC or not. This suggests
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that the electrophysiological remodelling induced by de-differentiation was not yet significant
in these settings. Such difference with previous reports'?' may be attributed to interspecies
variability, as rat CM might be more resilient to remodelling once in culture than pig CM. As

discussed in Section 3.3.5 the 4 hours time-point was however preferred for practical reasons.

3.4.5 No hypertrophy of ARVM was detected after co-culture with HCMEC

At the beginning of the project it was not immediately clear which effect of EC on CM would
serve as a primary experimental endpoint. Since the EC-induced hypertrophy of CM has been
proposed and demonstrated in some pathophysiological conditions in vivo?’* and in
vitro?03222.275  though disputed in others?’®, and in light of the link between inflammation and
the expression of pro-hypertrophic cardiotropes such as ET-1 by EC?"7:?78 hypertrophy of CM
was naturally of interest in this project. In Figure 3.4 it can be seen that co-culture of ARVM
with HCMEC for 24 hours did not induce hypertrophic remodelling or sarcomeric remodelling.
As discussed in Sections 1..11 and 3.4.1 there is surprisingly little direct evidence for the
effects of EC on CM and, where data exist, the overall quality of experiments or publication
practices often lowers the possibility to translate such results in other models. However, there
are a few reports to mention: in Lemmens et al. (2006), CM hypertrophy was investigated after
72 hours on NRVM cultures?®. NRVM were also used in Higashikuni et al. (2011), though
after 48 hours?’. Yin et al. (2017) looked at neonatal mouse CM after 3 days in co-cultures?’®.
Finally Kubin et al. (1999) measured protein synthesis in ARVM after 8 days in culture with
EC-conditioned media???. Other articles, presenting EC-CM co-cultures at shorter time-points,
did not test CM hypertrophy?2824°_1t is thus difficult to conclusively determine at which point in
co-culture with EC the CM undergo hypertrophic remodelling. It is important to note that so far
the majority of studies testing this signalling in vitro have done so using neonatal CM or CM
derived from induced pluripotent stem-cells’®, both inadequate to model the ultrastructure and
cell dimensions of adult CM such as ARVM. The absence of hypertrophic remodelling in

ARVM after 24 hours of co-culture with HCMEC, as shown above, might thus be explained by
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the brevity of co-cultures and a lower response to hypertrophic stimuli in adult CM. However,
it should be noted that this experiment was underpowered and would have greatly benefitted
from a positive control for hypertrophy, for example with a treatment of ARVM alone with Ang-
11276, Using techniques more sensitive to changes in cell hypertrophy would have also
strengthened this experiment. For example, live membrane staining of ARVM would allow
volumetric measurements of CM morphology, and the membrane capacitance obtained from
the whole-cell configuration of the patch-clamping technique would provide highly accurate
measurements of plasmalemma surface area (i.e. of the cell volume). Finally, protein
expression for markers of cardiac hypertrophy (e.g. ANF/BNP, MyHC) would precede changes
in cell morphology and thus might be a preferable endpoint for shorter time-points in co-

cultures.

3.4.6 Ml did not affect the response of ARVM to EC co-culture

Later experiments in this project rely on the pro-inflammatory conditioning of EC and the study
of its effects on healthy (i.e. naive) CM in co-cultures. There are two caveats to this approach.
First, myocarditis or even myocardial dysfunction caused by systemic inflammatory diseases
are not restricted to disrupting EC. Therefore, the effect of activated/dysfunctional EC on CM
is likely to occur when CM are equally under pro-inflammatory stimulation (this is still poorly
understood). Second, it is hypothesised in this project that the effect of “inflammatory” EC on
CM will alter the phenotype of CM, in a way which might ultimately affect their response to EC,
in the fashion of negative feedback loops. Because of this, it would be challenging to determine
if a change in the effects of EC on CM is caused by phenotypic changes in EC, or in CM. To
help solve this issue and determine if HF or a pro-inflammatory environment impacts the ability
of CM to respond to EC, untreated HCMEC were co-cultured with ARVM freshly isolated 16
weeks after MI. This model was well optimised and performed by Peter O’Gara'??, and was
characterised by a significant infarct area in the LV, cardiac hypertrophy, reduced LVEF, and

an elevated end-diastolic pressure consistent with the HF phenotype. In ARVM, this model
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was shown to induce a lower amplitude of twitch contractions, prolonged time to peak and a
slower rate of decay for calcium transients, an increased frequency of spontaneous calcium
sparks, and a disruption of the T-tubule network'??, also consistent with HF. Figure 3.6 shows
that ARVM from MI responded to co-culture with EC identically to control-ARVM, suggesting
that pathological remodelling in CM does not impair the EC-to-CM paracrine axis qualitatively
or quantitatively. However, there was no significant difference of calcium handling between Mi
and control ARVM, as opposed to the findings listed above (though using the same model and
same operator). In the article where ARVM from this Ml model were characterised, calcium
transient analysis was performed on freshly isolated cells, whereas in this experiment it was
performed 6 hours after isolation, including 4 hours of culture in Ca?*-enriched medium. In the
article CM were paced at 0.5 Hz whereas in this experiment they were paced at 1 Hz. This
could explain differences of calcium handling between that published in Lyon et al. (2009) and
that recorded in this project. Of note, this experiment does not test whether CM desensitisation

to “inflamed” EC during co-culture can occur.

3.4.7 Summary the effects of EC on ARVM in these co-culture conditions

In conclusion, with the in vitro co-culture model that was developed in this chapter, we have
confirmed that EC regulate CM function. This was a critical step of the project, allowing further
experiments to be performed to determine how this effect might be altered. Due to time-point
restrictions, the alleged pro-hypertrophic effect of EC on CM was not investigated further. The
change in calcium handling in CM after co-culture, however, was found to be a reliable starting
point to: (1) establish when co-cultures misbehaved in future experiments, and (2) test whether

the inflammatory response of EC altered this crosstalk, quantitatively or qualitatively.

To recapitulate the main finding in this chapter, beside the validation of the co-culture model,
it was found that co-culture with EC prolonged the decay phase of calcium transients without
changing the amplitude or time to peak in CM. In the next chapter, the aim will be to optimise

and validate the pro-inflammatory intervention on HCMEC.
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Pro-inflammatory treatment of cardiac microvascular

endothelial cells with TNFa, IL-1p and hyper-IL-6
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4.1 Introduction

In Chapter 3, the model of EC-CM co-culture was optimised to study the paracrine effects of
EC on CM. Before setting out to characterise these effects, and how they can be altered during
endothelial inflammation, it is imperative to validate the pro-inflammatory treatment which will
be applied on HCMEC. It remains a challenge to model endothelial inflammation in vitro, first
because it involves many factors which cannot be realistically replicated fully in homotypic EC
cultures (e.qg. interactions with rapidly changing populations of immune cells, or hemodynamic
changes and comorbidities), but also because inflammation is an umbrella term covering many
distinct processes. These involve different soluble mediators, cell types, signalling pathways,
and can drive the tissue to more injury or repair, with cell death or proliferation, all depending
on intra- and extracellular conditions®’. Using one cytokine as a pro-inflammatory intervention
in vitro, as is done traditionally, can be problematic. TNFa and IL-6, for example, contribute to
both acute (type-Il) and chronic inflammation but their effect on EC can be easily described
as anti-inflammatory or pro-inflammatory depending on which EC function is observed or the
nature of other inflammatory signals®28%-282_ |n this chapter, the aim was to optimise a
treatment of EC to model endothelial inflammation, at least in terms of paracrine activity on
other cell types (CM in this project). Therefore, even in the case where not all aspects of
inflammation are fully induced by this treatment, it is sufficient that EC are shown to release
pro-inflammatory factors in response to cytokine treatment. To improve the relevance of this
model, and the coverage of functions affected by this pro-inflammatory treatment of EC, a
cocktail of three cytokines was tested for the first time (TNFa, IL-1(, hlL-6; the term “Cytomix”
was coined to abbreviate the name of this treatment). These cytokines are most frequently
expressed and correlated to cardiac disease progression, severity, and mortality, but also with

vascular inflammation and endothelial dysfunction, all underlying HF3%-283-2%0

To validate the use of Cytomix, the effective concentration of each cytokine was determined
and briefly characterised. It was necessary to confirm for example that IL-6 treatment of EC

can induce a phosphorylation of STAT3252912%2 gnd induce the expression of pro-
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inflammatory target genes such as ICAM-1472%_EC do not express the receptor for IL-6,
slL-6Ra, which is provided to EC by leucocytes during inflammation. A chimeric protein based
of IL-6/sIL-6Ra was produced by Fischer et al. (1997) and reported to be active at 100-1000-
fold lower concentrations than unbound IL-6 and sIL-6Ra?**. | decided to test the effects of
this fusion protein, known as hyper-IL-6 (hIL-6), alone and within Cytomix, comparing the

effects on EC with those reported using other cells and concentrations?%5-2%7,

Thrombin was used in this project as a known stimulant of endothelial permeability and of NO
synthesis by EC®2. Thrombin signalling is mediated in EC by protease-activated receptors
(predominantly PAR-1)%22%_ PAR-1 activation leads to a transient increase of intracellular Ca?*
(from intracellular stocks and the extracellular space), which in turn potentiates the activity of
eNOS®, as a calcium-sensitive isoform of NOS?'. This leads to NO synthesis, which induces
a cytoskeletal remodelling of multiple proteins by S-nitrosylation (e.g. B-catenin, VE-cadherin,
o-/B-/y-actin)?®®. The end result of this signalling is disassembly of cell-cell junctions and a
higher paracellular permeability®?. TNFa potentiates this effect by increasing the expression
of Transient Receptor Potential Channel-1 (contributing to the calcium transients in EC)% and
by regulating the expression and calcium-dependency of eNOS®. It is therefore hypothesised
that Cytomix increases calcium releases, NO synthesis, and permeability of EC. Endothelial
proliferation, contributing to angiogenesis and myocardial remodelling®°®3°! is also regulated
by inflammatory cytokines (e.g. IL-1B)%%23%3, Although EC responses to cytokines can be
altered by other cytokines, such as IL-6%%, it is hypothesised that Cytomix also inhibits EC

proliferation.

The work described in this chapter set out therefore to test the hypothesis that Cytomix is able
to induce a multi-parametric pro-inflammatory response in HCMEC. This was tested at the
levels of cell cycle progression (used as a marker of proliferation), permeability, transient

calcium release, NO synthesis, and secretion of cytokines and chemokines.
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4.2 Methods

The methods described in this chapter are described in full in Chapter 2.

4.2.1 Cell culture, cytokine treatments, and co-cultures

Human cardiac microvascular EC (HCMEC) were grown and maintained in EGM-MV2, up to
passage 6. Adult rat ventricular myocytes (ARVM) were isolated from male Sprague-Dawley
rats (refer to Chapter 2 for the protocol). This was kindly performed by Peter O’Gara. Primary
human adult ventricular fibroblasts were isolated from the LV of hearts which were ruled out
for transplantation. Cells were isolated, maintained and kindly provided by Brian Wang, PhD.,

with the help of Oisin King. Fibroblasts were used under passage 20.

For most experiments, unless stated otherwise, HCMEC were cultured for 24 hours in EGM-
MV2 after plating before treatment started. At this point, medium was removed, cells washed
three times with PBS, and co-culture medium added with cytokines when applicable. Except
for concentration curve experiments, human recombinant TNFa and IL-1p3 were both used at
1 ng/ml. Hyper-IL-6 (hIL-6) was used at 25 ng/ml. The cytokine cocktail characterised in this
chapter, which was coined “Cytomix”, consisted of TNFa (1 ng/ml), IL-1B (1 ng/ml) and hIL-6

(25 ng/ml). All cytokine treatments were performed for 24 hours unless stated otherwise.

For HCMEC-ARVM co-cultures, the protocol follows that optimised in the previous chapter. In
short: 60,000 EC were cultured in 12-well Transwell inserts (at 60,000 cells per insert, Greiner
Bio-One) for 24 hours in EGM-MV2. Media were then changed for co-culture medium (Section
2.2) and EC were cultured for 24 hours with individual cytokines or Cytomix. Freshly isolated
ARVM were plated on laminin-coated 13 mm diameter glass coverslips (20,000 rod-shaped
cells per coverslip) and cultured for 2 hours to allow cell attachment. ARVM were then gently
washed with medium to remove calcium-intolerant CM, and the Transwell inserts containing

EC were transferred on top of ARVM cultures. Co-cultures were stopped after 4 hours.
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4.2.2 SDS-PAGE and western blotting

The protein expression of VCAM-1, ICAM-1, MnSOD, GAPDH, p-STAT3 S727, iNOS, eNOS,
A20, HO-1, and TRAF6 was quantified by SDS-PAGE separation and western blotting, run as
described in Section 2.4. All primary antibodies (listed in Section 2.9) were used at 1:1000 in
blocking buffer, except the anti-GAPDH antibody which was used at 1:3000. The secondary
antibodies, all HRP-conjugated, were diluted at 1:3000 in blocking buffer and used accordingly
with the species of the primary antibodies (anti-mouse or anti-rabbit). The amounts of proteins
were normalised to the level of GAPDH, which served as a loading control. Protein standards
(i.e. ladders) were used to identify proteins by their molecular weight. ECL reaction was used
to detect proteins, and images were captured on radiographic films. Quantification was done

using ImageJ, after conversion of images in 8-bits.

4.2.3 Cell cycle analysis by flow cytometry

Cell cycle progression and proliferation of HCMEC were analysed by flow cytometry using a
propidium iodide staining. Cells were cultured in 6-well plates at 100,000 cells per well for 24
hours in EGM-MV2. Cultures were then washed, and media were replaced by co-culture
medium containing either 1% or 10% FBS. Some cells were collected before the media
change, as a tn) control. After 24 hours of culture, cells were trypsinised, washed with PBS
three times, fixed with 70% ice-cold ethanol for 1 hour at 4°C, washed with ice-cold PBS three
times, and incubated for 30 min at 37°C in permeabilization buffer which contained propidium
iodide (P4170, Sigma; at 50 ug/ml) and RNAse A (R5000, Sigma; at 0.4 mg/ml). This was
performed in darkness. Cell suspensions were then processed through a CyAn™ APD
cytometer (Beckman Coulter). Between 10,000-20,000 events were recorded from each
sample. Debris and cell multiplets were excluded from the datasets. Analysis was carried out
in FCS Express, using the in-built analytical tool to classify cells by cell cycle phase, based on
an algorithmic processing of the propidium iodide staining. Only data collected from HCMEC

plated at 100,000 cells per well are presented in this chapter.
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4.2.4 Endothelial permeability, by transmural diffusion of FITC-Dextran

To measure the endothelial permeability of HCMEC, cells were plated at 60,000 cells per 12-
well Transwell insert (Greiner Bio-One) and grown to confluence for 24 hours in EGM-MV2.
Cells were then washed with PBS and the media replaced with co-culture media (+/- Cytomix)
for 24 hours. The fluorescent tracer FITC-Dextran of 40 kDa (FD40, Sigma) was added at 0.1
mg/ml in the upper chamber of the inserts (500 ul). Immediately after adding the FITC-Dextran,
Thrombin from bovine plasma (T7572, Sigma) was added in the upper chamber of the inserts
as well, at a final concentration of 0.1 U/ml. After 1 hour of treatment, medium from the lower
compartment was sampled in triplicates (200 pl). Intensity of fluorescence was measured on
a plate reader, at 488 nm. Endothelial permeability was calculated using the equations 1-3

(Section 2.5.3) and expressed as m.s™.

4.2.5 Thrombin-induced calcium transients in EC — Optical Mapping

Intracellular calcium transients were imaged in HCMEC using epifluorescent imaging of Fluo-
4 AM signals over time, recorded using the technique of Optical Mapping (Section 2.5.4). For
this experiment, HCMEC were cultured on glass bottom dishes (7 mm &, MatTek) at 20,000
cells per dish, for 24 hours in EGM-MV2, followed by 24 hours in co-culture medium. Cells
were then washed with normal Tyrode’s solution and incubated for 15 min with Fluo-4, before
bath solution was changed and left to equilibrate at 37°C for 10 min. Images were collected at
10x magnification using a CMOS camera (Hamamatsu, Japan), at 2 Hz for 20 min. After 120
seconds, Thrombin was injected at different concentrations in the Tyrode’s solution, with a
pipette near the site of recording. Traces were extracted in ImageJ and analysed in Clampfit
(pClamp suite). Background noise was averaged in cell-free regions and subtracted from the

Fluo-4 AM fluorescence in cells. Only one dish was used per thrombin-induced calcium wave.
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4.2.6 Confocal imaging of DAF-2 DA fluorescence

To measure the intracellular levels of NO in HCMEC, the cell permeable fluorescent probe for
NO, 4,5-Diaminofluorescein diacetate (DAF-2 DA), was added at 1 uM in culture medium on
60,000 HCMEC (per well of a glass-bottom 12-well plate). Cells were incubated thus for 1 hour
and medium was then changed to fresh Tyrode’s solution. After 5 min of equilibration at 37°C,
Thrombin (0-0.1 U/ml) and/or L-NAME (10 uM) were added to the wells and incubated for 20
min. DAF-2 images were collected using a Zeiss LSM-780 inverted microscope, at 488/515
nm (ex./em.) and at a 63x magnification. The DAF-2 fluorescence intensity was corrected for

background noise and averaged as pixel intensity for each cell using ImageJ.

4.2.7 Human XL Cytokine Profiler™ Array

To identify cytokines and chemokines differentially secreted by HCMEC after treatment with
Cytomix, culture supernatants (1 ml) were collected from the lower compartment of Transwell
cultures. Samples were centrifuged at 18,000 g for 12 min (at 4°C) to remove cells and debris,
and were stored at -80°C until used. For UT and Cytomix, two biological samples were pooled
together to be used on a single membrane and two membranes were used per conditions (i.e.
4 biological samples in total). For TNFa, IL-1B and hlL-6-treated HCMEC, only one membrane
could be used (in this case three biological samples were pooled in each condition). The array
kit was used as per manufacturer’'s recommendations (ARY022B, R&D), the array membranes
were imaged by ECL using radiographic films, and data were analysed with Imaged. Proteins

detected by the array are listed in Table 4.1.

4.2.8 Enzyme-Linked Immunosorbent Assay (ELISA)

The level of CXCL5, CXCL1, G-CSF, GM-CSF and ET-1 were quantified in the supernatants
of HCMEC, ARVM, HCMEC-ARVM Transwell co-cultures and adult cardiac fibroblasts using

ELISA kits: DuoSet ELISAs for CXCL5 (DY254, R&D), CXCL1 (DY275, R&D), G-CSF (DY214,
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R&D) and GM-CSF (DY215, R&D), were used with the DuoSet ancillary reagent kit (DY008,

R&D). A Quantikine™ ELISA was used to detect ET-1 (DET100, R&D). The kits were all used

as per manufacturer's recommendations. Cells were cultured (or co-cultured) for 4 hours,

media were collected and processed as in Section 4.2.7. Samples were run in technical

duplicates. Data were collected using a plate reader measuring optical density at 450 nm (with

readings at 562 nm subtracted).

Table 4.1: Analytes detected in the Proteome Human XL Cytokine Profiler™ Array kit

Adiponectin CXCL4 IL-3 M-CSF
ApoA1 (Apolipoprotein A-1) CXCLS5 (ENA-78) IL-4 MIF
Angiogenin CXCLS8 (IL-8) IL-5 MMP-9
Ang-1 (Angiopoietin-1) CXCL9 IL-6 MPO (Myeloperoxidase)
Ang-2 (Angiopoietin-2) CXCL10 IL-8 (CXCL8) OPN (Osteopontin)
BAFF CXCL11 IL-10 PDGF-AA
ﬁgggéggﬂ;ﬂiﬂfgg CXCL12 IL-11 PDGF-AA/BB
Complemert Component Cystatin C IL-12 p70 Pentraxin-3
CCL2 (MCP-1) Dkk-1 (Dickkopf-1) IL-13 RAGE
(M?IE-I;ZK:/I(I:FI’-:B) (EpidermaIEGG;c'J:wth Factor) IL-15 RANTES
CCL7 (MCP-3) Fas Ligand IL-16 RBP-4
CCL17 FGF basic IL-17 Relaxin-2
CCL19 (MIP-3B) FGF-7 IL-18 Bpa Resistin
CCL20 (MIP-3a) FGF-19 IL-19 Serpin E1
CD14 Fit-3 Ligand IL1RL1 (ST2) SHBG
CD26 G-CSF IL-22 TFF3
CD30 GM-CSF IL-23 TGF-a
CD31 (PECAM-1) Growth Hormone IL-24 TSP-1 (Thrombospondin-1)
CD 40 ligand (TRAP) HGF IL-27 TNF-a
CD71 ICAM-1 (CD54) IL-31 uPAR
CD105 (Endoglin) IFN-y IL-32 VEGF
CD147 (Emmprin) IGFBP-2 IL-33 Vitamin D BP
Chitinase 3-like 1 IGFBP-3 IL-34 TIM-3
Complement Factor D IL-1a Kallikrein 3 VCAM-1 (CD106)
CRP (C-Reactive Protein) IL-1B Leptin Negative Controls
Cripto-1 IL-1ra LIF /
CXCL1 (GROa) IL-2 Lipocalin-2 /
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4.2.9 Meta-analysis

CM cytokine and chemokine receptor mRNA expression was investigated using datasets
available online: Tabula Muris is a single-cell transcriptomics dataset obtained from 20 mouse
organs (7 mice)?®®. Gene count was derived from a SMART-Seq2 RNAseq library prepared
from individually FACS sorted cells. Data were obtained from the open platform Figshare (find

at https://tabula-muris.ds.czbiohub.org/). Besides the raw RNA count for each gene of interest,

cells were also counted as positive for a certain gene when the cell RNA count was superior

or equal to 10.

To use a different model and a different method of analysis, a microarray for mMRNA expression
in neonatal and adult Sprague-Dawley rat ventricular CM was examined?®®. This was
performed at N = 6 using an Affymetrix GeneChip™ Rat Genome Array 230 2.0 (A-AFFY-43),
covering 31,000 gene transcripts (Expression Atlas — E-MTAB-2832). Data were normalised
by Robust Multi-array Average using the Oligo 1.36.1 package (R). Extraction of data was

done with the help of Robert Maughan, PhD.

4.2.10 Statistics

Data are shown as mean +/- SEM. A D’Agostino-Pearson test was used to test the normality
of sample distributions. Statistical significance was then calculated to compare >2 groups with
each other, or multiple samples to the control group, using an ordinary one-way ANOVA with
Bonferroni’s post-hoc test (parametric) or a Welch’s ANOVA with Dunnett’s T3 correction for
multiple comparisons (non-parametric) were used. Significance is shown as: * p < 0.05. ** p <

0.01. *** p < 0.001. **** p < 0.0001.
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4.3 Results

4.3.1 Inflammatory signalling in EC after treatment with TNFa, IL-1$ or hiL-6 alone

To establish the formulation of a suitable pro-inflammatory treatment for HCMEC, each of the
three candidate cytokines was first validated separately. The aims were to keep the incubation
period constant for all conditions and identify the concentrations capable of inducing significant
expression of known pro-inflammatory target genes with the lowest probability of non-specific
effects. This was demonstrated using western blotting. As depicted in Figures 4.1A-B, TNFa

and IL-1B both induced a significant expression of VCAM-1 after 24h, at and above 1 ng/ml.

There is still some debate as to the presence of a canonical IL-6 signalling in endothelial cells.
However, preliminary experiments failed to detect expression of the IL-6 target gene ICAM-1
in HCMEC after 24 hours treatment with human recombinant IL-6 alone, up to 100 ng/ml (data
not shown). To allow for trans-signalling of IL-6 to occur, whereby IL-6 binds extracellularly to
its soluble receptor prior to contact with target cells, HCMEC were treated with IL-6/sIL-6Ra,
a chimeric compound branded as Hyper-IL-6 (hIL-6) at 25 ng/ml, as described in Section 4.1.
As shown in Figure 4.1C, there was a significant increase of STAT3 phosphorylation on S727
in HCMEC compared to untreated controls (4.3-fold, p < 0.05) after a 30 min incubation with
hIL-6. Interferon-a (IFN-a) was used as a positive control for the phosphorylation of STAT33%,
at 1 ng/ml (~100 U/ml). STAT3 phosphorylation was lost by 24h (p = 0.0096 for hIL-6).
However, after 24 hours of treatment with hlL-6 there was a significant induction of ICAM-1
expression (26-fold, p < 0.05 vs UT) and unexpectedly also MnSOD (6-fold, p < 0.05), as seen
in Figure 4.1D. VCAM-1 expression was also increased by 4-fold but not significantly, while
known target genes of TNFa or IL-1 signalling in EC were not affected by hlL-6 (eNOS, iNOS,
A20, HO-1 and TRAF®6: p > 0.2). For further experiments, TNFa, IL-18 and hIL-6 were used

at 1 ng/ml, 1 ng/ml and 25 ng/ml respectively, all for 24h.
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Figure 4.1: Induction of pro-inflammatory markers validating the use of TNFa, IL-18 and hIL-6

at tested concentrations in HCMEC in vitro

Quantification of protein expression by western blotting in HCMEC 24 hours after treatment with pro-
inflammatory cytokines. A-B. Expression of VCAM-1 after TNFa (A) or IL-1B (B) treatment at various
concentrations, and representative blots for VCAM-1 and loading control GAPDH. N = 3 (A), 5 (B).
C. Phosphorylation of STAT3 on S727 after hIL-6 treatment for 30 min or 24 hours. IFN-a serves as
a positive control. Data were compared with an ordinary one-way ANOVA and Bonferroni’s correction.
(lower panel) Representative blots. N = 3. D. Relative expression for a small panel of proteins known
to be regulated in EC during inflammation: VCAM-1, ICAM-1, eNOS, iNOS, A20, MnSOD, HO-1, and
TRAFG6, with representative blots. N =3, 7, 2, 2, 2, 5, 2, 2, respectively. Data are expressed as mean
+/- SEM and compared to control (untreated) using a one-way ANOVA and Bonferroni’s correction.

*p<0.05.**p<0.01.** p<0.001. # p < 0.05 versus untreated.

4.3.2 Protein expression of inflammatory markers in EC is cytokine-dependent and

distinct in the cytokine co-treatment (Cytomix)

Given the differences of cell signalling and protein expression profiles in response to TNFa or
IL-1B and hIL-6, as shown above, it was of interest to determine if a co-treatment would induce
a different inflammatory response in EC and to characterise this effect (e.g. based on additive,
antagonistic or synergistic interactions of cytokine signalling). HCMEC were either treated with
TNFa, IL-1B, hIL-6, individually or as a cocktail of all three (Cytomix). Protein expression was
then measured by western blotting after 24 hours (Figure 4.2). First, only after treatments with
TNFa or IL-1B was VCAM-1 expression significantly increased above that in untreated EC (p
< 0.05 and 0.01 respectively). Surprisingly, VCAM-1 induction was markedly reduced after co-
treatment of cytokines (3-fold with Cytomix compared to 85-fold with TNFa, p <0.01), bringing
VCAM-1 upregulation down to that seen with the hIL-6 treatment group (4-fold). TNFa also
induced significantly more VCAM-1 expression than in IL-1B-treated EC (35-fold increase only,
p < 0.05). In this experiment, expression of ICAM-1 was found significant compared to control

after IL-1p3 treatment, though Cytomix treatment approached significance (p = 0.07) (as seen
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Figure 4.2: Expression profiles of markers of cytokine activity were cytokine-specific, and the

effect of cytokines co-treatment was not additive or synergistic

Protein expression quantified in HCMEC 24 hours after treatment with TNFa, IL-18, hIL-6 or Cytomix
(TNFa + IL-1B + hIL-6), using Western blotting. Data are shown as fold change from the UT group.
A-C. Bar graphs showing respectively the mean relative expression of VCAM-1, ICAM-1 and MnSOD.
N = 3-7. Data are expressed as mean +/- SEM. Statistical analysis was carried out with a one-way
ANOVA with Bonferroni’s post-hoc test * p < 0.05. ** p < 0.01. *** p < 0.001. # p < 0.05, ## p < 0.01

vs control. D. Representative blots for VCAM-1, ICAM-1, MnSOD and the loading control GAPDH.
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in Figure 4.2B). Although the induction of ICAM-1 was reliably found to be lower after the hIL-6
treatment compared to other cytokines or Cytomix (9.8-fold vs 77-fold, 150-fold and 169-fold
for TNFa, IL-1B and Cytomix respectively), this was not statistically confirmed, probably due
to the low n number. As seen in Figure 4.2C, MnSOD expression was not specific to hlL-6,
where expression was lower than after IL-13 or Cytomix treatment (4.5-fold vs 42-fold and 51-
fold respectively, p < 0.01 and p < 0.001). Similarly, MnSOD induction by TNFa was of lesser

magnitude than in IL-18 and Cytomix groups (with a 14-fold increase, p < 0.01).

4.3.3 Cell cycle progression was arrested at G1 in HCMEC after Cytomix treatment

To determine if the cytokine co-treatment (Cytomix) introduced above recapitulates the effects
of inflammation on EC proliferation, cell cycle progression was measured by flow cytometry in
HCMEC (Figure 4.3). For this experiment, HCMEC were fixed, permeabilised and stained with
propidium iodide at 0 hours (i), or at 24 hours of culture in co-culture medium enriched with
10% FBS (as a positive control for proliferation) or in normal 1% FBS co-culture medium with
or without Cytomix (TNFa, 1 ng/ml; IL-18, 1 ng/ml; hIL-6, 25 ng/ml). Representative cytometric
histograms with cell populations are shown in Figure 4.3A, with the G1, G2 and S phases of
cell cycle differentiated by an algorithm (in-built in FSC Express). In Figure 4.3B it can be seen
that the Cytomix treatment was characterised by a significantly lower percentage of HCMEC
at the S or G2 phases than at t(o), but also compared to untreated cells grown in 1 or 10% FBS
(16% cells at G2/S with Cytomix, versus 36% at to) and 32% in UT group, p < 0.01 and 0.05
respectively). Of note, there was no difference between 1% or 10% serum in this case, nor a
change of proliferation between 0 and 24 hours of culture in the co-culture medium, whether
enriched with FBS or not. This experiment was performed with HCMEC plated at low density
(100,000 per well of 6-well plate). Cell cycle analysis was also performed at the usual HCMEC
culture density of 320,000 cells per well, but this resulted in a dampened proliferation in basal

conditions (including with 10% FBS) due to cell confluence (data not shown).
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Figure 4.3: Cytomix treatment induced cell cycle arrest at G1 in HCMEC

Flow cytometric analysis of cell cycle progression in HCMEC after 24 hours of treatment with Cytomix
in vitro compared to control (UT), O hours of treatment (T(0)), or 24 hours in co-culture medium with
10% FBS, by intracellular staining of Propidium lodide. A. Representative flow cytometry histograms
with automated classification of cells by their position in the cell cycle using FCS Excess algorithms.
B. Percentage of HCMEC in the G2 or S phases after treatment, considered proliferative. N = 3. Data
are represented as mean +/- SEM. Statistical analysis was carried out with a one-way ANOVA with

Bonferroni’s multiple comparisons test. * p < 0.05. ** p < 0.01.
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4.3.4 Effect of Cytomix on basal and thrombin-induced endothelial permeability

Because pro-inflammatory conditions have been known to promote endothelial permeability,
with fenestration of intercellular junctions and leakage from the vascular wall>®83% the effects
of Cytomix on basal and thrombin-induced permeability of EC monolayers were investigated.
To test this, the trans-endothelial diffusion of FITC-Dextran (40 kDa) was used as a measure
of permeability (Figure 4.4). First, the limits of detection for FITC-Dextran were defined using
a range of concentrations in medium (1 pg/ml to 1 mg/ml), as seen in Figure 4.4A. At least
down to 1 pg/ml the detection of FITC was highly accurate (R? = 0.9967). This was performed
in technical triplicates. Next it was necessary to test if coating the insert membrane with
gelatine hindered the basal diffusion of FITC-Dextran, even before cells could be plated. This
was addressed by measuring “abluminal” concentration of FITC-Dextran, 1 hour after
application in the “luminal” compartment of the Transwell system, i.e. diffusion from the insert
to the lower compartment (Figure 4.4B). Plating HCMEC in the insert led to a 63% decrease
of diffused FITC-Dextran compared to empty membranes (p < 0.001), and a significant 57%
reduction compared to the gelatine-coated inserts (p < 0.01). There was no change of diffusion
caused by the gelatine coating alone, compared to empty inserts (p = 0.32). Measured FITC-
Dextran concentrations ranged from 4.5x10* mg/ml, with HCMEC, to 1.4x10°3 mg/ml, in empty
inserts. As demonstrated above, this is well within the limits of linearity for the quantification
of FITC-Dextran. Finally, permeability of monolayers was measured 1 hour after 0.1 U/ml of
thrombin was applied in the top compartment of inserts (Figure 4.4C). In untreated conditions,
the calculated endothelial permeability P(EC) rose from 9.4x10° m.s™" to 4.2x10* m.s™ after
thrombin application, a 4.47-fold change compared to control. However, due to variability in
the thrombin group this was not statistically significant, and more repeats are thus warranted
to confirm this effect. There was no statistical difference of basal P(EC) between the UT and
Cytomix groups, and interestingly thrombin did not increase P(EC) in Cytomix pre-conditioned

samples.

136



Linear portion of B Abluminal conc.
FITC-Dextran fluorescence
2x103
106_ — *kk
] | I |
5 1054 £ | sx100
3 o 1. ® =
< v £ 4
3 c
g 103 R2=0.9967 g 1%10° - x
(7]
£ 102+ d'.’
3 O 5x104
e 10" =
[T
100 1 1 I I I 1 0
106 105 104 102 102 10" 100 T T cl;
S S
FITC (mg/ml) o & ¥
@ =
C Endothelial permeability
1103 '
[ ]
< 8x104-
“
E
= 6x104— T
T 4x104
£
1™
& 2x10% *
e ®
0 I I

Figure 4.4: Cytomix treatment did not affect basal permeability in HCMEC monolayers but

might affect the response of EC to thrombin

Endothelial permeability after Cytomix treatment for 24 hours, as measured by the diffusion of FITC-

Dextran (40 kDa) across EC monolayers. A. Linear relationship between FITC-Dextran concentration

(mg/ml) and fluorescence (a.u.). Red line = linear fit. R value is shown in the graph. B. Concentration

of FITC-Dextran in the lower chamber of a Transwell system (abluminal side) after diffusion through

a bare insert membrane (empty), after coating with gelatine, or through HCMEC monolayers. N = 3.

Data were compared with a one-way ANOVA and Bonferroni’s post-hoc test. C. Permeability of EC

monolayers before and after treatment with thrombin (0.1 U/ml). N = 4. Due to unequal SD, statistical

analysis was carried out here with Welch’s ANOVA, and Dunnett’s T3 multiple comparison test. Data

are represented as mean +/- SEM. * p <

0.05. ** p < 0.01. *** p < 0.001.

137



4.3.5 Effect of Cytomix on thrombin-induced calcium transients in HCMEC

The release of Ca?* from intracellular stores (and an influx of extracellular Ca?*) is responsible
for the increased endothelial permeability that is seen in response to thrombin®. Moreover,
this was shown to be regulated by inflammatory cytokines such as TNFa®'. To test if the
absence of thrombin-induced permeability after Cytomix treatment could be explained by a
change in calcium transient morphology in EC, free cytosolic Ca?* was imaged in HCMEC
using Fluo-4 AM. The frequency of spontaneous calcium transients in the UT and Cytomix
groups was too low to provide data of sufficient quality (data not shown). However, as was
expected, thrombin induced reproducible calcium transients in a concentration-dependent

manner (Figure 4.5).

As seen in Figure 4.5B, the scale of thrombin-induced calcium transients was dramatically
smaller after Cytomix pre-conditioning compared to UT conditions. As a result, the duration of
transient was also greatly reduced compared to control, as illustrated in Figure 4.5C for which
the transients were normalised to their amplitude. Figures 4.5D and 4.5E show that thrombin-
induced calcium transients were only significantly affected by Cytomix at 0.1, 1, 10, but not at
0.05 U/ml of thrombin (p > 0.05). Interestingly, the amplitude of transients in UT cultures rose
from 11 to 20 between 0.05 and 10 U/ml of thrombin (note: not significantly) but it was mostly
unaffected by thrombin concentration in the Cytomix group. Conversely, while the duration of
the transient was mostly unaffected by thrombin concentration in the UT group (it increased
non-significantly from 122 to 159 s), it was significantly reduced from 87 to 44 s between 0.05

and 10 U/ml of thrombin after Cytomix pre-conditioning.

This suggests that the adaptive response of endothelial calcium homeostasis to thrombin is
disrupted by the treatment with Cytomix. Furthermore, the reduction in amplitude and shorter
duration of calcium transients shown in this experiment may well explain the lack of thrombin-

induced endothelial permeability which was described in the previous section.
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Figure 4.5: Cytomix treatment attenuated both the amplitude and duration of thrombin-

induced calcium transients in HCMEC

Optical mapping recording of calcium transients in HCMEC in vitro, using Fluo-4 AM and following
an acute delivery of thrombin. HCMEC were pre-conditioned with Cytomix for 24 hours before the
experiment. A. Representative time course of calcium transients after thrombin application (at the
yellow cross), during which images of Fluo-4 AM fluorescence were collected every minute at 10x
magnification (t0 to t4). B. Averaged representative traces of calcium transients with amplitude
corrected for the basal Fluo-4 AM intensity and background noise (F1/F0). n = 3. SEM is shown as
a coloured region. C. Averaged representative traces (n = 3) of calcium transients normalised to the
peak amplitude. D. Amplitude of calcium transients after the treatment with thrombin at different
concentrations. E. Duration of calcium transients expressed as the time to reach 80% of signal
decay from the start of the transient (TTD80%), after thrombin treatment. n = 20 technical replicates.
Data are expressed as mean +/- SEM and compared with Welch’s ANOVA and Dunnett’'s T3 post-

hoc test. * p < 0.05. ** p <0.01. *** p < 0.001. **** p < 0.0001.

4.3.6 Effect of Cytomix on basal and thrombin-induced NO synthesis in HCMEC

Thrombin is also known to stimulate eNOS activity, and therefore the synthesis of NO in EC54.
Interestingly, this mechanism involves the intracellular calcium release which was investigated
above®3. Given the absence of thrombin-induced permeabilization (a signalling target of
eNOS-produced NO®?) and impaired calcium homeostasis in EC after treatment with Cytomix,
it was hypothesised that thrombin-induced NO production would also be affected by Cytomix.
It was also important to test the basal unstimulated synthesis of NO since any difference would
have important repercussions for the interpretation of EC-CM co-culture effects. Using a cell-
permeable fluorescent indicator for NO, DAF-2 DA, the intracellular NO level was imaged in

living cells by confocal microscopy (Figure 4.6A).

Bradykinin was tested in preliminary experiments as an independent inducer of NO, at a range
of concentrations from 10-'° to 10* M. Images were collected every 20 s for 20 min (data not

shown). Surprisingly, there was no detectable increase of DAF-2 intensity in UT EC at any

140



uT

Cytomix

154

10

Mean DAF-2 fluorescence

+ Thrombin + L-NAME + Thrombin

Control 10 pM + L-NAME
.
. TP

*}

Thrombin-induced NO

*

A:

¥

0.01 0.1

Thrombin (U/ml)

Mean DAF-2 fluorescence

Effect of L-NAME on NO

¥*

+ - 4

0.01 Thrombin (U/ml)

L-NAME 10uM

mEm  Cytomix

Figure 4.6: Cytomix treatment increased the synthesis of NO in vitro after thrombin or after
L-NAME application in HCMEC, but not the basal levels of intracellular NO

Confocal microscopic imaging of DAF-2 DA fluorescence in HCMEC after Cytomix pre-conditioning,

and treatment with thrombin and/or L-NAME. A. Representative images of DAF-2 DA fluorescence,

at 63x magnification. Images are shown as inverted greyscale. Blue bar = 30 ym. B. (left panel)

DAF-2 DA fluorescence (pixel densitometry) averaged per cell, 20 min after treatment with 0, 0.01

or 0.1 U/ml of thrombin. (right panel) DAF-2 DA fluorescence 20 min after treatment with 0 or 0.01

U/ml of thrombin, 10 um of L-NAME, or thrombin + L-NAME co-treatments. n/N = 10/3 (images per

replicate / technical replicates). Data are expressed as mean +/- SEM, and points show technical

replicates (N). Analysis was done on N values using an ordinary one-way ANOVA and Bonferroni’s

post-hoc test. * p < 0.05. ** p < 0.01.
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concentration of bradykinin. As seen in Figure 4.6B, there was also no production of NO after
60 min treatments of UT EC with thrombin (at 0.01 and 0.1 U/ml), again contrary to published
reports®2. However, and even more surprisingly, application of thrombin at 0.1 U/ml induced a
significant increase of DAF-2 fluorescence in HCMEC pre-treated with Cytomix, compared to
the baseline fluorescence (3.5-fold change, p = 0.021). As a result, NO synthesis was greater
in the Cytomix group than in the UT group, with thrombin used at 0.1 U/ml (4.2-fold change, p

= 0.013). At 0.01 U/ml of thrombin, the effects of Cytomix and thrombin were not significant.

There was no detectable difference between the basal NO synthesis in UT and Cytomix-pre-
treated EC, though this lack of effect is still statistically inconclusive due to high variability. To
confirm that the Cytomix-specific increase of DAF-2 intensity by thrombin was indeed NO, the
well-established NO synthase inhibitor L-NAME was used in cultures for 20 min, at 10 uM. As
shown in Figures 4.6A and 4.6B however, L-NAME increased NO levels in the Cytomix-treated
cells compared to baseline, without any thrombin (2.6-fold change, though note that p = 0.14),
instead of decreasing DAF-2 signal intensity. When added to 0.01 U/ml of thrombin, L-NAME
stillinduced a negligible and non-significant increase of DAF-2 signal in UT. After Cytomix pre-
conditioning however, L-NAME + thrombin induced a significantly larger production of NO than
thrombin alone (2.2-fold change, p = 0.013), L-NAME alone (1.7-fold change, p = 0.05) or in
UT (2.9-fold change, p = 0.0032). Due to timeline restrictions no other inhibitor of NO could be

tested to investigate the counterintuitive effects of thrombin and L-NAME in this experiment.

4.3.7 Screening for EC-secreted inflammatory markers and candidate mediators for

the paracrine effects of EC on CM

To further validate that the Cytomix treatment generates a pro-inflammatory phenotype in EC,
at least with regards to their paracrine activity, and to potentially bring to light soluble mediators

contributing to the effects of EC-CM co-culture in future experiments (Chapter 5), the culture
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Figure 4.7: Cytomix treatment stimulated the secretion of 10 pro-inflammatory proteins by
HCMEC in vitro

Densitometric quantification of the expression of 105 proteins in supernatants of HCMEC 24 hours
after Cytomix treatment, obtained using the human XL Cytokine Profiler Array from R&D. (left panel)
Representative array membranes showing duplicate spots for proteins and controls. Yellow markers
identify some differentially expressed proteins between the two conditions. (right panel) Fold change
of expression for each protein of the array after Cytomix treatment compared to UT. Red = statistical
difference. N = 2 (number of arrays, with a pool of 2 biological replicates for each). Data are shown

as mean +/- SEM and analysis was done using one-way ANOVA and Bonferroni’s test. * p < 0.05.

supernatants were collected from UT or Cytomix-treated HCMEC (after 24 hours). The relative
expression of 105 secreted proteins was measured and analysed using a human XL Cytokine
Profiler Array (R&D), which consists of capture and control antibodies spotted in duplicates on
nitrocellulose membranes (Figure 4.7). Using this method, as is shown in Figure 4.7, 10 factors
were identified as differentially expressed between conditions (p < 0.05). These following were
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Table 4.2: Treatment with Cytomix or individual cytokines produced different profiles of

secreted inflammatory proteins in HCMEC in vitro

Quantification of protein expression in the supernatants of HCMEC after treatment with TNFa, IL-

1B, hIL-6 or Cytomix for 24 hours, as measured by densitometry using the Cytokine Profiler Array

(R&D). Data are shown as fold change (blue < 1 < red) compared to the group of reference shown

in grey and in italics. Data are either compared to the top 10 proteins identified after treatment with

UT (upper left), TNFa (upper right), IL-1p (middle left), hIL-6 (middle right), or with Cytomix (lower

left); or compared by the top 10 differences of protein expression between UT and Cytomix (lower

right). N = 2 (UT and Cytomix) and 1 (TNFa, IL-18, hIL-6).

UT: UT  TNFa  IL-1B hiL-6  Cytomix |NENYVZet UT  TNF@  IL-18 hil-6  Cytomix
Serpin E1 10250 | 1.00 099 099 099 Serpin E1 100 | 10277 | 098 099 0.99
EGF 969 | 099 087 098 103 IL-8 074 | 9779 | 101 | 065 133
Pentraxin-3 8544 | 093 078 094 101 EGF 101 | 9757 | 088 099 1.04
VibminDBP | 7598 | 087 |02 o086 100 Pentraxin-3 107 | 7955 | 084  1.01 1.08
MIF 75633 | 09 ~ 088 090 104 cCL2 7219 | 060 053 158
IL-5 7432 | 092 0% 103 MIF 105 | 71.98 | 061 094 1.09
Lipocalin-2 7401 | 093 093 139 TSP-1 099 | 7062 | 095 089 093
MPO 7391 | 089 085 103 Lipocalin-2 108 | 6878 1.00 149
Ang-2 7363 | 088 | 050 079 095 CXCL1 6643 | 130 | 048
IFN-y 7330 | 090 | 043 | 082 102 IL-5 109 | 6813 105 113

IL-1B: UT  TNFx 18 hi-6  Cytomix [ IoY UT  TNFa hiL-6  Cytomix
Serpin E1 101 102 | 10210 | 101 1.00 Serpin E1 101 101 10187 | 1.00
IL-8 073 099 | 9922 | 064 131 EGF 102 101 9694 | 105
CXCL1 028 o077 | s9.04 155 Pentraxin-3 106 0.9 8036 | 107
EGF 115 143 | 817 | 113 118 IL-5 104 095 7161 | 107
TSP-1 104 105 | 6739 | 093 097 Lipocalin-2 107 1.00 6694 | 149
Pentraxin-3 128 119 | 6665 | 121 129 MIF 112 107 6749 | 1.6
GM-CSF 60.37 113 VitamnDBP | 116 1.01 6570 | 1.5
IL-6 050 57.48 IL-8 115 155 63.10 |IN20600
MIF 172 165 | 4373 | 154 1719 TSP-1 112 112 6291 | 104
ccL2 071 167 | 4310 | 0.89 MPQ 118 105 6275 | 120

Cytomix: IL-1B hiL-6  Cytomix \ versus UT: hiL-6 Cytomix
Serpin E1 100 1.00 CXCL5 396 | 691 559 147

IL-8 085 075 076 | 048 | 9678 G-CSF 452 | 134 439 9.74
EGF 085 096 | 9508 CCL20 947 | 208 346 104 8.75
CXCL5 91.74 GM-CSF 462 | 119 595 [ 078 | 674
CCL20 82.93 CXCL1 1026 | 326 425 157 6.58
CXCL1 67.52 ICAM-1 507 116 457
IL-6 60.65 IL-6 13.40 199 453
IL1RL1 60.35 IL1RL1 1341 | A1 450
Pentraxin-3 093 078 093 | 5968 CXCL10 235 | NA NA NA 331
MIF 096 092 = 056 08 | 5849 CCL2 1235 | 235 | 141 125 371
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the most enriched in supernatants after Cytomix treatment: CXCL5 (23.17-fold change vs UT),
G-CSF (9.74-fold), CCL20 (8.75-fold), GM-CSF (6.74-fold), CXCL1 (6.58-fold), ICAM-1 (4.57-
fold), IL-6 (4.53-fold), IL1RL1 (4.50-fold), CXCL10 (3.31-fold) and CCL2 (3.71-fold). There was
no significant downregulation of secreted factors compared to UT. Of note, as shown in Table
4.2, these proteins were not necessarily among those which were detected at the highest
intensities with the array. Indeed, the proteins with the highest raw values were (from the
highest): Serpin E1, IL-8, EGF, CXCL5, CCL20, CXCL1, IL-6, IL1RL1, Pentraxin-3 and MIF;
of which 4 were shared with the top 10 expressed proteins found in the UT condition. Raw
values are not entirely physiologically relevant when read in isolation since they directly
correlate to the sensitivity of each capture antibody. However, direct comparison of such highly

expressed factors allows for additional insight on the effect of each treatment.

To further understand the contribution and interplay of TNFa, IL-18 and hlL-6 in the effects of
Cytomix, and on the phenotype of EC, additional arrays were run with supernatants obtained
from HCMEC treated with only TNFa, IL-18 or hIL-6 for 24 hours. These were included in the
meta-analysis of UT versus Cytomix (Table 4.2). From the list of most highly expressed factors
for each cytokine treatment, it can be observed that each condition produced a unique profile.
For example, looking at the top rankers in UT samples, IL-1B stands out from other cytokines
and Cytomix in that most of these proteins were downregulated (e.g. lower expression of MIF,
EGF, Pentraxin-3). GM-CSF, IL-6 and CXCL1 were expressed at higher levels in IL-1B-treated
EC than in TNFa- or hiL-6-treated cells, suggesting their induction by Cytomix originates from
an IL-1p signalling. Similarly, CCL2 and ICAM-1 are predominantly induced by TNFa. Overall,
the secretome response of HCMEC to hIL-6 is poorly reflected in the Cytomix response versus
UT, with a negligible induction of CXCL5, CXCL1 or ICAM-1 compared to levels obtained from

TNFa and IL-1B samples.
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4.3.8 Quantitative validation of soluble factors identified with the array as potentially

enriched by Cytomix treatment on HCMEC

The Cytokine Profiler Array represents a useful screen but can only provide semi-quantitative
data, with much less accuracy than other methods. To further validate the secreted factors
identified in the previous experiment and to determine if their differential release in EC after
Cytomix pre-conditioning is maintained in co-cultures with CM, new culture supernatants were
collected and analysed by ELISA. Before comparing experimental conditions, it was first
necessary to identify the optimal dilution for the samples, as ELISA tests are much more
sensitive to their targets than the Profiler Array. This was validated for CXCL5, CXCL1, G-
CSF, GM-CSF, plus ET-1 (which was not included in the Array but is of interest for EC-CM
paracrine interactions), using supernatant samples diluted at 1:1, 1:50, 1:100 and 1:200. As
seen in Figure 4.8, in Cytomix-treated samples, for CXCL5 and GM-CSF, only the 1:1 dilution
was found within the bounds of the recommended standard curve. For CXCL1, samples
should not be diluted more than at 1:50. Finally, for G-CSF and ET-1, sample dilutions from
1:1 to 1:200 allowed detection along the recommended standard curve. At 1:1 dilution, the 5
targets were equally detected within the limits of the standard in supernatants collected from
UT cultures. At higher dilution ratios, UT samples often produced values close to or below

background noise. Therefore, this 1:1 sample dilution was preferred in subsequent ELISAs.

The concentrations of CXCL5, CXCL1, G-CSF, GM-CSF and ET-1 were measured by ELISA,
in co-culture medium, in HCMEC, ARVM or adult human cardiac fibroblasts (FB) supernatants,
or in HCMEC-ARVM transwell co-cultures (Figure 4.9). To prevent the secretome of EC at the
end of their Cytomix pre-conditioning being carried over in the supernatants of co-cultures, all
samples were collected 4 hours after Cytomix was removed, cells thoroughly washed and co-
cultures started. First, CXCL5 was found enriched in HCMEC and co-culture supernatants in
response to Cytomix, with no difference between EC and EC + CM (24-fold change vs UT and
13-fold, p = 0.0002 and p = 0.0435, respectively). Cytomix did not induce CXCLS5 release in

ARVM, but significantly in FB (43-fold change vs UT FB, p < 0.0001). In all cell types and after
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Figure 4.8: Optimisation of sample dilution for ELISA quantification of candidate EC-secreted

factors

Quantification by ELISA of human CXCL5 (A), CXCL1 (B), G-CSF (C), GM-CSF (D) and ET-1 (E)
in HCMEC supernatants 24 hours after Cytomix treatment, with samples diluted at 1:1, 1:50, 1:100,
or 1:200. N = 1. A nonlinear regression fit has been applied to optical density values of the standard.
R2 is given in each graph. The curve is dotted where extrapolated. Red dots = sample dilutions for
Cytomix; blue dots = UT. F. Picture of ELISA plate after reaction has been stopped, with CXCLS5,

CXCL1 and GM-CSF, showing the standard (std.) and samples from UT or Cytomix treatments.
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Figure 4.9: CXCL5 and G-CSF, but not ET-1, CXCL1 and GM-CSF, were differentially released

by EC alone and during EC:CM co-culture after Cytomix treatment

Quantification by ELISA of CXCL5 (A), CXCL1 (B), G-CSF (C), GM-CSF (D) and ET-1 (E) in culture
supernatants of HCMEC, ARVM, hACF (FB) or EC:CM co-cultures, collected after 4 hours of culture
in fresh medium, following 24 hours of pre-conditioning with Cytomix N =6 (EC; CM UT), 4 (medium
alone; EC+CM), N = 2 (CM + Cytomix; FB). Values were excluded when measured below the limit
of detection. Data are shown as mean +/- SEM and compared using an ordinary one-way ANOVA
and Bonferroni's correction for multiple comparisons. * p < 0.05. ** p < 0.01. *** p <0.001. *** p <

0.0001. Med: culture medium alone. N/A: no data point available.
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co-culture, UT levels were statistically indistinguishable from the levels detected in medium.
Similarly, G-CSF was induced by Cytomix in EC, FB and in EC-CM co-cultures (7-fold change
vs UT, 12-fold and 4-fold, respectively, p = 0.0095, 0.0006, 0.022), and the UT concentrations
were unchanged from medium alone. Levels in CM after Cytomix treatment could not be read
within the limits of detection. There was no effect of co-culture with CM on the levels of EC-
produced G-CSF. CXCL1 was only found induced by Cytomix treatment in EC or FB alone (2-
fold and 36-fold, respectively, p = 0.0275, < 0.0001, compared to 1.3-fold at > 0.9999 in co-
cultures). Here again in UT samples the concentration of CXCL1 was indistinguishable from
media levels. Surprisingly, GM-CSF was not induced by Cytomix in EC, CM or co-cultures
(contrary to data from the profiler array) but was significantly enriched post-treatment in FB
(3.5-fold change vs UT, p = 0.0003). The GM-CSF concentration was also insignificant in all
UT conditions. Finally, ET-1 was found enriched in the supernatants of CM, but not of EC, FB,
or curiously in EC-CM co-cultures after a Cytomix treatment (1.5-fold change in CM vs UT, p
= 0.0421). To summarise, these data suggest that CXCL1, GM-CSF and ET-1 are unlikely to
contribute to the paracrine effects of EC on CM. However, this confirmed the induction by

Cytomix of CXCL5 and G-CSF secretion by EC, as detected with the profiler array.

4.3.9 Meta-analytical assessment of ligand-receptor interactions in CM, based on the

expression of specific receptors in published large datasets

To determine if the paracrine mediators identified using the profiler array were likely to induce
signal transduction in CM, the RNA expression of receptors for these factors was investigated
using the Tabula Muris online resource (a single-cell RNA sequencing dataset, on mouse CM
for example) and a published normalised RNA microarray dataset from Fuller et al. (2015) with
the expression profile of adult compared to neonatal rat CM?%°, The expression of ligands was
also quantified to better contextualise the data obtained with ELISA in CM. RNA expression
was analysed for specific markers of CM (TNNT2, MYL2, and ACTC1), for the ligands CXCLS5,

CXCL1, CCL2, CSF2 (GM-CSF), CSF3 (G-CSF), IL6, IL1RL1, and the receptors CCR2 and
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Figure 4.10: RNA expression of candidate ligands (identified with the Profiler Array) and their

canonical receptors in mouse and rat CM

Meta-analysis of RNA count and normalised RNA expression for CM markers (TNNT2, MYL2, and
ACTCH1), or proteins identified with the profiler array and their main known receptors. A. Analysis of
RNA levels in mouse CM in the Tabula Muris single-cell transcriptomic dataset. n = 133 cells (these
obtained from a total of 7 biological replicates). Gene expression is compared to zero using the
Welch’s ANOVA and Dunnett’s correction. B. Percentage of CM positive for each gene of interest.
The lower cut-off for expression in cells was 10 counts. C. Histogram of gene distribution per
normalised RNA expression in neonatal and adult rat CM, as measured by RNA microarray (Fuller
et al. 2015). Graph has been generated by Robert Maughan, PhD. D. Normalised RNA expression
for all the genes of interest, shown as mean +/- SEM. N = 6. All samples passed normality test of

D’Agostino & Pearson in this dataset. * p < 0.05. N/A: gene was not tested in the microarray.
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CCR4 (activated by CCL2), CXCR2 (targeted by CXCL1, CXCL5 and IL-8), CSFR2A (for GM-
CSF), IL6R, TNFRSF1A (receptor for TNFa, which was used as a positive control for receptor

expression in CM), EDNRA and EDNRB (ET-1 receptors).

As seen in Figure 4.10A, the RNA transcripts for ligands and receptors genes in Tabula Muris
was much lower than the expression of the CM markers. For CXCL1, CSF2RA, TNFRSF1A,
EDNA and EDNB, RNA expression was significantly greater than 0. Applying a cut-off of 10
RNA counts per cell, below which cells were considered negative for a given gene, the number
of CM positively expressing each ligand and receptor was found to be much lower than for
CM markers. Indeed, 98% and 99% of CM expressed TNNT2 and ACTC1 (although only 39%
also expressed MYL2). Only 1.5% of cells expressed CXCL1, reflecting the absence of basal
CXCL1 secretion by CM measured by ELISA. CSF2RA, TNFRSF1A, EDNA and EDNB were

only expressed significantly in 6.7%, 18.8%, 6.7% and 41.3% of all mouse CM (respectively).

Similar findings were obtained in rat CM, using the normalised data from the RNA microarray
published in Fuller et al. (2015). Of note, MYL2, CXCL5, CCL2 and CCR2 were not included
in the dataset. When using this type of microarray data it can be challenging to determine what
constitutes high and low RNA expression. To help read the data from this meta-analysis, the
distribution of all genes was plotted by RNA expression (Figure 4.10C). This histogram shows
firstly that RNA expression in this microarray is confined between 3 and 14, with most genes
detected between 5t0 9. Only TNNT2, ACTC1, CXCL1 and, in neonatal CM, TNFRSF1A were
detected above 9 (Figure 4.10D). Due to the experimental design for this microarray, it is not
possible to quantify accurately the number of positive CM, as was done with Tabula Muris. It
can be difficult to detect ligands and receptors at the level of both mRNA and protein, and this
limits the possible interpretations of such results. The expression of these factors can be low,
dynamic, and inducible. A low level of mMRNA expression thus does not correlate necessarily
with a low ligand or receptor activity. Further experimental protein expression data and most
importantly functional analysis is required to investigate further the effects of these candidate

EC-derived soluble factors on CM function.

151



4.4 Discussion

A lot remains to be understood about inflammatory signalling in EC, particularly regarding the
complex interplay of stimuli that can occur to regulate the transcriptional or post-transcriptional
activity of EC. In this chapter, data converge to illustrate how the phenotype of EC is regulated
differently by similar cytokines, all of which have been categorised and widely used by us and
others as pro-inflammatory treatments. To go beyond the differences of cytokine responses
in EC, endeavouring to improve the physiological relevance of the models and to understand
the intricate plasticity of endothelial behaviour in this process, an important aim for this chapter
was to use TNFa, IL-1B and IL-6 in conjunction, instead of separately as is done traditionally.
In many disease-related pro-inflammatory responses these cytokines are present together in
the local microenvironment. Using this treatment strategy, my data indicate that the response
of HCMEC to these cytokines is far from simply additive. Indeed, responses were sometimes
antagonistic (VCAM-1 induction was lost in the co-treatment response) and synergistic (with
a larger release of pro-inflammatory factors), this complicated cellular response has raised
more questions than answers, so far. While characterising the physiology of EC after treatment
with this cytokine cocktail (Cytomix), there was sufficient evidence that the EC response to

this treatment was of an inflammatory nature.

A sine qua non to testing the subsequent paracrine effects of Cytomix-treated EC on CM in
co-culture was some evidence that endothelial secretions were modulated by Cytomix (both
quantitatively and qualitatively) and consistent with the phenotype of EC during inflammation.
Using a Cytokine Profiler Array, pro-inflammatory proteins were found to be enriched in the
culture supernatants of EC after Cytomix treatment and, among those, a number were further
validated by ELISA. However, a brief meta-analysis of receptors mRNA expression in healthy
CM suggested that these ligands are unlikely to transduce signals in a healthy CM population.
This mRNA expression result must be interpreted very cautiously and cannot be considered

the most sensitive way of investigating these ligand-receptor interactions. Protein expression
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data in CM are required, and ultimately a direct analysis of CM functional responses following

exposure to the individual cytokines and chemokines must be performed.

Perhaps the most interesting and perplexing finding in this chapter is the differential synthesis
of NO after thrombin treatment in Cytomix pre-conditioned EC but not in untreated EC. This
was associated with a decreased amplitude and duration of calcium transients in EC, a lack
of endothelial permeability in response to thrombin, and greater NO synthesis (which in theory
represents the intermediate link between calcium and EC permeability). Though the aim for
this chapter was fulfilled, the data shown above warrant further characterisation of endothelial
properties and signalling pathways. This will help determine how co-treatment with cytokines

differs from individual cytokine treatments, and how this might be exploited therapeutically.

To summarise rapidly the results of this chapter, we show that: (1) TNFaq, IL-18 and hIL-6 (but
not IL-6) induced unique expression profiles of known pro-inflammatory proteins in EC. (2) Co-
treatment of cytokines (Cytomix) induced a complex non-additive response for these markers.
(3) Cytomix treatment provoked EC cycle arrest to G1. (4) Cytomix did not modulate basal EC
permeability but attenuated the thrombin-induced EC permeability. (5) This is associated with
smaller and shorter thrombin-induced calcium transients. (6) Basal NO was undetectable in
UT or Cytomix-treated EC, but thrombin stimulated NO synthesis in Cytomix pre-conditioned
EC only. (7) In this experiment, L-NAME had the effect of increasing NO synthesis. (8) A small
group of factors was identified as differentially released by EC after Cytomix treatment. (9)
Only some of these soluble factors could be validated quantitatively by ELISA. (10) The

paracrine activity of EC on CM via these soluble factors merits further functional investigation.

4.41 Modelling the trans-signalling of IL-6 in EC in vitro with hIL-6

The caveat to using IL-6 in vitro on isolated EC is that IL-6 requires binding with its receptor
sIL-6Ra, a protein only expressed in hepatocytes and leucocytes**. As introduced earlier, this

issue can be circumvented using hyper-IL-6 (hIL-6). Due to its composite nature it is possible
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that hiL-6 behaves unexpectedly in HCMEC. This was ruled out in Figure 4.1C and 4.1D with
hIL-6 (but not IL-6) being able to induce acutely STAT3 phosphorylation on S727 and, after
24 hours, to induce expression of ICAM-1 and MnSOD. Both targets have been shown to be
inducible by hIL-6 or IL-6/sIL-6Ra previously*’-307:3% QOther markers of inflammation, which
were selected as targets more specific to TNFa and IL-18, were not regulated by hlL-6
(VCAM-1, eNOS, iINOS, A20, HO-1, and TRAF®6). The ability of IL-6 to regulate these proteins
might be cell type-dependent. For example, HO-1 was found induced by IL-6 in myeloma
cells®® but not in macrophages?®'°. The response of HCMEC to hlL-6 was however considered

compatible with the canonical trans-signalling of IL-6.

4.4.2 hlIL-6 interfered with the TNFa and IL-1B signalling in EC

Originally, the rationale for using three cytokines as co-treatment was to mirror a complex pro-
inflammatory microenvironment. It was hypothesised that adding cytokines to the treatment of
EC would generate synergistic effects. As discussed above, cytokine interactions are relatively
rarely studied and so poorly understood. It was thus interesting to find a significantly lower
induction of VCAM-1 after Cytomix treatment than after TNFa treatment alone (Figure 4.2A),
although TNFa was used at the same concentration in Cytomix and added to IL-183, which
independently can also induce a significant increase in VCAM-1 expression. VCAM-1 was not
induced by hIL-6. | propose that this absence of VCAM-1 induction by Cytomix is caused by
hIL-6 directly interfering with the canonical response of EC to TNFa and IL-1B. This sort of
effect, particularly when multiple cytokines are involved, is too often dismissed as “cytokine
phenomenology” and thought difficult to relate to in vivo settings. However, it should be noted
that this very effect has been reported previously. Indeed, treatment of astrocytes and human
astroglioma cells with IL-6/sIL-6Ra blunted TNFa-induced VCAM-1 expression, but not TNFa-
induced ICAM-1 expression®''. My data provide the first report of such a response in EC. The
effect is poorly understood, and has been attributed to anti-inflammatory effects of IL-6, e.g. a

synthesis of IL-1Ra (a potent antagonist of IL-1) and the release of soluble TNFa receptors3®,

154



Despite this effect having anti-inflammatory ramifications, it would be too reductionist to
categorise the hIL-6 signalling in Cytomix as purely anti-inflammatory (or antagonistic to
TNFa/IL-1B). Indeed, hIL-6 did not inhibit ICAM-1 or, as is shown in Table 4.2, was not able
to prevent the synergistic release of pro-inflammatory factors by EC when added in Cytomix.
Furthermore, even TNFa is not entirely pro-inflammatory, as it also exerts anti-inflammatory

and antioxidant effects in the vascular endothelium (including induction of A20 and MnSOD).

The pathophysiological implications of VCAM-1 expression in the microvasculature during the
inflammatory response are still misunderstood. The density of CAM was reported to be greater
in the venular endothelium than in arterioles or capillaries, causing leucocyte rolling, adhesion
and diapedesis to occur preferentially in postcapillary venules®'%3'3, In this the heart might
even be an exception, with neutrophils adhering mostly to the walls of larger coronary veins®'.
The contribution of microvascular EC expressed CAM to cardiac inflammation is still undefined
and might even be dispensable. The lack of VCAM-1 induction by Cytomix does not invalidate
its use as a pro-inflammatory intervention. With IL-6 and endothelial STAT3 signalling
correlating with and contributing to HF?8529131% the value of such hIL-6 interference with TNFa

or IL-1B activity should not be overlooked in any model of cardiovascular inflammation.

4.4.3 Anti-proliferative properties of Cytomix treatment in HCMEC, recapitulating the

pathophysiology of microvascular inflammation

A commonly reported feature of vascular remodelling in disease is the defect of angiogenesis,
which is dependent on EC proliferation. It is thus not surprising that low EC proliferation was
found in in vivo models of diabetes®'®, vascular injury®'” and MI*3®  which are all
characterised by an inflammatory response of the microvasculature. Cytomix treatment
induced a significant arrest of cell cycle progression at G1, after 24 hours in HCMEC (Figure
4.3), suggesting it can model appropriately the anti-proliferative effect of microvascular
inflammation. It would be also pertinent to test if this effect can be reproduced in more complex

models of angiogenesis, in which EC proliferation is not the only cellular function measured.
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A fibrin gel bead assay (also known as a bead sprouting assay) was tried in this project but
could not be developed in time, mostly due to an absent sprouting in untreated conditions
which prevented us from testing the effects of Cytomix (no data could be included). Other
experimental approaches could be used to further demonstrate and explain this anti-
proliferative effect of Cytomix. The expression of proteins involved in the cell cycle, such as
cyclins, p21 and p53 could be measured by western blotting, for example. The respective anti-
proliferative capacities of TNFa, IL-1B and hlL-6 (in isolation) could be tested to determine

which cytokine contributes the most to this effect.

It is a limitation of this chapter that the endothelial phenotype of HCMEC was not re-confirmed
after Cytomix treatment, even though it is unlikely that EC transdifferentiation occurred in such
short durations of treatment. In this chapter, medium supplemented with 10% FBS was used
as a positive control for proliferation and it showed no improvement over the normal 1% FBS-
based co-culture medium. Inclusion of a negative control in this dataset would have helped
determine how Cytomix treatment compares with known anti-proliferative agents or stimuli. To
better grasp the limitations of this model, it should be noted that the link between inflammation
and EC proliferation is not absolute and not immune to plasticity of EC to other elements of
their environment. For example, mechanical strain applied dynamically to in vitro cultures of
microvascular EC was able to completely inhibit the anti-proliferative effects of IL-1B3%2. Some
anti-inflammatory agents (e.g. TGF-B) are also anti-proliferative in EC*'°. It is however safe to
assume that the response of EC to Cytomix is compatible with an endothelial inflammatory

response, at least in terms of cell proliferation.

4.4.4 Lack of effect of Cytomix treatment on endothelial permeability

Vascular permeability is another marker of endothelial activation in vascular inflammation®,
contributing to thrombosis, interstitial oedema, diapedesis, endothelial dysfunction, and when
excessive, to cardiovascular diseases aetiology®>. TNFa, IL-1B, IFN-y, thrombin, bradykinin

and histamine®, MASP-1, VEGF and LPS, but not IL-6%%°, have been shown to induce or
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potentiate permeability in EC in vitro®-59320:321 |t was therefore surprising that Cytomix did not
augment the permeability of HCMEC in Transwell inserts and, even more counterintuitively,

that thrombin effects on EC permeability were abrogated by Cytomix.

Was the technique used not sensitive enough? To date the preferred technique relies on the
measurement of impedance (i.e. the trans-endothelial electrical resistance, TEER), indeed a
more accurate method than alternatives relying on the transmural diffusion of labelled tracers,
radioactive or fluorescent. Both methods have limitations. TEER is adapted to detect minute
changes of permeability, but larger openings in the monolayer tend to decrease the signal-to-
noise ratio excessively. It also provides an integral measurement of EC permeability across
the monolayer, but it cannot be used to test the sieving capacity for tracers of different sizes?"’.
While this can be accomplished by measuring the diffusion of tracers through the monolayer
(as in this project), this method cannot be used to detect fine temporal changes. Permeability
peaks 20 min after treatment with thrombin and returns to baseline within an hour®’. This would
be difficult to illustrate with a cumulative signal. Siflinger-Birnboim et al. (1987) measured the
baseline permeability of pulmonary arterial EC monolayers for molecules of sizes ranging from
182 Da (mannitol) to 340 kDa (fibrinogen) and reported that permeability was between 7.29
and 0.012 m.s™, respectively (0.195 m.s™ at 43 kDa)?"’. This is orders of magnitude larger
than the baseline permeability for 40 kDa FITC-Dextran that was measured in this project
(9.4x10° m.s™"). However, it should be noted that in this paper the filters had pores of 0.8 um
diameter, compared with 0.4 ym in this project. Pore density was not reported and might be
different as well since it is dependent on the manufacturing process. Using membranes with
0.4 um pores, Ehringer et al. (1996) reported EC permeability values more consistent with the
results in this chapter: 1.59x10“ m.s™" in UT EC, rising to 4.92x10* m.s' 30 min after the
thrombin treatment (calculated here at 4.22x10* m.s™", 1 hour post-treatment). This suggests
that values obtained above, with or without thrombin, were measured within the range of

expected EC permeability.
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FITC-Dextran was collected and measured 1 hour after treatment with thrombin to allow for
the transient increase of EC permeability to peak and decline fully (measuring the total diffused
volume of tracer), and for longer transient events to be integrated as well. It is unlikely therefore
that the lack of thrombin-induced permeability after Cytomix treatment is due to data collected
too early after treatment. Measuring the TEER would be a first step to confirming this finding.
Secondly, other stimulants of endothelial permeability (e.g. VEGF, bradykinin, PAR-agonists
or even cytochalasin D, which disrupts the actin cytoskeleton) could be used instead of
thrombin to determine which mechanisms are targeted by Cytomix. Finally, it would be of great
interest to measure the protein expression of thrombin targets in HCMEC after Cytomix
treatment, such as the members of the PAR family, which initiate the signalling of thrombin.
Post-translational modifications might provide further insight into this effect and could be

characterised by western blotting.

44.5 Cytomix impaired the calcium release in EC after acute thrombin treatments

As introduced above, transient intracellular calcium releases are integral to the control of EC
permeability by extracellular agents such as thrombin. Consistently with the lack of thrombin-
induced EC permeabilization described above, Cytomix treatment attenuated the thrombin-
induced calcium transients in HCMEC. This dual response might be compliant with the
paradigm of calcium-regulated EC permeability, it is still the opposite of what was expected
from such a pro-inflammatory intervention. TNFa, as an example, was shown to potentiate EC
permeabilization by prolonging calcium release in EC (but amplitude was unaffected)®. Pre-
conditioning HCMEC with TNFa instead of Cytomix might be extremely useful in the future, as
a positive control for variations of thrombin-induced calcium transients. As for the previous
section, more needs to be done to understand how the response of EC to thrombin is disrupted
by Cytomix. The data generated herein suggest the presence of important protective signalling

pathways.
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4.4.6 On the “paradoxical” thrombin-induced increase of NO in Cytomix-treated EC

Given the abrogated response of EC to thrombin, at the levels of calcium transients and para-
cellular permeability, it was subsequently hypothesised that Cytomix treatment would also
lower NO synthesis in EC. If true, this would model endothelial dysfunction more than the
traditional endothelial inflammatory response (during which NO bioavailability is increased®??),
and make the effects of Cytomix-treated EC on CM less relevant to myocardial inflammation.
Instead of finding less NO in EC, however: (1) no basal NO could be detected in UT and
Cytomix-treated HCMEC, so as such the basal bioavailability of NO was unchanged, and (2)
thrombin induced a larger synthesis of NO after the Cytomix treatment than in UT HCMEC.
This is a paradoxical finding, at first glance, because a lower calcium release theoretically
attenuates eNOS activity, leading to reduced generation of NO (assuming all other conditions
are unchanged). The second issue is that increased NO synthesis in response to thrombin
should translate to enhanced endothelial permeability, not an uncoupling between thrombin

and endpoint permeability as was found in this project (as reviewed by Duran et. al.323324),

This increase of detected NO, in conditions where calcium transients were smaller in duration
and amplitude, can be simply explained by a shift from Ca?*-dependent to Ca?*-independent
mechanisms of NO synthesis. This shift can take at least two forms. First, as discussed above
iINOS is constitutively active and does not require intracellular calcium waves to synthesise
NO in EC®'. During inflammation, eNOS expression can be downregulated (additionally eNOS
can be uncoupled, generating superoxide instead of NO), all while iINOS expression is
upregulated, resulting in more NO being synthesised and less reliance on calcium’®. Although
it is a calcium-dependent isoform of NOS, eNOS can equally generate NO in response to
stimuli which do not trigger calcium release®?®, and it has been shown to gain calcium-
independency under pro-inflammatory conditions®. If the Cytomix treatment leads to iNOS
replacing eNOS in HCMEC, there would have been a synthesis of NO even in conditions
where thrombin was not applied. This effect was shown in one replicate. Reproducing the

DAF-2 DA experiment appears thus essential to verify this finding. With more time allowed it
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would be interesting to measure eNOS and iNOS protein expression by western blotting and
examine the calcium-dependency of eNOS (in light of the calcium transients data). Using well
established treatments as positive controls for the eNOS-INOS shift could help validate this
experiment as well. Next, to test if eNOS has been uncoupled by Cytomix treatment, the
intracellular levels of superoxide or BH4 could be quantified (loss of BH4 contributes to NOS
uncoupling). Finally, other methods of NO detection and quantification should be tried to
confirm the lack of NO levels at baseline, under or without stimulation with Cytomix. Analysis
of nitrite and nitrate levels in the supernatants of HCMEC in culture would be a good starting
point, although this method is less accurate than fluorescent probes due to the dynamic and
volatile nature of the molecular reactions involved. A better alternative would be to use the
copper-based fluorescent probe CU2FL2E which may be more sensitive to low levels of NO

(such as in EC) than DAF-2%49,

L-NAME induced a significant increase of NO in both control and thrombin-treated cells, but
only after Cytomix pre-conditioning. This result is extremely controversial given that L-NAME
is commonly used as a non-specific inhibitor of NOS24°. The aims for this part of the experiment
were two-fold: (1) confirm that the DAF-2 DA fluorescent signal and its response to thrombin
were indeed due to NO synthesis, and (2) to validate this method of inhibition for later use in
EC-CM co-cultures where a manipulation of NO would have been of interest. However, to date
these aims have not yet been completed. It is not the first report of L-NAME counterintuitively
increasing NO3%, with Liu et al. (2019) noticing a potentiation of this effect by macrophages'®,
suggesting inflammation could favour this reversal of function. Repeating this experiment with
the NOS-inactive enantiomer D-NAME, other NOS inhibitors (e.g. L-NMMA), NO scavengers
and finally NO donors would help define the bioavailability of NO in response to Cytomix and

meet the two secondary aims mentioned above.

It is still unknown why thrombin did not induce NO synthesis in UT cells, why the increased
NO after Cytomix did not result in an increased permeability, nor why Cytomix treatment had

no impact on NO levels at baseline, compared to UT. These caveats and the rest of the data
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shown above should therefore be interpreted with caution. If these results are true however,
it should be considered that the effect of EC pre-conditioning by Cytomix on co-cultured CM

is unlikely to involve a differential release of NO.

Until a quantitative assessment of NO generation is done it will remain difficult to conclude
that the low DAF-2 DA signal measured above was normal or caused by inappropriate
calibrations, or technical/biological issues. Should this NO release be indeed low (or too low
in UT cells to detect even lower levels after Cytomix treatment), the effect of EC on CM would
model more closely that of endothelial dysfunction than inflammation, a limitation to keep in

mind when interpreting data from co-cultures.

4.4.7 Screening and differential release by EC of markers of endothelial inflammation

after treatment with Cytomix

The Cytomix treatment altered the secretome profile of HCMEC in culture and induced the
release of pro-inflammatory proteins which were not detected in control conditions. This was
first observed using a proteome profiler cytokine array, which has become a popular option to
study inflammatory responses in vitro or to phenotype the environment of biological
samples®?’. The absence of detection (or relative enrichment) of TNFa and IL-1B from
supernatants of EC pre-conditioned with TNFa or IL-13 validates the washing strategy
observed in all experiments after treatment and before co-culture with CM. In other words,
there is little evidence from this array that any carry-over of cytokines occurs from the
treatment to the final cell culture system. IL-6 was only detected in the IL-18 and Cytomix
samples, and the higher expression of IL-6 in Cytomix (compared to IL-1B) cannot be

attributed to carry-over from the hiL-6 in Cytomix since it was undetectable in the hIL-6 group.

Some proteins were detected strongly in all conditions, including in UT cells: Serpin E1, MIF,
Pentraxin-3 and EGF. This subject of analysis is not ideal, considering that only few proteins

(out of the 105 tested) were detected above background level in the UT group, allowing pro-
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inflammatory factors such as IFN-y and Ang-2 to be construed as “relatively highly secreted”
in UT conditions. Serpin E1 has been shown to be inducible in EC by IL-1B, LPS and IL-632832°,
Using the profiler array, however, Serpin E1 was conserved across all treatments. Pentraxin-3
was also detected at high levels in UT; a surprising find given its role in vascular inflammation,
endothelial dysfunction and lowering NO synthesis*¥°. Similarly, MIF is constitutively secreted
by vascular EC, but its expression is stimulated by pro-inflammatory stimuli such as LPS3%
and this was not seen in the array. Another limitation of this array is the absence of many
proteins known to contribute to the inflammatory response of EC and to the EC-CM crosstalk,

such as ET-1, which have to be examined separately.

Of note, IL-8 was induced by TNFa, IL-1B8 and Cytomix, but slightly reduced by hIL-6, again
demonstrating the complex nature of the inflammatory IL-6 response. However, some reports
have shown the induction of IL-8 by IL-6%3?, while others have demonstrated that IL-6 promotes
the release of additional inflammatory factors which were not found with the array®. Finally, it
should be noticed that the pro-inflammatory cytokine IL-18, well known to require activation of
the inflammasome3* as IL-13, was not detected in the array after Cytomix treatment. This was

expected however because EC do not express IL-18%%,

These data best demonstrate the plasticity of endothelial secretions to cytokines, and the
potential value of studying Cytomix over individual cytokine treatments. Some proteins
detected in Cytomix were indeed differentially induced by each cytokine, with G-CSF, GM-
CSF, CCL20, IL-6 being more dominant in the IL-1 response, while ICAM-1 and CCL2 being
induced preferentially by TFNa. This sort of dataset might eventually be translated clinically,
where circulating markers of inflammatory activity are highly sought after. CXCL10, a known
pro-inflammatory chemokine, was not detected in the supernatants of TNFa, IL-1p or hIL-6-
treated EC, suggesting that the response of EC to Cytomix is more complex than necessarily
additive. Of note, CXCL10 was shown to inhibit proliferation in EC**®, echoing the G1 arrest
of EC that was induced by Cytomix (Figure 4.3). IL1RL1, another pro-inflammatory factor, has

been associated with HF and mortality after MI3¢, but also with hemodynamic improvement
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following left ventricular assist device (LVAD) implantation®¥. So far, its secretion was only
identified in CM and lung epithelial cells, in response to TNFa and IL-133%6:3% though its
expression in EC has never been studied. Finally, CXCL5 was expressed in Cytomix samples
at approximately twice the levels seen after TNFa, IL-1B or hlL-6 treatment combined,
standing out from other additive/synergistic effects of Cytomix. CXCL5, a bona fide neutrophil
chemoattractant, was shown to be inducible at least by IL-133%° and is often used as a marker
for acute coronary syndrome?®¥°. Matsuo et al. (2009) demonstrated that treatment of EC with
exogenous CXCL5 was however proliferative and pro-angiogenic3#', a response not reflected

in the cell cycle data obtained in our model.

CXCL5, CXCL1 and G-CSF, but not GM-CSF, were indeed quantitatively induced by Cytomix,
as confirmed by ELISA. ET-1 was quantified as well and was not found to be regulated by the
treatment, surprisingly?’72’®. Of note, the values calculated in all conditions were within the
limits of detection for all ELISA, ensuring that this lack of effect was not due to low sensitivity.
ELISA was preferred as a validation method over RT-qPCR or western blotting because it
specifically tests the secreted portion of the cell proteome. This is an important distinction
because some of the factors screened in the array can be constitutively expressed but only
secreted in certain conditions®**2**3, When quantifying these soluble factors in co-cultures, the
induction of CXCL1 was lost, unlike CXCL5 and G-CSF, indicating a possible feedback
mechanism on the release of CXCL1 by CM-derived soluble mediators. ET-1 was found
increased in CM after Cytomix treatment but not in EC or in co-culture media, suggesting that
one effect of co-culture of CM with EC is to dampen the release of cardioactive and/or
inflammatory proteins by CM. Finally, the release of CXCL5/1, G-/GM-CSF, but not of ET-1 in
cardiac fibroblasts supernatants was also stimulated by Cytomix, indicating that these proteins

cannot be used as specific markers of the EC response to inflammation in cardiac tissue.

The capture and detection antibodies included within the ELISA kits were equally reactive with
human and rat protein homologues (a concern for the CM condition). It should be noted that

vesicular bodies were excluded from the supernatants before performing the profiler array and
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the ELISA. It is thus possible that some paracrine mediators responsible for effects on CM, or
better markers of the EC response to Cytomix, were eliminated as part of vesicular cargoes.
In this project the interest was first restricted to protein markers and mediators, but other types
of paracrine signals may be investigated in future experiments (e.g. miRNA, lipids, exosomes).
Finally, given the differential response of Cytomix-treated EC to thrombin (implicating calcium
waves as shown above), and given the role of calcium in exocytosis®*, it would be extremely
interesting to test whether the secretome profile of EC differs quantitatively or qualitatively

after thrombin treatments, in UT versus Cytomix-treated cells.

4.4.8 Are the soluble factors secreted by Cytomix-treated HCMEC likely to affect the

function of ARVM in co-culture?

I have established that CXCL5 and G-CSF are secreted by EC in co-cultures with CM after
Cytomix pre-conditioning and might be useful as soluble markers of EC inflammation (though
non-specifically, as discussed previously). Further experiments are now required to determine
whether these proteins contribute to the effects of EC on CM function. The mRNA expression
of their canonical receptors in CM was found to be low (Figure 4.10). However, there are other
large datasets which have been published openly and could have been used for this project.
Only two were selected, first for practical reasons, but also because not all datasets have been
produced appropriately (at least for the purpose of this meta-analysis). Fuller et al. (2015) was
chosen for its use of adult rat CM and the fact that data were normalised and contained more
replicates than other datasets?®. A downside of this dataset was the absence of some genes
of interest for this project. The Tabula Muris, on the other hand, provides high-quality data and
data could be extracted for more relevant genes. In this analysis, usual CM markers served
as positive controls. Even though CM in both datasets technically expressed the mRNA for
the receptors of some chemokines and cytokines of interest (i.e. ET-1 and CSF receptors, but
not the receptors for CXCL1/5 or for IL-6), the actual number of cells expressing significant

levels of these mMRNA was surprisingly low in Tabula Muris. This was consistent with the data
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collected in the 2015 microarray, where transcription of these genes was also lower than the
majority of other genes measured in CM. Importantly, these data do not indicate whether the
low expression of some genes is compensated by a low turn-over of the proteins. It is also
possible that expression is low at baseline but induced in co-culture with EC, for example. As

described above, not all genes could be investigated with this method.

The next three steps should be to: (1) validate this result using RT-qPCR and western blotting
in CM after co-culture with HCMEC with and without inhibitory antibodies, (2) determine if CM
from HF patients express these genes differently, as this could facilitate novel effects of EC in
co-culture, and (3) apply this sort of meta-analysis to datasets obtained from single-cell RNA
sequencing, where cell-cell ligand-receptor correlation analyses are possible™. This last step

may even highlight novel mediators implicated in the paracrine EC-CM crosstalk.

4.4.9 Conclusions on the effects of Cytomix in EC

In conclusion, the results in this chapter demonstrate that a 24-hours treatment with Cytomix
induces a pro-inflammatory response in HCMEC, characterised by inhibition of proliferation
and the secretion of cytokines and chemokines known to contribute to inflammation. Cytomix
also modified the responses of EC to thrombin, with smaller calcium transients, enhanced NO
synthesis, and a lack of endothelial permeabilization. Although more needs to be done to fully
define this effect and its mechanisms, this might be a good starting point to expand further our
understanding of the cardiotropic role of thrombin in sepsis, RA, or acute coronary syndrome,

where it participates in the inflammatory environment of the vascular endothelium?%.

In this chapter, data also converge to show how the phenotype of EC can differ in response
to different cytokines. Cytomix was not the summation of cytokine responses but the result of
a complex interplay between cytokine signalling pathways and targets. Future experiments
might include the confirmation that the Cytomix-induced phenotype described in this chapter

models appropriately the myocardial microvascular inflammation, by phenotyping in parallel
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EC isolated from cardiac biopsies of HF patients and by replacing Cytomix by serum from HF
or RA patients. Comparing the effects of individual cytokines with Cytomix would generate

extremely valuable data as to the relevance of their use in isolation in vitro.

Co-culture of EC and CM dampened the secretion of CXCL1 by EC, and of ET-1 by CM. This
suggests that the co-culture design optimised in the previous chapter allows for second degree
autocrine/paracrine effects to occur, with potential feedback loops from CM to EC. This would
not be achievable with the use of conditioned media and is an excellent finding to strengthen
the relevance of the Transwell co-culture model. Although the main goal for this chapter has
been completed, there are still no paracrine mediators which have been definitely shown to
be involved in the effects of EC on CM in co-cultures. In the absence of thrombin, no significant
NO was synthesised by HCMEC, and no secreted protein identified with the profiler array was
matched with a high expression of its known receptors in CM, hence limiting the likelihood of
a signal transduction in CM (though this needs to be confirmed experimentally). To best define
the paracrine activity of EC on CM after Cytomix treatment, CM function needs to be assessed

after co-culture with Cytomix-treated EC. This is described in the next Chapter.

166



Effects of Cytomix-treated cardiac microvascular endothelial

cells on co-cultured adult rat ventricular myocytes
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5.1 Introduction

Having validated the model of co-culture for EC and CM, and the pro-inflammatory intervention
on EC (Cytomix) in the two previous chapters, it is now possible to test the original hypothesis
in this project. We have established that there was no sarcomeric remodelling after 24 hours
of co-culture. Although it cannot be entirely excluded that Cytomix pre-conditioning in EC might
in fact introduce that sort of remodelling in CM, | have decided to focus on the excitation-

contraction coupling properties of the CM.

Starting from the observation in Chapter 3 that co-culture with EC produces a prolongation of
calcium transients in CM, the first aim of this Chapter is to determine if that effect is modified
when EC are pre-conditioned by Cytomix. To validate the hypothesis that EC paracrine effects
on CM change upon inflammatory stimulation, it is crucial that the effects of Cytomix are EC-
specific, hence its use in pre-conditioning of EC and not as a treatment of co-cultures where

CM could also respond directly to Cytomix and introduce a second variable to the crosstalk.

Other properties of the excitation-contraction coupling, i.e. upstream or downstream of calcium
release, will be characterised to better define potential targets of paracrine mediators involved
in the EC-CM crosstalk. NO, for example, has been proposed as a mediator able to regulate
Ca?* entry via the L-type calcium channel'”, the efficiency of calcium-induced calcium release
and the SR calcium loading''? (i.e. the amplitude of calcium transients), the efficiency of the
SR Ca?* uptake via SERCA'™2, but also the Ca?* sensitivity of myofilaments, the relaxation of

cardiac tissue after systole, diastolic stiffness®-345346 and the response to increased preload3#.

Should a Cytomix treatment in EC affect the rate of decay of calcium transients in co-cultured
CM, it will be of interest to determine which mechanism(s) of Ca?* efflux is targeted. SERCA
and NCX, the main two mechanisms, have distinct roles in calcium homeostasis: while SERCA
increases SR content, NCX extrudes Ca?* to the extracellular space. It will thus be useful to

determine if the relative activity of SERCA and NCX is affected by co-culture with Cytomix-
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treated EC, as is the case in HF'33, However, it should be kept in mind as a limitation that NCX

exhibits lower expression in rat CM than in human CM, and inversely for SERCA'"".

ERK1/2 and Akt signalling pathways respond to cytokines, ROS, EC-produced cardiotropes
(e.g. ET-1). They are also known to be particularly responsive to factors such as Epidermal
Growth Factor (EGF), which was found in the supernatants of both UT and Cytomix-treated
EC (Table 4.2)%3%_ Analysing their expression and activation by western blotting will help
contextualise the response of CM to co-culture with EC, and with Cytomix-treated EC. Indeed,
phosphorylation of ERK1/2 and/or Akt provides cytoprotection in CM and stimulates cardiac
hypertrophy, but doing so also contributes to the development of HF when hypertrophy
becomes less compensated by other mechanisms3%°-3%2, In addition to this pro-hypertrophic
effect, and more relevantly to the focus of this chapter, ERK1/2 is also known to decrease
SERCA expression in vitro and in vivo, to induce hypophosphorylation of PLB and to lower
LTCC currents®33%_ Conversely, activation of Akt was linked with higher SERCA expression

and activity in cultured myocytes3%,

To summarise, in this last chapter of results, | will aim to address the general hypothesis of
this project, by: (1) testing whether pre-conditioning EC with Cytomix modifies their effect on
Ca?* extrusion in co-cultured CM. (2) Determine if the expression and activity of SERCA and
NCX are differentially regulated by co-cultures. (3) Test the efficiency of calcium release from
the SR. (4) Measure the phosphorylation of regulators of SERCA, e.g. PLB, ERK1/2 and Akt.
(5) Investigate whether Cytomix-treated EC alter the contractility of co-cultured CM. (6) Test

the Ca?* sensitivity of myofilaments after co-culture.
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5.2 Methods

The methods described in this chapter are described in full in Chapter 2.

5.2.1 Cell culture, cytokine treatments, and co-cultures

Human cardiac microvascular EC (HCMEC) and adult rat ventricular myocytes (ARVM) were
purchased, isolated, grown, and co-cultured as described previously. Cytomix (1 ng/ml TNFa,
1 ng/ml IL-1B, and 25 ng/ml hIL-6) was used to treat HCMEC for 24 hours prior to co-culture
in Transwell inserts with freshly isolated ARVM. CM alone served as negative control for co-
cultures, and CM treated with Cytomix for 4 hours served as a secondary control. Co-cultures

were stopped after 4 hours.

5.2.2 Optical Mapping, fractional release, and quantification of SERCA/NCX activity

Calcium transients were recorded in ARVM using the cytosolic free Ca?* indicator Fluo-4 AM,
as described in previous chapters. Briefly, ARVM were loaded for 15 min with Fluo-4 AM while
still in co-culture with HCMEC. Transwell inserts were then removed and ARVM transferred
on the microscope stage to equilibrate for 15 min in superfused 37°C Tyrode’s solution before
the recording. Samples were paced continuously at 1 Hz. ImageJ was used to extract traces
of Fluo-4 AM signals from individual cells. Background noise was corrected for each recording
using cell-free regions. Traces were exported to Clampfit (pClamp suite) where the calcium
transient parameters were measured manually. The amplitude, time to peak, time to 50% and
90% decay, and the time constant tau (from which the rate of decay kappa was calculated)

were averaged for all cells within each biological replicate (20 cells minimum).

To calculate the fractional release of SR Ca?* during calcium transients at 1 Hz, caffeine was
used at 40 mM and injected near cells of interest using a micropipette, while field stimulation
was stopped. Max F1/F, of calcium transients at 1 Hz was divided by the max F1/F, of caffeine-

induced calcium release.
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The activity of SERCA was calculated as the difference of rates of decay between the caffeine
and caffeine-free calcium transients. Switching to Na*-free and Ca?*-free Tyrode’s solution, a
new calcium release was induced using caffeine. NCX activity was calculated as the difference
of rates of decay for caffeine-induced calcium releases obtained with the normal Tyrode’s and
the modified Tyrode’s solutions. The remainder was attributed to slow extrusion mechanisms

of calcium (e.g. mitochondrial Ca?* uniporter).

5.2.3 Western blotting

Protein expression of PLB, phosphorylated PLB, NCX, ERK1/2 and phosphorylated ERK1/2
was quantified using SDS-PAGE separation and western blotting, run as described in Section
2.4 with GAPDH as loading control. All primary antibodies (listed in Section 2.9) were used at
1:1000 in blocking buffer, except the anti-GAPDH antibody which was used at 1:3000. The
secondary antibodies, all HRP-conjugated, were diluted at 1:3000 in blocking buffer and used
accordingly with the species of the primary antibodies (anti-mouse or anti-rabbit). The amounts
of proteins were normalised to the level of GAPDH. ECL reaction was used to detect proteins,
and blot images were captured on radiographic films. Quantification was done using ImageJ,

after conversion of images in 8-bits.

5.2.4 CytoCypher™ MultiCell system — Contractility and calcium dual measurements

Contractility of ARVM was measured with the fully automated CytoCypher™ MultiCell system,
which is based on lonOptix technology. After co-culture, CM were washed and transferred to
a glass bottom MatTek dish. Recordings were done in normal Tyrode’s solution, after 15 min
equilibration and under field stimulation at 1 Hz. Of note, at the time of these experiments, the
system did not yet include a perfusion mechanism, so all recordings were performed in a static
Tyrode’s solution at 37°C. The ratiometric fluorescent Ca?* indicator Fura-2 AM was used to
simultaneously record calcium transients. Cells were incubated with the dye for 15 min, while
in co-cultures, prior to loading on stage. Analysis was automatically done in MultiCell.
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5.2.5 Calcium-contraction hysteresis loops and calcium sensitivity of myofilaments

The sensitivity of myofilaments to calcium, regulating the calcium-dependency of contractions,
was measured as the slope of the linear segment of calcium-sarcomere length loops. These
were generated by plotting the sarcomere shortening as a function of Fura-2 intensity, hence

creating hysteresis loops.

5.2.6 Adult living ultrathin myocardial slices and force transducer

Adult rat myocardial slices of 300 um thickness and approximately 7x7 mm, were cut from the
left ventricle wall of Sprague-Dawley rats using a vibratome. Slices were randomly assigned
to test groups and cultured for 24 hours in superfused 37°C oxygenated medium. Throughout,
slices were kept at a 17% isometric stretch using custom-made stainless steel stretchers and

3D-printed rings glued to the extremities of slices, and paced at 1 Hz by field stimulation.

After 24 hours of culture, slices were removed from culture chambers and connected to a force
transducer in isometric configuration. Recording was performed under 1 Hz field stimulation,
while slices were superfused with an oxygenated Tyrode’s solution. Starting from 0% stretch,
slices were progressively stretched up to 30% and data collected at stable state. Baseline was
read as passive tension and the amplitude (corrected for the cross-sectional area of slices) as

contractility. Recording and analysis were performed with the pClamp suite.

5.2.7 Statistics

A D’Agostino-Pearson test was used to test the normality of sample distribution. Statistical
significance was then calculated with an ordinary one-way ANOVA with Bonferroni’s post-hoc
test (parametric) or a Kruskal-Wallis test with Dunn’s correction for multiple comparisons (non-

parametric). Significance is shown as: * p < 0.05. ** p < 0.01. *** p < 0.001. **** p < 0.0001.
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5.3 Results

5.3.1 Shortening of calcium transients in CM after co-culture with Cytomix-treated EC

To establish the effect of co-culture with Cytomix-treated EC (compared to untreated) on the
calcium handling of CM, calcium transients were recorded using Fluo-4 and the technique of
Optical Mapping. First, as seen in Figure 5.1, this experiment reproduced the findings shown
in Figures 3.3, 3.5 and 3.6, in which co-culture with untreated EC had no effect on amplitude
or time to decay of calcium transients, but prolonged significantly their return to baseline (i.e.
longer time to 90% decay and smaller rate of decay k). Indeed, in this experiment, there was
a 1.3-fold increase of the time to 90% decay (p = 0.0005). Pre-conditioning HCMEC with
Cytomix for 24 hours prior to co-culture, however, resulted in a significant shortening of the
time to 50% and 90% decay, and of the rate of decay of transients in CM (0.71-fold change, p
= 0.0063; 0.59-fold change, p = 0.0021; 1.74-fold increase, p = 0.0049, respectively). Because
this is opposed to the basal effects of co-culture with EC, there was no statistical difference
between the control (no EC) and Cytomix samples. There was also no change between the
time to peak and amplitude of co-cultures with untreated and Cytomix-treated EC, although
there was a significant reduction of baseline fluorescence (Fo) in the Cytomix group (0.43-fold
change, p = 0.0209). This makes any interpretation of F1/Fo amplitude difficult, due to the non-
ratiometric properties of Fluo-4. To summarise, and as is shown in Figure 5.1B, Cytomix
treatment in EC induced a narrowing of calcium transients in CM and a steeper return to
baseline after the peak than after co-culture with untreated EC. The contribution of individual
cytokines to this effect of Cytomix was investigated with cytokine-specific pre-conditioning. No
parameter was significantly different between TNFa, IL-13 and hIL-6 pre-conditioning groups
but hiL-6 was closest of all three to the Cytomix values, with a significant reduction of the time
to 90% decay and an increase of the rate of decay compared to the untreated-EC group (0.74-
fold change, p = 0.0274; 1.36-fold change, p = 0.0424, respectively). Interestingly, hlL-6 was
also characterised by a lower baseline fluorescence than UT, nearly reaching significance (p
= 0.051), while the TNFa and IL-18 samples could not be differentiated from the UT sample.
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Figure 5.1: Cytomix-treated EC shortened the calcium transients in co-cultured CM compared
to untreated EC

Calcium transient analysis in ARVM (Optical Mapping imaging of Fluo-4 AM), 4 hours after co-culture

with HCMEC (UT), cytokine-treated HCMEC or no EC (CTL). A. Amplitude (F1/Fo), Baseline Fluo-4

intensity (Fo), Time to peak, Time to 50% decay (TD50%), Time to 90% decay (TD90%) and Rate of

decay (Kappa) of 1 Hz calcium transients. N = 5 (hIL-6), N = 7 (TNFaq, IL-1, Cytomix), N = 10 (CTL),

12 (UT). Data were compared with a one-way ANOVA and Bonferroni’s post-hoc test. Data are shown

as mean +/- SEM. * p < 0.05. ** p < 0.01. *** p < 0.001. B. Representative calcium transients for the

main three conditions, averaged from 6 traces each. Coloured shadows cover the SEM.
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5.3.2 Efficiency of calcium release from the SR of CM after co-culture with EC

The amplitude of calcium transients is regulated by two properties: the amount of Ca?* that is
stored in the SR, and the proportion of that amount that is released into the cytosol during
each calcium transient. To test if these properties were left unaffected by co-culture with EC
and Cytomix treatment, which would explain the lack of change for the amplitude of transients
(Figure 5.1), the fractional release of Ca?* from the SR was quantified (Figure 5.2). Caffeine
was used to deplete the SR, allowing direct comparison with the amplitude of calcium release
produced at 1Hz. Due to the differences in Fo between conditions it is not recommended to

compare the amplitude of caffeine-induced transients (i.e. SR calcium stores) across samples.
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Figure 5.2: Efficiency of SR Ca?* release was improved in CM co-cultured with Cytomix-treated

EC compared to untreated EC

Calcium transient analysis in ARVM by Optical Mapping imaging of Fluo-4 AM, after acute perfusion
with 40 mM caffeine, 4 hours after co-culture with HCMEC (UT), Cytomix-treated HCMEC or no EC
(CTL). A. Fractional release of Ca?* (percentage of SR stores), expressed as the ratio of amplitude
of calcium transients at 1 Hz (no caffeine) over the amplitude of the caffeine-induced calcium release.
Data were compared with a one-way ANOVA and Bonferroni’s post-hoc test. Data are shown as
mean +/- SEM, with data points representing 15-36 technical replicates (pooled from 3 biological
samples). * p < 0.05. B. Mean intensity of Fluo-4 signal over time, showing caffeine-induced calcium
releases from the SR in each condition, averaged from 5 representative traces. Coloured shadows

cover the SEM.
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Regardless of the amplitude of caffeine-induced calcium releases, Figure 5.2A shows that the
amplitude of calcium transients produced at 1 Hz represented only 63% of Ca?* stores after
co-culture with untreated EC, but 76% with Cytomix-treated EC (1.2-fold change, p = 0.0263).

This increase is suggestive of an improvement of calcium-induced calcium release in CM.
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Figure 5.3: Ca?* extrusion involving SERCA but not NCX was increased in CM after co-culture

with Cytomix-treated HCMEC

Optical Mapping analysis of Ca2* extrusion mechanisms in CM, comparing the rate of decay of 1 Hz,
caffeine-induced, and 0 Na*/0 Ca?* calcium transients, 4 hours after co-culture with HCMEC. A. Rates
of decay of normal calcium transients (Kca), SERCA (Ksr), NCX (Kncx) and other mechanisms (Ksiow).
N = 3 biological replicates. Data are expressed as mean +/- SEM and compared with the same scale
in panel (B). Data were compared with a one-way ANOVA and Bonferroni’s post-hoc test. * p < 0.05.
C. Contribution of each extrusion mechanism to the total rate of decay (percentage). The arrow and

number shown on the graph indicate the SERCA:NCX ratio.
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5.3.3 Cytomix-induced shortening of calcium transients in EC-CM co-cultures is due

to higher SERCA activity

To explain further the differences of calcium transient duration that were observed above, the
contribution of SERCA, NCX and other (slower) mechanisms of Ca?* extrusion was measured.
This was achieved by measuring the rate of decay of normal calcium transients (1 Hz), calcium
transients induced by caffeine at 40 mM, and caffeine-induced calcium release in conditions
free of Na* and extracellular Ca?* (Figure 5.3). As seen in this figure, due to the low number
of biological replicates which could be recorded and the variability in the control sample, the
rate of decay was not affected by co-culture with untreated EC, therefore hindering analysis
of the extrusion mechanism(s) responsible for this effect. However, importantly the Cytomix
pre-conditioning of EC led to a significantly higher rate of decay than untreated EC (1.8-fold
change, p = 0.0473). SERCA-dependent extrusion of Ca®* was found significantly improved
in Cytomix samples, rising from 5.9 to 10.9 s*' (1.8-fold change, p = 0.0479). As seen in Figure
5.3C, this indicates that the relative contribution of SERCA to the decay of calcium transients
was similar between UT and Cytomix (92%), and that SERCA activity is potentiated by
Cytomix treatment in co-cultured EC. Of note, the activity of NCX was so minimal that the rate
of decay attributed to it could not be calculated with this method on multiple occasions, causing
a relative increase of activity for slow mechanisms in the Cytomix group (not significant). Of
note, the contribution of NCX to calcium transients was found to be only 4.3%, 4.9% and 1%
in control, untreated-EC, and Cytomix-treated EC, respectively. Overall, these data indicate
that the faster return to baseline in the Cytomix samples is caused by an increased activity of

SERCA which outperforms the activity of other Ca?* extrusion mechanisms (Figure 5.3B).

5.3.4 Changes of protein expression and phosphorylation in CM after co-culture

To investigate the changes in SERCA activity shown above, but also the improved fractional
release of Ca?* shown in Figure 5.2 and the apparent lack of effect of NCX in some Cytomix

samples, the protein expression of NCX, RyR2, SERCA and PLB was measured by western
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Figure 5.4: Protein expression profile of CM after 4 hours of co-culture with EC
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Protein expression in ARVM, as measured by western blotting, 4 hours after co-culture with untreated

or Cytomix-treated HCMEC. Biological replicates consist of three pooled technical replicates. Protein

expression was normalised to the level of GAPDH. Data are then expressed as fold change of control

(CM alone), shown as mean +/- SEM and compared with one-way ANOVA and Bonferroni’s post hoc

test. N = 5 for total-PLB, phosphorylated PLB and their ratio. N = 4 for NCX. N = 6 for total ERK1/2.

N = 2 for phosphorylated ERK1/2 and its relative expression compared to total ERK1/2. * p < 0.05. #

p <0.05vs CTL. ##p < 0.01 vs CTL.
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blotting. However, RyR2 and SERCA were not detectable in ARVM using available antibodies
and could not be included in this analysis. As can be seen in Figure 5.4, there was 0.6-fold
reduction of NCX expression in Cytomix samples compared to control (p = 0.0055), but not in
the UT group where the level of NCX was higher than in the Cytomix group (1.3-fold change,
p = 0.0942). Total PLB expression in co-cultures with Cytomix-treated EC was significantly
reduced by 15% and 18% from control and co-cultures with untreated EC, respectively (p =
0.0405 and 0.0135). After normalisation with GAPDH, the levels of phosphorylated PLB were

too variable to detect any significant difference between conditions.

Turning to other kinases, the levels of total and phosphorylated ERK1/2, and Akt, were also
investigated. The available Akt antibody proved a poor detector of Akt in ARVM. To date, two
blots for total ERK1/2 have been successful, and the level of phosphorylated ERK1/2 in co-
cultures was found significantly higher than in the control group, regardless of pre-conditioning

(p = 0.0289 for UT, p = 0.05 for Cytomix).

5.3.5 Co-culture with untreated or Cytomix-treated EC did not alter CM contractility

Since co-culture of CM with Cytomix-treated EC provoked a narrowing of calcium transients
compared to co-cultures with untreated EC, it was hypothesised that CM contractions would
equally be affected. To test this, the contractility of ARVM (here the peak cell shortening) was
recorded and automatically analysed using a CytoCypher™ MultiCell system, newly acquired
for the benefits of the Cardiac Section at NHLI, and set up by Peter Wright, PhD. Surprisingly,
there was no difference between UT and Cytomix samples, nor when compared to the control
group (Figure 5.5). Of note, adding Cytomix to CM alone for 4 hours resulted in significantly
smaller contractions than in co-cultures with Cytomix-treated EC, suggesting once again that

the effects seen in the Cytomix sample are unlikely to be caused by cytokine carry-over.
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Figure 5.5: Lack of effect of co-culture with untreated or Cytomix-treated EC on contractility

of CM, using CytoCypher™

Contractility of isolated ARVM (by automated lonOptix analysis), 4 hours after co-culture with HCMEC
(UT), Cytomix-treated HCMEC or no EC (CTL). CM were also treated for 4 hours with Cytomix as an
additional control (CTL Cyt.). A. Cell shortening at peak (% of cell length), Time to peak, Time to 90%
decay (TD90%) and Rate of decay (Kappa) of 1 Hz contractions. N = 7 (CTL, UT, Cytomix) and N =
3 (CTL Cyt.). Data were compared with a one-way ANOVA and Bonferroni’s post-hoc test and shown
as mean +/- SEM. * p < 0.05. B. Representative contractions averaged from 6 traces collected from

a common biological replicate. Coloured shadows cover the SEM.
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5.3.6 Co-culture of CM with untreated or Cytomix-treated EC did not alter the calcium

sensitivity of myofilaments

An advantage of the CytoCypher™ MultiCell system is the built-in Fura-2 imaging equipment
to record calcium transients in parallel to contractions. Fura-2 is a ratiometric fluorescent dye
sensitive to free-cytosolic Ca?*, therefore more accurate for the detection of changes in Ca?*
levels than non-ratiometric dyes (such as Fluo-4). First, as shown in Figure 5.6A, the calcium
transients recorded using Fura-2 mirrored the changes seen with Fluo-4. Indeed, Cytomix
treatment of EC prior to co-culture was associated with a significantly faster return to baseline
and thus a narrowing of calcium transients compared to co-cultures with untreated EC: TD90%
fell from 494 to 272 ms in average (p < 0.0001), while the rate of decay increased 1.5 fold (p
< 0.0001). Time to peak was unchanged across all samples, but interestingly the peak
fluorescence was found to be lower in the UT group than in control cells or in the Cytomix
group (0.87-fold compared to both, p = 0.0001 and p < 0.0001 respectively). For a small
number of cells, the automated data collection from the MultiCell system allowed for calcium-
contraction hysteresis loops to be constructed. Using these, no difference of slope (for the
linear section of loops) was found between the UT and Cytomix samples, suggesting that the
sensitivity of myofilaments to Ca?* is unchanged during co-culture and unaltered by Cytomix
pre-conditioning of EC. However, the small number of cells that could be used for this dataset
warrants more biological repeats of this experiment before changes of calcium sensitivity are

fully excluded.

5.3.7 Cytomix only affected the contractility of cardiac tissue at high levels of preload

Given the effect of Cytomix on the duration of calcium transients in CM after co-cultures, why
was this effect not translated into changes of contractility? To answer this question, we must
take a step back and examine the effect of Cytomix on the contractility of cardiac tissue. Living

rat myocardial slices were cultured for 24 hours with Cytomix and their contractility measured
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Figure 5.6: Dual measurement of calcium and contractility in CM showed no significant effect

of co-culture and Cytomix treatment on the sensitivity of myofilaments to Ca?*

Analysis of calcium transients obtained with Fura-2 on the CytoCypher™ MultiCell automated system
and hysteresis loops of calcium-contraction to extrapolate the sensitivity of myofilaments to Ca2*. A.
Amplitude (peak fluorescence), Time to peak, Time to 90% decay (TD90%) and Rate of decay (k) of
calcium transients at 1 Hz. n = 20 cells (CTL), 47 (UT) and 25 (Cytomix), N = 3 biological replicates.
Data are expressed as mean +/- SD, with data points showing individual cells (n). B. Superposition
of representative hysteresis loops for each condition. C. Myofilament sensitivity to Ca?* (i.e. the slope
of the linear portion in hysteresis loops). n = 14 cells (CTL), 22 (UT) and 24 (Cytomix), N = 3 biological
replicates. Data are shown as mean +/- SEM, with data points showing individual cells (n). For all
panels, data were compared with a Kruskal-Wallis test with Dunn’s multiple comparisons test, based

on the n values. *** p < 0.001. **** p < 0.0001.
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using a force transducer. Different levels of isometric stretch (0-30%) were applied to assess

the stiffness of slices (passive tension) (Figure 5.7).

Interestingly, Cytomix had no effect on the passive tension developed by slices at all levels of
stretch. However, while there no difference of contractility could be detected at a physiological
load (20% stretch) and down to unloaded slices, the contractility of Cytomix-treated slices was
significantly higher than control slices at 23% and up to 27% of stretch (p < 0.05). Physiological
load was therefore the branching point above which the effects of Cytomix were detected. In
Figure 5.8, it can be seen that while the contractility of Cytomix-treated slices at 23% stretch
increased 2.2-fold compared to control slices (p = 0.0471), the time to peak, time to 90% decay

and the rate of decay of contractions were unchanged by Cytomix at either level of stretch.
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Figure 5.7: Stretch-dependent effects of Cytomix on the contractility, but not passive tension
of cultured rat myocardial slices

Passive tension and contractility of adult rat myocardial slices, 24 hours after culture with Cytomix or
vehicle (BSA) and recorded isometrically at 1 Hz with a force transducer at different levels of stretch
(at 0-30% of unloaded slice length). n/N = 8/4 (slices/animals). Data are expressed as mean +/- SEM.
A t-test was used to compare the means. The n values were used for statistics and the graphics. The

coloured shadows cover the SEM. * p < 0.05.
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Figure 5.8: Morphology of contractions at 20% and 23% isometric stretch of slices

A. Contractility, time to peak, time to 90% decay and rate of decay (k) of slice contractions at 1 Hz,
after 24 hours of culture with Cytomix or its vehicle (BSA) and recorded isometrically at 20% and 23%
stretch (based on unloaded length). Cytomix: n/N = 6/4; Vehicle: 5/4 at 20%, 3/3 at 23% (slices/rats).
Data are expressed as mean +/- SEM and compared with a one-way ANOVA and Bonferroni’s test,
using the values obtained from individual slices (n) which were also displayed as data points. * p <
0.05. B. Contractility traces at 20% and 23% stretch, averaged from all replicates. The coloured

shadows cover the SEM.
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5.4 Discussion

In summary, the results in this chapter show that: (1) Cytomix pre-conditioning of EC in co-
culture significantly accelerates the extrusion of Ca?* during relaxation. (2) This is likely due to
SERCA but not NCX activity, and is potentially correlated with reduced expression of PLB. (3)
Co-culture with Cytomix-treated EC elevated the fractional release of Ca?* from the SR and
the amplitude of calcium transients compared to untreated-EC. (4) Surprisingly there was no
effect of co-culture or Cytomix pre-conditioning on the amplitude or duration of contractions in
isolated CM, nor differences of myofilament sensitivity to Ca?*. (5) Cytomix increased the
contractility of myocardial slices at high levels of mechanical load, but it did not affect diastolic

stiffness or the duration of contractions.

5.4.1 Differential effects of untreated and Cytomix-treated EC on calcium extrusion in

co-cultured CM: lost function or new function?

With Fluo-4 and Fura-2 (Figures 5.1 and 5.6), and in a third independent experiment (in Figure
5.3), the rate of decay of calcium transients was found increased after co-culture with Cytomix-
treated EC compared to untreated EC. This result is the cornerstone of this thesis,
representing the first evidence to confirm the original hypothesis, i.e. that an inflammatory
response in EC can affect their paracrine effect on CM function. We could technically stop at
this point, but this effect is not self-explanatory, and a more thorough investigation of CM
functions is required to better understand the mechanisms involved, and the role that this

intercellular signalling may take in inflammatory cardiac remodelling.

Given the basal effect of co-culture with EC on calcium handling in CM, the following question
arises: is the effect of Cytomix pre-conditioning the result of a gain-of-function, loss-of-function,
or both? Except in Figure 5.3 (where the rate of decay of calcium transients in control CM was
unusually lower than in co-cultures with Cytomix-treated EC), no significant difference of

calcium handling was found between the CM alone and CM after co-culture with Cytomix-
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treated EC. At first glance, this raises the possibility that EC and CM become uncoupled when
EC respond to Cytomix, resulting in EC “losing” their ability to regulate CM function. This itself
would still comply with the hypothesis in this project, but is not supported by other data shown
in this chapter. Indeed, ERK1/2 was found equally hyperphosphorylated in CM following co-
culture with Cytomix-treated EC and with untreated EC. The lower expression of NCX in the
Cytomix group compared to CM alone is further evidence that treatment of EC with Cytomix
does not entirely deconstruct the EC-CM paracrine axis, but modifies its nature. Furthermore,
no loss-of-function was found using the Profiler Array after Cytomix treatment (Chapter 4),
suggesting that the paracrine activity of EC becomes richer, not poorer, in response to
Cytomix. However, it will remain challenging to solve this discussion point until we know more

of the paracrine mediators that are involved in these effects.

In this experiment, the effects of TNFa, IL-1B and hIL-6 could be individually compared to the
effects of Cytomix (Figure 5.1). Except for the amplitude of calcium transients (the relevance
of this measure is criticised later), each cytokine produced an effect on average between those
of untreated and Cytomix-treated EC. Of note, only treatments with Cytomix and hIL-6 lead to
a significant change of rate of decay and decay duration compared to control co-cultures. This
contrasts with the results of the Profiler Array where treatment of EC with hiL-6 alone did not
induce the secretion of many factors shared by the TNFa, IL-1B and Cytomix groups, and was
closest of all treatments to the secretome profile of untreated EC. The lack of significant effect
on calcium transient decay after TNFa and IL-1f treatments might be the result of intrasample

variation and more replicates would increase the statistical power of this analysis.

5.4.2 Increased SERCA activity mediates the lusitropic effects of Cytomix-treated EC

on calcium handling in co-cultured CM

Activity of SERCA, but not NCX, was found increased in co-cultures with Cytomix-treated EC
compared to untreated EC (Figure 5.3). This finding is consistent with the accelerated calcium

extrusion described above. The contribution of SERCA to calcium extrusion in this experiment
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was consistently found at 92-93%, a value identical to that reported in adult rat CM in previous
articles?®’. An accurate measurement of NCX contribution in co-cultures with Cytomix-treated
EC could not be obtained in this experiment, thus interpreting the results presented above as
evidence that NCX activity is clearly inhibited in such conditions would be unscientific. Even if
this effect were true, the physiological consequences would be trivial in comparison to SERCA
activity which, as is shown in Figure 5.3B, dwarfs that of all other mechanisms. Mirroring the
difficulty to detect NCX activity in co-cultures with Cytomix-treated EC, the expression of NCX
protein in CM was found to be significantly reduced in the Cytomix condition than in CM alone.
It would be necessary to measure the NCX-specific current, using patch-clamping, to confirm
that NCX activity is indeed lessened in this condition. The protocol that was used here is not
adapted to detect accurately such minute changes of activity. It is also a limitation of this
experiment that the SERCA:NCX ratio of expression and activity is higher in rat CM than in
human CM. Testing the relative contribution of NCX and SERCA in other models, such as
rabbit or guinea pig CM, would help contextualise the effects of co-cultures in a system where

the basal activity of NCX is more substantial?®'6:267

Total levels of PLB were decreased in Cytomix-treated EC co-cultures compared to untreated
EC. Phosphorylation of PLB was increased equally by co-culture, compared to control CM, in
the majority of samples and up to 9-fold. However, due to intrasample variation this effect was
not significant, and this experiment should be repeated along with another attempt to quantify
the levels of SERCA. So far, it remains impossible to determine conclusively if Cytomix-treated
EC increase SERCA activity by upregulating SERCA expression, by PLB phosphorylation, or
solely by downregulating PLB expression (which results in a higher SERCA:PLB stoichiometry
and potentially a lower inhibitory effect of PLB'""). Of note, the levels of phosphorylated
ERK1/2 were found to be increased in co-cultured CM than in CM alone, regardless of pre-
conditioning for EC. Since ERK1/2 activity is associated with a lower SERCA expression and
hypophosphorylation of PLB, resulting in lower SERCA activity, the effect of Cytomix-treated

EC on SERCA activity cannot be explained by ERK1/2 phosphorylation33, Akt, however, is
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known to increase SERCA activity and might be a more appropriate target of interest for future

mechanistic studies of this apparent lusitropic effect of Cytomix on co-cultured EC3%°,

5.4.3 Inotropic effect of Cytomix-treated EC at the level of SR Ca?* release

A higher SERCA activity is described as inotropic due to the increased SR Ca?* and peak of
systolic Ca?* that it induces'":'8, In this chapter, the amplitude of calcium transients was found
to correlate with SERCA activity (using Fura-2 but not Fluo-4 however). Both were increased
after co-culture with Cytomix-treated EC compared to untreated EC (Figure 5.6 and 5.3). Ca?*
efflux from the SR was also proportionally increased in the Cytomix condition compared to the
untreated, as shown by the fractional release of Ca?* induced by caffeine (Figure 5.2). In other
words, while the SR filled up with more Ca?* during diastole, the RyR released proportionally
more of that Ca?*. Increased SR Ca?* potentiates its release via the RyR in two main ways:
(1) by increasing the driving force of Ca?* current through the RyR and, more indirectly, (2) by
preventing stochastic attrition of RyR (as luminal calcium increase the opening probability of
the channel), likely resulting in more channels being open'®®. A direct measurement of the SR
Ca?* would help validate this mechanism. To circumvent the common issue of saturation of
Ca?" indicators used to image SR Ca?*, low affinity dyes should be preferred over Fluo-4 or
Fura-23%:3%7 The fractional release of Ca?* from the SR is not solely regulated by SR Ca?*, but
also by the trigger Ca?* (from the L-type calcium channel current in dyads)®®. Measuring /ca
by patch-clamping would therefore be useful to determine if the trigger of calcium release in
CM is also affected by Cytomix treatment in co-cultured EC. NCX is also thought to regulate
RyR function when expressed near or at dyads, though this is still a matter of controversy3®,
and potentially it can affect the efficiency of calcium-induced calcium release and Ca?* leak
from the SR. As discussed above, the activity of NCX in ARVM co-cultured with Cytomix-
treated EC is possibly inhibited, so characterising the frequency of Ca?* sparks in CM would

provide further details on the inotropic effects of Cytomix in co-cultures.
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Using Fluo-4, the amplitude of calcium transients was found unchanged across all conditions
(Figure 5.1), unlike the experiment where Fura-2 was used. This demonstrates the limitations
of using non-ratiometric Ca?* indicators for such purposes, despite correcting for background
and baseline fluorescence. This is particularly true when there are differences of Fluo-4 at Fo,
as was the case in this project. With regards to the amplitude of transients, therefore, the data

obtained with Fura-2 are in theory more accurate than those obtained using Fluo-4.

5.4.4 On the dissociation of calcium transient kinetics and contraction kinetics

The inherent purpose of calcium release is to induce contraction of sarcomeres and shortening
of CM in a concentration and time-dependent manner''". It was therefore unexpected that the
effects of Cytomix-treated EC in co-culture on the amplitude and duration of calcium transients
were not found to be translated into stronger and shorter CM contractions (Figure 5.5). It was
first hypothesised that myofilaments reacted differently to Ca?* in the Cytomix condition, thus
compensating for changes of amplitude of Ca?* release. However, their sensitivity to Ca?* was
unchanged by co-culture or by Cytomix pre-conditioning (Figures 5.6B and C), suggesting that
another regulatory mechanism is responsible for the functional discrepancy described above.
Such uncoupling of the calcium-contraction relationship is commonly associated with changes
of myofilament sensitivity to calcium. Reports have indeed demonstrated that the amplitude of
calcium transients can dissociate from force development, at least in the second phase of the
Bowditch effect (force-frequency relation)®?. In my experiment, frequency of stimulation was
constant and preload null (a disadvantage of using isolated ARVM). It was therefore
speculated that increasing the sensitivity of myofilaments to Ca?* may improve the translation
of calcium transient kinetics to contraction kinetics in co-cultures. The simplest way to achieve
this would be to increase the preload of CM and this can be done by applying an axial stretch

of CM using rigid posts attached to each extremity of the cell*®".
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5.4.5 On the load-dependent effect of Cytomix on whole tissue contractility

Contractility of myocardial slices is generally measured at physiological levels of mechanical
load?'". When this project started it was also customary in Terracciano’s lab to record maximal
contractility, regardless of the amount of load that had to be provided to each myocardial slice.
This measure does not take into account the diastolic function of the tissue, so is less relevant.
Testing the effect of Cytomix on contractility in slices was therefore the opportunity to improve
this method and assess the force-length relationship of cardiac tissue in this model, as well to
determine if Cytomix regulates diastolic properties which can only be studied properly when a
mechanical load has been applied. A caveat to this approach is the high complexity of the
model compared to co-cultures: Cytomix can activate all cell types present in slices and
multidirectional crosstalks and feedback loops are allowed. This was however a necessary

step back to be taken to better understand the effect of Cytomix in co-cultures.

Passive tension, as a measure of tissue stiffness and diastolic function, increased with stretch
but was unchanged by Cytomix (Figure 5.7). Diastolic dysfunction, as a hallmark of HFpEF, is
often attributed to the hypophosphorylation of titin that results from an impaired bioavailability
of NO®'. This leads to a stiffening of CM. Data presented in this project therefore suggest that
the effect of Cytomix at 24 hours on cardiac tissue does not recapitulate this mechanism. To
completely exclude this possibility, the next experiment would be to measure the levels of titin
phosphorylation by western blotting, and the levels of NO produced within slices (by superficial
imaging of DAF-2 or by analysis of nitrate/nitrite levels in the slice culture supernatants). The
other defining feature of diastolic dysfunction is interstitial fibrosis. Since fibroblasts are also
present in slices, the lack of difference for passive tension between conditions suggests that
Cytomix does not induce fibroblast proliferation or collagen deposition in slices within 24 hours.

This proposition could be tested by confocal imaging of vimentin and collagen type-I.

As expected, the active tension of slices, i.e. contractility, was load-dependent (Figure 5.7). It
was moreover unaffected by Cytomix treatment up to 22% stretch, which covers physiological
levels of load (20% stretch) and, naturally, unloaded slices. Interestingly, this is reminiscent of
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the lack of effect of Cytomix-treated EC on CM contractility in co-culture. Indeed, it should not
be forgotten that co-cultures were performed with mechanically unloaded CM. Of course, this
is not to suggest that slices behave exactly as co-cultures. At 23% and above, curiously, there
was a significantly higher contractility under Cytomix stimulation than in control slices. This is
likely to be the result of different inflexion points in the force-tension relationship characterising
these conditions. Above 20% stretch (i.e. approximately physiological preload?'?), contractility
of vehicle-treated slices started declining with increasing load, in accordance with the Frank-
Starling law which describes this shift and descending relationship at very high stretch (where
the lattice spacing of myofilaments becomes too low). Interpreting these results would become
easier by translating the level of stretch into sarcomere length, which is highly preferred when
discussing such load-dependent mechanisms. In future experiments, it should be a priority to
better define the sarcomere length after culture, and confirm that sarcomeric remodelling does
not occur after Cytomix treatment (e.g. serial addition of sarcomeres would skew the validity

of using macroscopic stretch as a reproducible amount of sarcomeric load).

Overall, these data can only serve as preliminary evidence that the effect of Cytomix can be
investigated using slices as well, while suggesting that this effect is load-dependent and
dominant in overloaded conditions. A limitation to measuring contractility of slices with an
isometric force transducer is that ramping up stretch increases both preload and afterload in
CM, hindering direct comparison of results with other models. This is still not well understood,
and it is unclear if afterload-sensitive mechanisms are present during this sort of experiment

(e.g. the Anrep effect).

The first two steps to bridge the findings from co-cultures and the response of slices to Cytomix
should be: (1) to validate the activation of EC in slices after treatment, and (2) measure calcium

transient amplitude and duration in slices, using Optical Mapping.
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5.4.6 Conclusion on the effect of Cytomix on the paracrine EC-CM crosstalk

In support of the original hypothesis of this project, the data in this chapter converge to show
that Cytomix-treated EC affect the properties of excitation-contraction coupling of co-cultured
CM differently from untreated EC. The main function that was found to be regulated differently
by Cytomix is the activity of SERCA, and this was associated with an increased amplitude of
calcium transients as well as a more efficient clearing of Ca?* during diastole. PLB expression
was found decreased by co-cultured Cytomix-treated EC, concurring with the higher activity
of SERCA. These data provide valuable insight into the plasticity of EC-CM crosstalk, and
point to potential targets of EC-derived mediators (e.g. PLB, mechano-sensitivity) which have
never been studied in the context of EC-CM interactions previously, at least not directly. Work
remains to be done to bring to light the mechanisms involved in this effect, and to investigate
other potential functions affected by co-culture and Cytomix pre-conditioning. For example, it
would be valuable to test if the duration of action potentials is also affected, and to assess the

susceptibility of CM to develop arrhythmia in these conditions.

The dissociation of calcium and contraction amplitudes and kinetics was the most surprising
finding in this project, and by far the most challenging to address. The effect of Cytomix on the
contractility of slices only at high levels of mechanical load raises the possibility that Cytomix
affects the load-dependency of Ca?* sensitivity in CM myofilaments. With more time allowed,
the project would aim to: (1) apply uniaxial load to isolated CM after co-culture with untreated
or Cytomix-treated EC and determine if the calcium-contraction relationship is restored in such
conditions, and (2) examine the properties of the EC-CM crosstalk, and the effects of Cytomix,

in myocardial slices to conclude on the relevance of findings obtained with co-cultures.

The pathophysiological relevance of findings presented above is discussed more in depth in
Chapter 6. As a conclusion from this chapter, we have confirmed that the paracrine effects of
EC on CM are subject to plasticity and that a prototypical inflammatory response in EC
results in a positively inotropic and lusitropic calcium handling in CM, hence validating our
hypothesis.
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General discussion
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6.1 Recapitulation and implications of results

This project tested the hypothesis that the paracrine effects of EC on the excitation-contraction
coupling of CM are modulated during the inflammatory response of EC. To investigate this, a
model of EC-CM co-culture was first validated. To increase the physiological relevance of our
model, cardiac microvascular EC and freshly isolated adult ventricular CM were preferred over
cell types which are more frequently used for EC-CM co-cultures. The calcium handling of CM
was used as the principal experimental endpoint for co-cultures, aiming to complement other
studies which have focused mostly on CM contractility, hypertrophy, metabolism, proliferation
(when applicable), and maturation. Next, a cocktail of cytokines (Cytomix) was validated as a
pro-inflammatory treatment for EC. The reason for using three cytokines instead of one, as is
usually done, was two-fold: (1) to improve the pathophysiological relevance of the treatment,
and (2) to provide some needed insight into cytokine interplay on EC function and on EC-CM
crosstalk. Data converged to indicate that each cytokine produced a unique response in EC,
while Cytomix produced a cellular response that was not additive, reinforcing the importance
of cytokine interactions in inflammatory disease modelling. Calcium handling in CM was tested
after co-culture with untreated or Cytomix-treated EC and, in line with our working hypothesis,

was found to be different between conditions.

First, it was found at multiple occasions that untreated EC induced a prolongation of calcium
transient decay in co-cultured CM compared to CM alone. This served as the baseline to study
the effects of Cytomix. After co-culture with Cytomix-treated EC, the effects of co-culture were
reversed: with an accelerated calcium extrusion and increased amplitude of calcium transients
observed, surprisingly suggestive of positively inotropic and lusitropic effects from inflamed
EC (at least relatively to the effects of untreated EC). The activity of SERCA, but not NCX,
was found to be responsible for this Cytomix-induced acceleration of calcium clearing, and
this was associated with a more efficient calcium-induced calcium release from the SR.
Contractility and relaxation rate of CM after co-culture were also measured, in light of these

results, but found unaffected by untreated or Cytomix-treated EC. Moreover, there was no
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evidence for a modulation of the sensitivity of myofilaments to calcium. A possible explanation
for this lack of effect was found in myocardial slices, in which a Cytomix treatment only affected
tissue contractility at high levels of stretch, corresponding to cardiac overload (a parameter
that could not be applied in co-cultures in this project). Further work is required to understand

how the effects of co-culture on CM function relate to the properties of myocardial slices.

6.1.1 Limitations of interpreting changes of CM function in co-culture with EC

So far, | have avoided interpreting the effects of EC on CM (before or after Cytomix treatment)
as being either beneficial or detrimental to cardiac function. It is a common preconception that
inflamed EC have a “bad” effect on CM function. However, this is likely the result of a confusion
between cardiac endothelial inflammation and dysfunction. If numerous studies have helped
define the effects of dysfunctional EC on CM function (i.e. diastolic dysfunction caused by lost
NO bioavailability from EC) very little is known about the effects of inflamed EC on CM, where
NO levels and other endothelial functions are distinct from both normal and dysfunctional EC.
Furthermore, not all cardiac remodelling is pathological, as even strong indicators of HF such
as ventricular hypertrophy can be part of physiological adaptions (e.g. leading to increased LV
stroke volume in response to long-term aerobic exercise®?). Even in a pathological context, it
could be argued that hypertrophy has a protective effect, compensating the loss of contractility
in portions of the LV wall after MI for example. | show in this report that Cytomix-treated EC
induce an acceleration of calcium extrusion and a larger amplitude of calcium transients in co-
cultured CM, compared to untreated EC. This is diametrically opposed to changes of calcium
handling observed in HF?43%3 which would suggest that inflamed EC have a beneficial effect
on CM function in the conditions of this study. That these changes were not associated with a
modulation of CM contractility and relaxation is still unexplained, and might have been caused
by suboptimal recording conditions (for example too late after removal of EC from co-cultures)
rather than biological mechanisms with physiological or clinical ramifications. Since co-culture

with untreated EC produced a decreased rate of calcium SR uptake compared to CM alone,
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i.e. in the direction of changes observed during HF, we would be at risk to conclude that EC
have at baseline a detrimental effect on CM calcium handling. Here lie the limitations of such

dichotomous interpretations of CM responses to stimuli, which should only be done cautiously.

6.1.2 Potential mediators of the paracrine effects of untreated and Cytomix-treated EC

on calcium handling in CM

The effects of EC on CM which we described in this study remain unexplained mechanistically,
and more work is needed to identify potential soluble mediators of these effects. The secretion
profile of EC was found highly affected by Cytomix treatment (Chapter 4), but a meta-analysis
of gene expression in CM raised doubts over the involvement of these secreted factors in the
paracrine effects of EC on CM. The Profiler Array that was used in this project is limited to 105
inflammatory factors, so paracrine pathways which are less related to inflammatory responses
remain to be tested and excluded in EC-CM co-cultures. With NO being the candidate soluble
mediator of choice in many studies of EC-CM interactions, if not the only paracrine factor that
is investigated?*®, we ought to reflect on its potential activity in the model of this study. First,
we must assume that the effects of intramyocardial NO are lost in CM after isolation,
considering the numerous changes of media and the delay between isolation and the start of
experiments. Next, if NO is involved in the paracrine effects of untreated EC or Cytomix-
treated EC on the calcium handling of CM in co-culture, this would mirror the effects of NO
donors on CM. The effect of NO on calcium handling is poorly understood when compared to
its effect on the contractile properties of CM, but previous studies have shown that
endogenous NO inhibits SR Ca?* uptake'? as well as Ic, and peak systolic calcium''?, while
exogenous NO (provided by NO donors) can accelerate calcium transient decay®. Other
reported effects of NO include an increased calcium-induced calcium release by NO-mediated
S-nitrosylation of L-type calcium channels®** and RyR2'%, but some studies have also failed
to detect an effect of NO on calcium transient amplitude or kinetics®®. In light of these

inconsistent reports and given the limitations of NO detection in this study, it is not possible to
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determine with certainty if the acceleration of calcium uptake in the SR caused by Cytomix-
treated EC (compared to untreated EC) is due to a loss of inhibitory effects of NO on the
activity of SERCA, to an increase of stimulatory effects of NO, or to NO-independent
mechanisms. As discussed below, further work is needed to define the role of NO in EC-CM

co-cultures and after Cytomix pre-conditioning of EC.

6.1.3 Additional remarks

This work adds to the growing understanding of how EC can modulate the function of CM and
how endothelial inflammation can affect myocardial function. The effect of EC on the calcium
handling of CM is extremely novel, so far only hypothesised from indirect evidence. This may
therefore eventually provide new markers of vascular inflammation in the myocardium, as well
as new therapeutic targets to be investigated. The EC-CM paracrine signalling pathway that
we propose in this project might eventually be exploited therapeutically, for example to prevent

cardiac remodelling or dysfunction in myocardial or systemic inflammatory diseases.

Moreover, the pro-inflammatory treatment of EC that was optimised and validated in Chapter
4 was in response to multiple cytokines, which is still a highly irregular and progressive practice
in cardiovascular research. This work may therefore lead to new understanding of cytokine
interplay on the function of EC and CM during inflammation, or more generally in myocardial

remodelling, and open up new strategies for the control of inflammation in cardiology.

Finally, | have focused on the effect of endothelial inflammation on CM function, in contrast to
the growing number of studies investigating the role of endothelial dysfunction on CM
remodelling (especially in the context of HFpEF). This is an important distinction to make, as
our data may ultimately provide a new and unique insight on direct paracrine mechanisms
which have been underestimated so far. Further work is however required to better define the
transition between vascular inflammation and dysfunction, in terms of paracrine activity on CM

function, and how this may be exploited therapeutically.
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6.2 Comparison with a recently published study

In September 2019, the journal JACC: Basic to Translational Science published an article titled
“Cardiac Microvascular Endothelial Enhancement of Cardiomyocyte Function is Impaired by
Inflammation and Restored by Empagliflozin”, by Juni, PhD., and colleagues?¥®. At this point
of the discussion, we must address the many similarities and discrepancies between the work
of these competitors and the methods and findings in this project. Indeed, both studies aim to
address the paracrine effect of EC on properties of the excitation-contraction coupling of CM,
and the disruption of that effect by an inflammatory response in EC. In both studies, EC were
cultured in Transwell inserts and treated with pro-inflammatory cytokines. Expression of CAM
was used to validate the treatment and intracellular levels of NO were measured by fluorescent
imaging. Cytokines were eliminated prior to co-culture with adult CM, which lasted between 2-
4 hours. Another common feature is the measurement of contractility (and relaxation) of CM,
that was done with the novel system CytoCypher. Despite these similarities, however, effects

of co-culture and of the pro-inflammatory conditioning of EC were physiologically inconsistent.

6.2.1 Comparison of general methods

As shown in Figure 3.1 and as discussed at length in Chapter 3, the characteristics of EC-CM
co-culture systems that have been published, so far, differ greatly. It was therefore surprising,
although somewhat validating as well, to find an uncanny resemblance between the co-culture

method used in this project and that published by Juni et. al. (Table 6.1).

In Chapter 3, we found that the effect of EC on the calcium handling of co-cultured CM after 4
hours is identical to that of co-culture for 24 hours, but we could not find an effect of co-culture
on CM contractility at 4 hours. In Juni et. al. (2019) the duration of co-culture was much shorter
(2 hours). With no other data to suggest that this effect is stable, or at least that it can be seen
at other time-points, it remains a possibility that changes of CM contractility are only transient

in co-cultures.
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Table 6.1: Comparison of methodology for cell culture, co-culture, and characterisation of CM

functions in this project and in Juni et. al. (2019)

This project

Juni et. al. (2019)

EC type HCMEC (Promocell) — Passage 4 to 6 HCMEC (Lonza) — Passage 5to 7
CM type Freshly isolated ARVM (Sprague-Dawley) Freshly isolated ARVM (Wistar)
Coating 1% gelatine (EC) and 1% laminin (CM) 1% gelatine (EC) and 1% laminin (CM)

Co-culture system

0.4 ym pores inserts (GBO) — 12-well format

3 pum pores inserts (GBO) — 24-well format

Conditioned medium

N/A

30 min, 1 hour, 1.5 hour, 2 hours

Co-culture medium

Custom - 1% FBS, no VEGF

EGM-2MV (Lonza) — 5% FBS, plus VEGF

Inflammatory treatment

1 ng/ml TNFa, 1 ng/ml IL-1B, 25 ng/ml hIL-6

10 ng/ml TNFa or 10 ng/ml IL-1B

Pre-conditioning

- EC seeded for 24 hours
- 24 hours treatment
- Media changed to prevent carry over

- EC seeded overnight
- 6 hours treatment
- Media changed to prevent carry over

Duration of co-culture

4 or 24 hours

2 hours

Calcium transients

Fluo-4 and Fura-2

N/A

Contractility

CytoCypher (15 min incubation on stage)

CytoCypher (immediately after co-culture)

Field stimulation

1Hz, 10 ms, 40V

2Hz,4ms, 25V

Recording bath solution

Fresh Tyrode’s solution

Unchanged culture medium (EGM-2MV)

NO measurements

DAF-2 DA

Copper-based probe (CU,FL2E)

In Juni et. al., Transwell inserts containing EC were removed and CM imaged immediately. In
my experiments however, preliminary data suggested that the duration of decay for contraction
is unstable during the first 15 min after transferring CM on the CytoCypher stage (Figure 6.1).
This is likely due to the handling of Transwell inserts, temperature changes, and introduction
of field stimulation. Data were therefore collected between 15 and 30 min. In Juni et. al., data
were however collected “within a relatively short period of time” after transfer of CM on stage,

i.e. potentially before stable state.

There are other technical differences (sources of cells, co-culture medium, pore size in inserts,
seeding duration for EC), but in the interest of simplicity we should assume that the discrepant

effects of co-culture described in both studies were not influenced by these parameters.
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Figure 6.1: Time-dependency of CM contraction

decline duration with the CytoCypher set-up

Time to 90% decay of cell shortening in ARVM from

0 to 25 min after transferring CM cultures to the set-

TD90% (s)

up of CytoCypher. A one-phase exponential curve fit

is shown in red. Data were taken from 3 independent

0.0
: ' y ' y experiments (n = 277 cells in total). Half-life = 4 min.

Time (min) Time constant (tau) = 5.9 min.

6.2.2 The effects of pro-inflammatory treatment on endothelial NO bioavailability

In Juni et. al., it can be argued that the authors somewhat conflate inflammatory endothelial
activation and endothelial dysfunction, a distinction that we have established in Chapter 1. As
a result, a decrease in NO synthesis by EC after TNFa treatment was interpreted as both a
relevant sign of inflammatory response for EC and simultaneously an effect relevant to HFpEF,
which semantically is paradoxical. Bioavailability of NO is known to be increased in a balanced
endothelial response to inflammation, while NO imbalance defines endothelial dysfunction and

contributes to the vascular and myocardial stiffening that are characteristic of HFpEF322.

In Juni et. al., the TNFa treatment: (1) lowered mRNA levels of eNOS, (2) had no effect on the
protein levels of dimeric eNOS but, according to the authors, lowered the monomeric form of
the protein (this was not quantified), (3) increased phosphorylation of eNOS on S1177 (again
quantification was not provided), and (4) inhibited NO synthesis in EC. While a TNFa-induced
reduction of eNOS expression is expected®®®, it should also be accompanied by an uncoupling
of eNOS (ergo a higher proportion of monomeric eNOS, contributing to ROS generation). Total
protein levels of eNOS were also unchanged by TNFa, despite the change at the mRNA level.
Phosphorylated eNOS on S1177, which was increased by TNFa in this article, is also known
to potentiate NO synthesis®*®3¢7, Overall, these circumstances would indicate an increase in
NO synthesis, not the decrease which was reported. As the authors rightfully suggest, this can
simply be explained by the NO scavenging properties of ROS. To validate this, treatment of
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EC with anti-oxidants rescued the TNFa-inhibited NO synthesis. In Juni et. al., the probe which
was used to measure NO levels in EC was more specific than DAF-2, which could explain the
discrepancy of these findings with the results shown in Chapter 4. Using this probe to measure
the basal effects of Cytomix on NO synthesis in EC appears thus essential to categorise this
treatment as a model of either endothelial inflammation or endothelial dysfunction. This would
also help confirm the suspected increase of NO induced by thrombin and its potentiation by
Cytomix treatment. Of note, the radical scavenging enzyme MnSOD was here found induced
by Cytomix at higher levels than after TNFa treatment, and more work should be done to test
the levels and activity of ROS in our model. It is possible that an early TNFa response (in the

article) and Cytomix have opposite effects on NO synthesis.

6.2.3 The effects of co-culture and EC pre-conditioning on CM contractility

The effect of co-culture on CM contractile functions, as reported in Juni et. al., is two-fold: (1)
an increased fractional shortening and sarcomere length shortening compared to CM alone,
and (2) an increased return velocity and decreased tau (i.e. increased rate of decay kappa) of
relaxation. In contrast, we saw no effect of co-culture on contraction or relaxation of CM, and
at the level of calcium handling, a lower amplitude and prolongation of return to baseline. Juni
et. al. did not include an analysis of calcium transients, or of the sensitivity of myofilaments to

calcium, which would have been helpful to fully compare the two studies.

In the same study, the effect of co-culture was statistically significant, but representative traces
were not shown, thus making any interpretation of physiological significance difficult. Ignoring
this, TNFa treatment of EC was reported by the authors to reverse the effects of co-culture (a
shared observation with the current project). As shown in Figure 6.2 (reproduced from Figure
2 of the article), this results in a reduction of shortening amplitude and longer relaxation time
compared to untreated EC, i.e. negatively inotropic and lusitropic. This is consistent with the
reduction of NO generation in EC shown after TNFa treatment, but in a clear contrast to the

positively inotropic and lusitropic effects of Cytomix treatment on the calcium handling of co-
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Figure 6.2: Published effects of Transwell co-culture and of TNFa pre-conditioning of EC on

the contractility and relaxation rate of contractions in CM

Reproduced from Juni et. al. (2019). Original title: “CMECs Enhance CM Function”, legend: “CM

contraction and relaxation were evaluated under basal conditions (control) and after co-culture with
untreated (endothelial cells [ECs]) or tumor necrosis factor (TNF)-a pre-treated CMEC (EC+TNF). (A
and D) Co-culture of CMs with ECs increased CM contraction (proportion sarcomere shortening),
and (B and E) improved CM relaxation as shown by increased speed of relaxation (return velocity)
and (C and F) shortened time constant of relaxation (tau). (A and D) Pre-treatment of CMECs with
TNF-a (EC+TNF) abolished the beneficial effect of CMECs on CM contraction and (B, C, E, and F)
relaxation. (A to C) Graphs representing single CMs isolated from 1 individual rat, distributed into the
3 corresponding experimental conditions; 40 to 45 CMs were measured per condition. (D to F) Data
are representative of 8 independent experiments. (D to F) Graphs of combined average values
obtained from 8 independent experiments corresponding to 8 individual rats. All data are represented

as mean +/- SD.” (Under CC BY NC ND License — Permission not required by Elsevier)
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cultured CM. Again, a direct comparison of contractility in a study with calcium properties in
another should be done with great caution. As the NO scavenger 2-4-carboxyphenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO) and L-NAME both inhibited the effects of EC
on CM, the authors concluded that NO was likely to be the only mediator of those effects, and

this was consistent with the effects of TNFa on NO synthesis in EC.

The transfer of conditioned media from untreated EC culture supernatants produced the same
effect as Transwell co-cultures on the amplitude and relaxation of CM contraction, but this was
lost between 30 min and 1 hour after the incubation of CM with conditioned media had started.
Of note, this experiment was only done on CM from 1 rat. The half-life of NO in media varies
depending on pH, oxidative species, endogenous buffers, and density of cells in culture, but
is estimated to be degraded within seconds in physiological conditions?°42%, |t is thus
surprising that the effects of co-culture and EC conditioned media on CM were completely
abrogated by NO inhibitors 30 min after media had been transferred. S-Nitrosothiols formed
by interaction of NO with redox-activated thiols have been proposed by others as active and
stable reserves of NO (at least in vivo)®*. The plasma half-life of S-Nitrosoalbumin, for
example, is between 15 and 45 min?*, so such reserves might allow the effects of NO to
persist after removal of EC in co-culture. This remains highly speculative, and this proposition
is based on two assumptions: that c-PTIO is equally efficient to scavenge biotransformed NO
as free NO in culture medium, and that NO can be biotransformed in co-culture conditions.
Finally, the effect of endogenous NO on the response of CM to EC-derived factors is not
known. As a result, L-NAME or c-PTIO alone might not affect CM contractility directly but it
remains a possibility that these treatments could influence the quality or degree of endogenous
NO-dependent responses of CM to EC-derived factors. It is known, for example, that
endogenous NO inhibits the response of CM to other hormonal stimuli, such as the B-

adrenergic signalling which is dampened by endogenous NO in CM13:346,

In the current project, determining the levels of NO synthesis in EC before and after Cytomix

treatment was limited by the overall quality of DAF-2 imaging, which was not sensitive enough
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to detect basal NO levels. Originally, an aim of the present project was to use L-NAME, cPTIO,
and a NO donor (NOC-5) in co-cultures or on CM alone to better define the contribution of NO
signalling to the effects discussed above. However, with L-NAME increasing DAF-2 intensity
disproportionally after Cytomix treatment compared to untreated controls, and given the lack
of detectable NO in basal conditions, this treatment could not be used in co-cultures and this

issue could not be resolved in time for this thesis.

6.2.4 Conclusions from this comparison

Titin hypophosphorylation and stiffened stretch-dependent passive force in CM, i.e. markers
of endothelial dysfunction in HFpEF®'-3¢8, were not investigated by Juni et. al., and could not
be studied in time during my project. As a result, it remains difficult to categorise the signalling
observed in both studies as particularly specific to HFpEF or to other inflammatory myocardial
remodelling and dysfunction. In Juni et. al., the EC response elicited by the pro-inflammatory
treatment, the EC-CM paracrine axis, and its effects on CM function were strongly consistent
with the diastolic dysfunction that can be induced by EC dysfunction. The title of the paper is
perhaps misleading when suggesting that endothelial “inflammation” impairs the EC-mediated
improvement of CM function. That an EC dysfunction was induced experimentally using a pro-

inflammatory cytokine is not sufficient to interpret its effects as primarily inflammatory.

Before we can safely use the aforementioned study as a reference point for the interpretation
of the results in this thesis, it would be necessary to attempt the replication of these results. In
other words, it would be pertinent to test the same concentration of TNFa and to measure CM
function at the same time-point after co-culture. If this effect can indeed be replicated, the next
step would be to investigate how calcium handling is altered in this model, thus allowing a
direct comparison of both models. Until this is done, it will remain difficult to identify common

ground and differences between these two reports of EC-CM interaction.
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6.3 Strengths and limitations

The main objective of my PhD project was to investigate how the paracrine activity of EC on
CM was altered in response to pro-inflammatory cytokines. As such, how these cytokines
affect the response of CM to EC signals, physiological or pathological, was of interest but
beyond the scope of the project. This is both a strength and a limitation. Indeed, it is much
easier to dissect the crosstalk of EC and CM with unidirectional pathways, but on the other
hand the lack of co-stimulation for CM could mask pathologically relevant compensatory
mechanisms, and limit the direct translation of results in in vivo models of myocardial

inflammation where, by definition, the crosstalk is all but unidirectional.

Freshly isolated adult CM were used throughout in this project. This is a major asset compared
to numerous previous studies which have used neonatal CM, induced-pluripotent stem cells-
derived CM, or CM from immortalised cell lines. This was particularly important in my efforts
to characterise the properties of excitation-contraction coupling in CM, a feature that is often
said to be “immature” and therefore less physiologically relevant in non-adult CM and cultured
CM?%_ The relative contribution of SERCA and NCX to Ca?* clearing is the biggest caveat to
using rat CM to model calcium handling?'®, and it should be noted that NCX activity in response
to co-culture and pro-inflammatory conditioning in EC might be underestimated in this study
(in comparison to its activity in human CM). Moreover, as discussed at length in Chapter 3,
the heterogeneity of EC phenotype is often overlooked in studies which make use of EC-CM
co-cultures. It is therefore a strength of this project that HCMEC were used instead of HUVEC
(or another non-cardiac source of EC). While NO and its signalling pathway are highly
conserved across species, there remains a risk that other elements of EC-CM crosstalk were
not maximally effective due to differences of protein sequences between human and rat,
causing undesirable ligand-receptors mismatches. To control for this in future experiments,
human CM derived from induced pluripotent stem cells, or rat cardiac microvascular EC, could

be used in co-culture.
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It was a major limitation of the experimental design in this study that the co-culture interactions
had to be severed before measurements of CM properties, especially in light of the possibility
that some effects of EC on CM could be transient and lost rapidly after EC removal. We know
that this cannot be true for all effects of EC since the effects of co-culture on calcium transients
in CM were preserved for up to 30 min. Only the measurement of CM contractile functions in
co-culture (i.e. without EC removal), which would require new and costly equipment, can solve

this issue and should be a consideration for future experiments.

The effect of Cytomix treatment on EC paracrine functions, as tested on CM calcium handling
and contractility or relaxation, were only tested after 4 hours of co-culture. We show in Chapter
3 that the effect of co-culture with untreated EC is unchanged from 4 to 24 hours, but this was
not confirmed for the lack of effect on CM contractile properties. Given the differences of result
and of the duration of co-culture used in this project and in Juni et. al. (2019), as we discussed
in the previous section, it is possible that other time-points (e.g. 30 min, 2-48 hours, or 7 days)
could be defined by qualitatively and quantitatively different effects of EC on CM. This should

be addressed in further experiments.

The mechanical exchange between EC and CM might influence their functional crosstalk, and
this is a limitation of using Transwell inserts as a co-culture model in this project. The inserts
used were the most adapted to investigate the paracrine axis of the crosstalk, specifically, but

future models should aim to integrate biomechanical interactions between EC and CM.

Finally, there are limitations associated with using multiple cytokines as a co-treatment of EC.
This is almost uncharted territory in vascular biology, and complicates any comparison of cell
responses to Cytomix to the effects described in the literature with other treatment conditions.
Yet, this type of “complication” can only lower the attrition rate of result translation from in vitro
models of inflammatory diseases to clinical practice. With more research on the intricacies of
cytokine interactions, the value of cytokine cocktails such as Cytomix could potentially trump

that of single cytokine treatments in future research in cardiovascular biology.
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6.4 Future work

To contextualise the effects of Cytomix on the paracrine activity of EC more conclusively, in
terms of inflammatory cardiac disease modelling, | would like to: (1) measure the bioavailability
of NO in co-cultures with more sensitive and specific methods than DAF-2, and (2) measure
the phosphorylation of titin and the levels of cGMP in co-cultured CM. First, this would create
an opportunity to validate properly a panel of chemical interventions to manipulate NO in co-
cultures (L-NAME, negatively controlled using the inactive enantiomer D-NAME, c-PTIO, and
NO donor NOC-5), and use these to assess the contribution of NO to the effects of untreated
or Cytomix-treated EC on co-cultured CM. It remains possible that NO-independent paracrine
pathways contribute to the effects of untreated EC or Cytomix-treated EC on CM function after
co-culture. However, these can only be confirmed experimentally after their soluble mediators
have been identified. Using a library of inhibitory antibodies in EC-CM co-cultures represents
a potential approach to identify a small list of candidate mediators, but since calcium handling
needs to be used as a main experimental outcome the throughput of such screening can only
be limited. A better solution, less costly and more time-efficient, would be to analyse single-
cell transcriptomics or proteomics datasets (available online) to correlate ligand expression in
EC and receptor activation in CM (or proteins involved in CM function generally). With datasets
collected using cardiac cells from HF patients and healthy donors, previous studies have been
able to generate different EC-CM interactome maps between the normal and HF conditions™.
This sort of unbiased correlation analysis would be an extremely valuable first step to propose
non-NO mediators of the paracrine effects of EC on CM, although all factors would have to be

eventually confirmed more thoroughly in co-cultures in future experiments.

Next, to ramp up the pathophysiological relevance of this study, it would be interesting to use
serum purified from patients for whom systemic inflammation has been clinically confirmed
(e.g. in RA), used as a pre-conditioning for EC prior to co-culture and in comparison to serum
from healthy donors. To produce co-cultures in which the phenotype of EC matches best the

EC functions in HF however, the next step would be to isolate microvascular EC from biopsies
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of HF patients. Given the opportunity, it would also be interesting to compare the effects of EC
on CM when isolated from different types of HF or, similarly, compare the effects of EC from
HF patients and patients with systemic inflammatory diseases. Endothelial colony forming
cells (already in use in the Mason lab) isolated from HF patients, might provide an alternative

source of relevant EC in this setting.

These experiments however rely on the assumption that the paracrine effects of diseased EC
on healthy CM are relevant to pathology, which as we have discussed previously is not entirely
correct. A necessary test to be performed in future experiments would be to compare calcium
handling properties in CM after Transwell co-culture with EC in the following conditions: (1)
Cytomix-treated EC + CM, (2) Cytomix-treated EC + CM + Cytomix, (3) untreated EC + CM +
Cytomix, (4) EC + CM, (5) CM + Cytomix, (6) CM only. This would address two possibilities:
that untreated EC have a protective effect on the response of CM to inflammatory stimuli, and

that this is lost or altered when EC and CM are responding to inflammatory conditions.

In Chapter 5, we show that Cytomix treatment induces a change of contractility of myocardial
slices at high levels of mechanical load. This model is perfect to bridge co-cultures and in vivo
experiments, due to all the physiological parameters which can be controlled in cultured slices.
It would therefore be an important element of future work to validate the results obtained from
co-cultures with myocardial slices, and confirm that the presence of structured ECM, other cell
types (e.g. fibroblasts), and biomechanical interplay between cells do not abrogate the effects
observed in simpler models. Before this can be accomplished however, more work is required
to confirm that: (1) EC viability and microvascular structures (i.e. lumen, continuity of vessels)
are preserved in cultured slices, and (2) EC respond to Cytomix added to slices in a similar
fashion to HCMEC in vitro. Next, inhibitory antibodies could be used in the medium of cultured
slices to attenuate elements of EC-CM crosstalk, though these elements might not be specific
to EC and CM. EC-specific treatments or interventions are challenging in slices, as much as
in vivo. Plasmids can be designed to deliver RNA-interfering siRNA or miRNA hairpins to EC

specifically®®®, for example by placing the interfering RNA sequence under control of the VE-
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cadherin promoter. With this technique, all cells in slices are infected but only those expressing
VE-cadherin will express the interfering hairpins, resulting in an EC-specific downregulation of
the gene of interest. This cannot be applied for too many targets however, considering the
high cost of such plasmids and the time required to validate the efficiency and the EC-
specificity of such RNA interference. With the same method, it would be interesting to block a
candidate EC-secreted mediator of the EC-CM crosstalk in slices isolated from rat models of
systemic inflammation, at a time point when cardiac microvasculature is not yet dysfunctional.
HF models could be also used (e.g. Zucker diabetic fatty and spontaneously hypertensive HF
F1 hybrid rats, known as ZSF1, which have on numerous occasions been used as a model of

HFpEF11,91 ,370,371).

Ultimately, even the findings obtained using myocardial slices need to be confirmed in vivo. It
would therefore be logical to use the same rat models of inflammatory diseases or HF that we
discussed above for this in vivo study, and apply an EC-specific knockdown method validated
in slices (e.g. RNA interference) by intra-myocardial injection of the plasmids, as was done by
others®72, This experiment would be the opportunity to integrate important elements of cardiac
and inflammatory pathophysiology to our model (e.g. myocardial capillary resistance, changes
of blood pressure, macrophage infiltration, a more complex stimulatory microenvironment for

EC and CM, arrhythmia, thrombosis, LV and non-LV cardiac remodelling, etc.).
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6.5 Concluding remarks

In this thesis, | have shown that EC modulate the calcium handling of CM in co-culture, and
that this is altered when EC are pre-conditioned with a cocktail of pro-inflammatory cytokines.
This shows that the paracrine activity of EC on CM is plastic, and modulated during myocardial
or systemic inflammation. Further work is needed to fully characterise the response of CM to
inflamed EC and the signalling pathways involved in these effects. Except for the reduction of
NO bioavailability, little is known about how the shift from inflamed endothelium to endothelial
dysfunction affects the paracrine activity of EC on other cell types, notably on CM. By focusing
on the initial inflammatory response of EC, i.e. before the shift to endothelial dysfunction, new
mechanisms of the EC-CM crosstalk, myocardial markers of onset-HF, and targets for novel
therapeutic interventions might be brought to light. Eventually, this work might also be of great

use for preventing cardiac complications in patients with systemic inflammatory disorders.
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