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Abstract
Background: Interleukin-6 (IL-6) is elevated during Myocardial Infarction (MI) and
higher levels are associated with adverse outcomes. IL-6 signalling may be
mediated by binding to its membrane-bound receptor, termed classic signalling.
This pathway is associated with anti-inflammatory effects. Alternatively, IL-6 may
bind to a circulating, soluble form of its receptor (sIL-6R) which may then bind to
membrane-bound gp130 to effect signalling. This is termed trans-signalling and has
pro-inflammatory effects. Current strategies to antagonise IL-6 block both of these
pathways (pan blockade).
Hypothesis: Exclusive blockade of IL-6 trans-signalling with the novel recombinant
protein ‘sgp130Fc’ during MI would result in a greater reduction in infarct size (IS)
and improved Left Ventricular Ejection Fraction (LVEF) relative to pan blockade.
Methods: MI was induced in male Sprague-Dawley rats by occluding the leftanterior descending artery for 50-minutes prior to reperfusion. The model was
characterised by measuring the temporal profile of cytokines and inflammatory cells
within cardiac tissue and plasma up to 28-days post MI. Anti-IL-6 proteins were
validated in vitro. Subsequently rats received sgp130Fc, anti-IL-6-Ab or vehicle
intravenously 1-minute prior to reperfusion. IS as a percentage of Area-At-Risk
(AAR) was measured histologically at 24 hours, LVEF by cardiac magnetic
resonance imaging at 28 days and inflammatory/other parameters at 4 hours, 1, 3
and 28-days post MI.
Key Results: Compared with vehicle, IS/AAR was significantly reduced by the
administration of sgp130Fc but not by the anti-IL-6-Ab (vehicle: 42.74%, anti-IL-6Ab: 45.43, sgp130Fc: 28.39%, p=0.008 n=7-9/group). Relative to age-matched
naïve rats LVEF at 28-days was significantly reduced in the vehicle and anti-IL-6-Ab
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group but not in the sgp130Fc group (Naïve: 72.94%, vehicle: 62.58% (p=0.004),
anti-IL-6-Ab 63.34% (p=0.01), sgp130Fc 67.91% (p=ns) n=7-9/group).
Conclusions: Specific IL-6 trans-signalling blockade with sgp130Fc reduces
IS/AAR and preserves LVEF in an animal model of MI with reperfusion whereas
pan-blockade with an anti-IL-6-Ab does not.
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Impact Statement
Myocardial Infarction (MI) is the leading cause of death worldwide and one of the
most common in the UK. MI is the main cause of heart failure, a debilitating
condition with a high mortality, resulting from reduced cardiac function. New drugs
to help prevent the onset of heart failure after MI are therefore urgently required.
Interleukin-6 (IL-6) is an inflammatory cytokine that is elevated after MI and
associated with a higher risk of the development of heart failure. Employing an
animal model, my thesis provides evidence that a drug called ‘sgp130Fc’, which
blocks IL-6 in a novel way, reduces the cardiac dysfunction associated with MI.
Given that a clinical-grade version of sgp130Fc is currently under investigation for
other indications, it is possible to translate these findings in the near future with a
phase II clinical trial. Therefore, in the longer term, the work presented in this thesis
may have an impact on the clinical management of MI.
In addition to this main finding, other data that expand our understanding of IL-6
biology is of general academic interest, particularly to the inflammation field.
Furthermore, techniques developed during the course of my PhD to enable the
study of inflammation in the rat will be of practical use to others working with this
species.
I have disseminated the results of my work through a series of talks and poster
presentations at national and international conferences and will submitting the
completed study for publication in a scientific journal.
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1 Introduction
My PhD concerns the therapeutic potential of Interleukin-6 (IL-6) antagonism in
Myocardial Infarction (MI). In this introduction, I summarise the literature concerning
the role of inflammation in MI, the physiology and signalling pathways of IL-6 and
the rationale for considering it a therapeutic target. I subsequently review the animal
models and clinical study of MI in which IL-6 signalling has been blocked, before
presenting my hypothesis and aims.
1.1

Myocardial Infarction and Heart Failure

MI is the leading cause of death worldwide and one of the most common causes in
the UK [1]. MI also exerts a significant financial burden on the heath service since it
accounts for over 200,000 hospital visits each year [1]. However, significant
progress in the treatment of MI has resulted in improved survival. In the 1960s,
more than 70% of MIs were fatal, whereas today, greater than 70% of individuals
suffering an MI survive [1]. In particular, the introduction of reperfusion therapy,
initially with thrombolytics and later with Percutaneous Coronary Intervention (PCI)
has transformed the acute treatment of this condition.
Together with improved prevention employing anti-platelet medications and drugs
targeting risk factors such as hypercholesterolaemia, hypertension and diabetes,
the death rate from MI has halved since 2001 [2].
With improvements in mortality, there are an estimated 915,000 survivors in the UK
[1]. MI is the most common cause of heart failure, a syndrome characterised by
pulmonary and peripheral oedema which is associated with significant mortality [3].
Since up to 40% of patients will develop heart failure post MI [4], the number of
patients with this debilitating condition is steadily increasing [3]. As a result, there is
the pressing clinical need to develop new therapeutic approaches for MI, which can
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not only further improve the immediate outcomes but also reduce the subsequent
development of heart failure.
1.2

Inflammation as a therapeutic target in MI

Inflammation is triggered post MI and is a complex, finely orchestrated process that
initiates wound healing. Early infiltration of immune cells including neutrophils and
monocytes, remove damaged cells and extracellular matrix and stimulate
myofibroblast proliferation leading to scar formation and neovascularisation [5].
However, despite being a process essential to wound healing, multiple animal
studies have demonstrated that excessive inflammation results in myocyte injury [6],
disproportionate fibrosis [7] and adverse remodelling culminating in left ventricular
impairment [8,9].
Furthermore, multiple clinical studies have demonstrated associations between
markers of inflammation and adverse outcomes post MI including infarct size,
impaired reperfusion, heart failure and death. These potential mediators include
inflammatory cells such as neutrophils [10,11] and monocytes [12,13], as well as
acute phase proteins [14,15] and cytokines such as Tumour Necrosis Factor α
(TNFα) [16] and IL-8 [16,17].
Thus, inflammation has long been considered a potential therapeutic target in MI
[18], with a paradigm that proposes that reducing the harmful effects of inflammation
will attenuate infarct size and fibrosis, resulting in improved left ventricular function
and a lower incidence of heart failure. However, despite many anti-inflammatory
approaches showing promise in animal models there have been mixed results in
human phase II studies and notable past failures at phase III. For example, in phase
II, targeting the Cluster of Differentiation (CD) 11/CD18 integrin receptor with a
monoclonal antibody had no effect on infarct size (N=420) [19], and targeting gap
junctions with the peptide danegaptide did not improve myocardial salvage at 3
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months post STEMI (N=585) [20]. However, targeting IL-1β with the drug Anakinra
reduced the composite endpoint of death or heart failure, however this was a very
small study (n=40) [21]. In phase III, the anti p38 MAP Kinase inhibitor
Losmapimod, failed in its primary composite endpoint of major cardiovascular
events (N=3,503) and an extension to include 22,000 patients was abandoned [22].
Similarly, Cyclosporin, which has been shown to reduce infarct size in animal
models by inhibiting the opening of the mitochondrial permeability-transition pore
failed to improve outcomes post STEMI in the CIRCUS trial (N=970) [23]. Therefore,
to date no specific anti-inflammatory treatments have translated into clinical
practice.
Many explanations have been proposed to account for these failures. These include
the inherent complexity and redundancy of inflammatory pathways and the failure to
distinguish between surrogate markers and genuine therapeutic targets [24]. In
addition, over-reliance on animal models which do not closely approximate human
plaque rupture [25] and often include administration of drugs prior to onset of
ischaemia has also been cited as a major issue in the field [24]. For example, in the
case of Losmapimod the greatest cardioprotective effect came when it was
administered to mice before or at the onset of MI, with no or minimal benefit when
given at the onset of reperfusion – which is the clinically relevant time-point [26,27].
Therefore work continues to identify and validate potential therapeutic targets and
translate findings from the pre-clinical to the clinical setting.
1.3

Interleukin-6 as a potential therapeutic target in MI

IL-6 is a pleiotropic inflammatory cytokine that is involved in the pathogenesis of a
wide range of inflammatory diseases. Several drugs targeting IL-6 signalling have
been developed and are established for the treatment of rheumatoid arthritis [28]
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and Castleman’s disease [29] and are being trialled in multiple other contexts such
as giant cell arteritis [30], systemic sclerosis [31] and ovarian cancer [32].
IL-6 has also been proposed as a potential therapeutic target in MI [33]. This stems
from observations in clinical studies demonstrating that increased circulating IL-6
concentration is associated with adverse outcomes post MI. Genetic studies also
indicate that IL-6 is likely to have a causal role in the development of coronary artery
disease.
1.3.1

The association between IL-6 and adverse outcomes post MI

The largest clinical study to assess the relationship between plasma IL-6
concentration and outcomes post MI is the SOLID-TIMI 52 trial [34]. IL-6
concentration in 4939 subjects ≤30 days after MI was measured and patients were
followed up for a medium of 2.5 years. The study found that IL-6 was significantly
associated with cardiovascular death and heart failure (adj HR Q4:Q1 1.79, 95% CI
1.22-2.63) [34]. In another large study, Ritschell et al obtained peripheral blood
samples from 1028 patients presenting with ST-Elevation Myocardial Infarction
(STEMI), who were treated with primary PCI [35]. They found a significant positive
correlation between IL-6 and peak Troponin-T and NT-pro Brain Natriuretic Peptide
(BNP) and an inverse correlation with Left Ventricular Ejection Fraction (LVEF),
suggesting IL-6 is associated with both myocardial necrosis and the development of
heart failure [35]. Other studies have also shown an association between higher IL-6
and larger infarct size [36], poorer systolic function [37] as well as increased
mortality [37,38], the ‘no-reflow’ syndrome [39,40] and in-stent restenosis [41].
1.3.2

Genetic studies of IL-6 and coronary artery disease

As IL-6 is produced by necrotic myocardium [42], it may simply be a prognostic
marker reflecting the extent of MI, rather than playing a role in the pathogenesis.
However, genetic studies have demonstrated its causal relationship with coronary
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artery disease [43] and also suggested it may be causally associated with adverse
outcomes post MI [44]. Using a single nucleotide polymorphism (SNP) in the IL-6
receptor (IL-6R) gene which is randomly inherited in the population and reduces IL6 signalling, Swerdlow et al demonstrated that this SNP protects against MI
(N=25,458 cases and 100,740 controls) [43]. In another study employing this
approach in patients presenting with STEMI, homozygote carriers of the allele which
increases IL-6 signalling had a higher mortality [44]. However, the sample size was
small (N=553) and the effect did not exclude the null at the 5% level of significance
(p=0.1) [44].
Therefore, the reproducibility and strength of the negative associations of IL-6 and
MI together with the supportive genetic evidence suggest it is more than simply a
surrogate marker and warrant exploring it as a novel therapeutic target.
1.4

IL-6 Signalling pathways

IL-6 is a four-helical protein of 184 amino acids [45] and is the archetypal member of
a family of nine cytokines that all share this structure. IL-6 has two distinct signalling
pathways termed ‘classic/cis’ and ‘alternative/trans’.
1.4.1

IL-6 Classic Signalling

IL-6 classic signalling is achieved by IL-6 binding to its membrane-bound α-receptor
(IL-6R/CD126), which then associates with a dimer of the receptor β-subunit
glycoprotein 130 (gp130), also termed CD130 [46] (Figure 1.1 A). Once formed,
this complex then initiates intracellular signalling via several different pathways.
Janus kinases (JAKs), which are associated with gp130 become activated and
phosphorylate the cytoplasmic part of gp130 creating docking sites for signal
transducer and activator of transcription (STAT) factors 1 and 3. These
subsequently become phosphorylated and translocate to the nucleus to regulate
gene transcription [47]. In addition, the Src homology region 2 domain-containing
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phosphatase 2 (SHP2) cascade is also activated which leads to two further
transcription pathways: the phosphoinositide 3-kinase (PI3K)/AKT pathway and the
mitogen-activated protein kinases (MAPK) pathway [48]. As part of the
transcriptional events controlled by IL-6, a series of negative regulators are induced.
These include suppressor of cytokine signalling (SOCS) 1 and 3 which counteract
the activation of STATs and SHP2 [48].
Classic signalling can only be achieved in cells that express IL-6R. Cells types
which are well described to do so include hepatocytes (where IL-6 stimulates the
acute-phase response [49]) and leukocytes (myeloid cells and some lymphocytes)
[50].
1.4.2

IL-6 Trans-signalling

Tissues may also respond to IL-6 signalling via trans-signalling (Figure 1.1 B). This
is achieved by IL-6 binding to a circulating soluble form of the receptor (sIL-6R), and
then this IL-6/sIL-6R complex subsequently binding to a dimer of membrane-bound
gp130 [51]. Since gp130 is ubiquitously expressed, this pathway enables IL-6 to
stimulate all tissues regardless of their expression of membrane-bound IL-6R.
Gp130 has no measurable affinity for IL-6 itself [52], therefore trans-signalling is
dependant on sIL-6R. sIL-6R is predominately generated by ectodomain shedding
of membrane-bound receptor from hepatocytes and leukocytes, mediated by the
shedases ADAM10 and ADAM17 [53]. During inflammation trans-signalling
increases not only because of increased levels of IL-6, but because sIL-6R is shed
from leukocytes infiltrating the site of inflammation [54].
Thus, in the context of MI, trans-signalling is the predominant pathway responsible
for the IL-6 stimulation of many of the major cell-types within the heart including
myocytes, endothelial cells (ECs) and fibroblasts.
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Trans-signalling results in greater stimulation of the target cell compared with
classic signalling for several reasons: Firstly, whereas IL-6 binds to both membranebound and sIL-6R with a dissociation constant (Kd) of around 1 nM [55], the IL6/sIL-6R complex binds to membrane-bound gp130 dimers with a 100-times higher
affinity, having a Kd of 10 pM [46]. Secondly, there are far more gp130 molecules
present on cells than IL-6R (in cells that express both), leading to a greater signal
amplitude [56], and finally, whereas when IL-6 binds to membrane-bound IL-6R, the
signalling complex is rapidly internalised, the complex formed by trans-signalling is
not, resulting in prolonged signalling [57].
1.4.3

Differences in the intracellular signalling cascade between classic and
trans-signalling

Emerging evidence suggests that certain cell types which express low-levels of IL6R such as myocytes and ECs respond differently to IL-6 classic and transsignalling. Zegeye et al [58], employing human umbilical vein endothelial cells
(HUVECs), demonstrated that although they express IL-6R they only produce the
chemokine C-C motif ligand 2 ((CCL2), also termed Monocyte Chemoattractant
Protein 1 (MCP-1)) when stimulated by trans-signalling. They further showed that
classic signalling induced the activation of the JAK/STAT pathway, whereas transsignalling also activated PI3K/AKT which was required for CCL2 production [58].
Fahmi et al [59] in a similar manner demonstrated that rat cardiomyocytes express
IL-6R but that intracellular pathways were different when stimulated with classic vs
trans-signalling. In contrast to the finding in HUVECs, they showed that classic
signalling stimulated PI3K/AKT whereas trans-signalling was required to also
stimulate JAK/STAT. Given that JAK/STAT signalling is required for the
upregulation of Intracellular Adhesion Molecule-1 (ICAM-1) in myocardium [60], this
study suggests that this pro-inflammatory process is trans-signalling dependant.
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These studies shed new light on the complexities of IL-6 signalling and also
demonstrate that IL-6 trans-signalling is responsible for key pro-inflammatory effects
on both myocytes and ECs.
1.4.4

The sgp130 buffer

Whereas the concentration of IL-6 in healthy individuals is very low (<5pg/ml), the
concentration of sIL-6R is approximately 40-100 ng/ml [61,62]. To prevent excess
systemic trans-signalling from occurring in situations where IL-6 levels are elevated
there is a buffering system which utilises a soluble form of gp130 (sgp130) (Figure
1.1 C).
Sgp130 exits as a monomer with a circulating concentration of approximately 250400ng/ml, with little change in disease states [61,62]. It has a Kd of 2nM with the IL6/sIL-6R complex and no affinity for IL-6 itself [62]. This buffering system is
complex, however mathematical modelling by Gaillard et al suggests that, under
steady-state conditions approximately 1/3 of IL-6 is free, 1/3 is bound in binary IL6/sIL-6R complexes and 1/3 is bound in inactive tertiary IL-6/sIL-6R/sgp130
complexes [62]. Increases in circulating sIL-6R during inflammation leads to an
increased proportion of binary complexes which elicit responses via trans-signalling
and reduces free IL-6 [62].
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Figure 1.1: IL-6 Signalling Pathways
A: Classic signalling is achieved by IL-6 binding to its membrane bound receptor (IL-6R)
which associates with a dimer of membrane-bound gp130 to elicit intracellular signalling. B:
Trans-signalling is achieved by IL-6 binding to a soluble form of the IL-6 receptor (sIL-6R)
and subsequently this IL-6/sIL-6R complex binds to ubiquitously expressed membranebound gp130. C: The system is buffered by a soluble form of gp130 (sgp130).

1.5

IL-6 temporal and spatial profile in patients with MI

The concentration of IL-6 levels in the systemic circulation of MI patients rise rapidly
after symptom onset, being elevated in the first 5-24 hours, and returning to
baseline between 1-5 days later [63–67]. In an elegant study in which transcoronary
ablation of septal hypertrophy (TASH) was used as a human model for MI (with the
precise moment of myocyte necrosis known), a significant rise in circulating IL-6
occurred 45 minutes after the ablation, demonstrating the rapidity of its release [42].
Further evidence has established the heart as the main source of circulating IL-6
following MI; blood aspirated from the culprit coronary artery has significantly higher
concentrations of IL-6 than the systemic circulation [65,68] and circulating
monocytes do not have elevated IL-6 RNA expression in the first 24 hours [69].
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Reperfusion achieved by PCI results in an additional rapid rise in IL-6, which is
detectable in blood samples from the coronary sinus immediately after reperfusion
is achieved [61,70].
1.5.1

The source of IL-6 in MI: myocyte necrosis and transcription

Necrosis vs Apoptosis
Necrosis and apoptosis are the two main mechanisms by which cells die during
ischaemia (see section 1.6). Berghe et al found that myocyte necrosis is associated
with the passive release of significant quantities of IL-6 but that apoptosis was not
[71]. Necrosis is therefore responsible for the initial acute rise of IL-6 and likely
explains the rapid rise observed in the TASH study [42].
IL-6 transcription: Rapidly induced by reperfusion
As well as IL-6, necrotic myocytes also release multiple factors termed DangerAssociated Molecular Patterns (DAMPS), which includes high mobility group box
protein 1 (HMGB1) and ribonucleic acid (RNA) [72]. These bind to pattern
recognition receptors and induce an inflammatory response, including the
transcription of cytokines such as IL-6 [72]. Thus, multiple studies have
demonstrated that cardiomyocytes produce IL-6 rapidly in response to ischaemia
[73–75]. Another crucial observation made by Kukielka et al, was that IL-6 mRNA
levels peaked 3 hours after reperfusion (after 1 hour of ischaemia), whereas there
was minimal mRNA detected in non-reperfused hearts that had remained ischaemic
for 4 hours. By 24 hours mRNA in non-reperfused hearts was elevated to the same
degree as those that had been reperfused [74]. Further studies identified the viable
border zone as the source of IL-6 production and confirmed that the rapid
transcription of IL-6 mRNA was reperfusion-dependant [75]. This suggests that
although IL-6 is produced in all cases of MI, it has a significantly different temporal
profile when the myocardium is reperfused.
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1.6

IL-6 and mechanisms of tissue injury in MI

During MI myocytes die via several different yet inter-connected mechanisms. IL-6
plays a central role in the two main mechanisms: necrosis and apoptosis. However,
it has pleiotropic effects which may be both detrimental and protective. Thus an
understanding of these complex effects is necessary to determine the potential
implications of therapeutically targeting IL-6 in MI.
1.6.1

Myocyte necrosis

Acute myocardial ischaemia results in the cessation of aerobic metabolism, onset of
anaerobic glycolysis and the accumulation of glycolytic by-products such as lactic
acid, resulting in progressive intracellular acidosis [76]. As ischaemia progresses
adenosine triphosphate (ATP) stores are depleted leading to reduced activity of
ATP-dependant ionic exchange pumps which result in accumulation of intracellular
sodium (Na+) and depletion of potassium (K+) resulting in osmolar stress [77]. This
in turn leads to mitrochondrial swelling and other structural changes which ultimately
lead to irreversible injury, nuclear degradation and rupture of the sarcolemma
membrane. This loss of membrane integrity, which requires no ATP, results in the
uncontrolled release of intracellular proteins and is termed necrosis.
Reperfusion of the myocardium can salvage this process, however it can also lead
to further necrotic cell death via myocyte hypercontracture. Re-establishment of
ATP production via aerobic metabolism enables cells to correct intracellular Na +
overload by exchanging it for calcium (Ca2+), but this can lead to excessive
contraction resulting in contraction band necrosis [78]. This is one of the main
mechanisms of ischaemia reperfusion (IR) injury, the term used to describe
deleterious consequences of reperfusion which limit myocardial salvage [79].
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IL-6 and neutrophil-mediated necrosis
IL-6 contributes to myocyte necrosis via its role in neutrophil recruitment to the
infarct. Neutrophils are the first cells of the innate immune system to infiltrate the
myocardium post MI. They do so with increasing rapidity after reperfusion, with peak
rate of influx in the first hour [80]. IL-6 mediates neutrophil trafficking by inducing
neutrophilia [81,82] and by increasing endothelial expression of adhesion molecules
including ICAM-1, Vascular Cell Adhesion Protein (VCAM-1) and E-selectin in a
trans-signalling dependant manner [75,83]. This facilitates neutrophil trans-migration
through the endothelium and into the myocardium.
Although neutrophils are required to phagocytose necrotic myocytes and initiate the
inflammatory cascade, which ultimately results in wound healing, they also
contribute to myocyte necrosis in several ways.
Firstly, neutrophils are a major source of reactive oxygen species (ROS) [84]. ROS
contain oxygen free radicals that cause oxidative damage to cells. In particular,
ROS contribute to mitochondrial deoxyribonucleic acid (DNA) damage [85] and may
further supress ATP-dependant cationic pumps which are perturbed during
ischaemia [86]. Entman et al showed that adhesion of neutrophils to myocytes via
ICAM-1 resulted in a respiratory burst that rapidly caused myocyte injury [6].
Crucially, they and others showed that this process was IL-6 dependant
[6,74,75,87]. Furthermore, in vitro blockade of IL-6 with a monoclonal antibody
(MAb) significantly reduces neutrophil trans-migration and protects myocytes from
neutrophil-induced necrosis [73].
Secondly, IL-6 and neutrophils have been implicated in the no-reflow phenomenon.
This is a syndrome in which there is inadequate myocardial perfusion of the
myocardium despite achieving patency of the previously-occluded coronary artery. It
affects approximately 30% of patients with MI and is associated with worse
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outcomes including reduced LVEF and increased mortality [39,88]. One of the key
mechanisms implicated in this process is microvascular obstruction. This is partly
due to endothelial damage with endothelial protrusions and intraluminal membrane
bodies and activation of the coagulation cascade [89], but is also due to neutrophil
accumulation within the microvasculature causing plugging and further EC damage
via ROS production [90]. Clinical studies have shown a strong association between
IL-6 and sIL-6R levels and no-reflow [39,40] and this observation has also been
described in animal models [91].
Since adhesion molecules including ICAM-1 and VCAM-1 which are upregulated by
IL-6 are also associated with no-reflow [92] it has been proposed that IL-6 activation
of the endothelium and subsequent adhesion of neutrophils may be a causal factor
in driving this syndrome [39].
IL-6 mediated protection against contraction-band necrosis
In contrast to its role in mediating neutrophil-induced myocyte necrosis, IL-6 has
also been shown to protect against Ca2+-dependant contraction-band necrosis.
Smart et al, showed that pre-treatment of cardiomyocytes with IL-6 prevented the
reperfusion-dependant rise in cytosolic Ca2+ which protected against IR injury [93].
This effect was mediated by inducible nitric oxide synthase (iNOS). Interestingly, the
protection was achieved by the infusion of IL-6 in the absence of recombinant
soluble receptor and was mediated via PI3K/AKT [93] – i.e. it was classic-signalling
dependant.
1.6.2

IL-6 and myocyte apoptosis post MI

As well as necrosis, myocytes die during the reperfusion phase of MI due to
apoptosis. In contrast to necrosis, apoptosis is an ATP-dependant ‘programmed’
cell death, which results in the controlled removal of cells without the release of proinflammatory proteins (including IL-6) [71].
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Apoptosis is triggered via 2 distinct pathways: intrinsic and extrinsic [79]. The
intrinsic pathway is triggered by cytochrome-c release from damaged mitochondria
which activates caspase 9 whereas the extrinsic pathway is triggered by
extracellular ligands binding to death receptors which then activate caspase 8. The
importance of both these processes has been illustrated in animal models of MI in
which caspase inhibition results in reduced infarct size [94].
IL-6 has been shown to have anti-apoptotic effects via several distinct intracellular
signalling pathways. Several groups have found that IL-6 protects myocytes in a
PI3K/AKT dependant manner [93,95], and a second pathway involving STAT3 has
also been identified in other tissues [96] and the two may act synergistically [97].
This suggests that both classic signalling (via PI3K/AKT) and trans-signalling (via
PI3K/AKT and JAK/STAT3) may convey anti-apoptotic protection. Supporting this
notion Matsushita et al, found that rats pre-treated with the combination of IL-6 and
sIL-6R before MI with reperfusion had significantly reduced apoptosis [98].
Therefore, IL-6 antagonism may result in increased myocyte apoptosis during MI.
However, arguing against this are several other observations. Firstly, CCL2, which
is up-regulated by IL-6 induces myocyte apoptosis [99,100] and secondly, other IL-6
family cytokines, particularly cardiotrophin-1 (CT-1) have been shown to have
significant anti-apoptotic effects in MI [101,102] and therefore there may be
redundancy in the gp130-mediated anti-apoptotic pathways if IL-6 is antagonised.
Therefore, the potential effect of IL-6 antagonism on myocyte apoptosis remains
unclear.
In summary, IL-6 plays a detrimental role in driving neutrophil-induced myocyte
injury post MI via up-regulation of myocyte and EC adhesion molecules, particularly
ICAM-1. This effect is predominately trans-signalling dependant. Conversely, IL-6
protects against Ca2+-induced contract band necrosis in a classic-signalling
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dependant manner and may also be anti-apoptotic via both classic and transsignalling mediated pathways.
1.7

IL-6 and mononuclear phagocytes post MI

As well as a central role in mediating the early neutrophilic phase of inflammation
post-MI, IL-6 also plays a significant role in co-ordinating the monocytic phase and
the process of wound healing and scar formation via stimulation of fibroblasts.
Crucially it has both pro- and anti-inflammatory effects, which mediate the transition
from acute to resolving inflammation.
1.7.1

The role of monocytes post MI

Substantial effort has been made to elucidate the role of monocytes in MI,
particularly by Nahrendorf’s group [103,104]. Classical monocytes infiltrate the
myocardium in order to efferocytose apoptotic neutrophils, clear necrotic debris and
stimulate fibroblasts to initially break-down and then replenish extra-cellular matrix
(ECM) [105]. Classical monocytes initially contribute significantly to the inflammatory
milieu, producing pro-inflammatory chemokines and cytokines, before differentiating
into macrophages and exhibiting a more anti-inflammatory and pro-reparative
phenotype [103,104].
However, despite their crucial role in MI, clinical studies have described an
association between higher circulating classical monocytes levels and adverse
outcomes including worse angiographic findings in both STEMI and Non-STEMI
(NSTEMI) [12], reduced myocardial salvage at 7 days and reduced LVEF 6 months
post infarction [13]. Animal models have recapitulated these data showing that
increased myocardial monocytosis results in delayed resolution of inflammation in
infarcts, increased fibrosis and results in reduced LVEF [8]. Monocytes are recruited
to the infarct principally by the chemokine CCL2. Interestingly, although CCL2
knock-out (KO) mice had attenuated left ventricular remodelling post MI, they had a
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prolonged inflammatory phase and delayed wound healing [106]. This is likely
because although the KO mice had reduced monocyte infiltration, neutrophil
infiltration was unaffected and therefore there was delayed clearance of neutrophils
[106]. The conclusions from these studies are that reduced monocyte infiltration
post MI is potentially advantageous but that a reduction in monocytes without a
concurrent reduction in neutrophil infiltration leads to prolonged inflammation and
poorer wound healing.
1.7.2

The role of IL-6 in monocyte recruitment post MI

IL-6 plays a significant role in monocyte recruitment to the infarct, principally by
trans-signalling mediated EC and myocyte expression of CCL2 [83,107,108]. In an
amplification loop, CCL2 (and IL-6 itself) stimulate monocyte and EC production of
IL-6 [109]. In addition, apoptotic neutrophil-derived sIL-6R has been identified as a
key mediator in driving a second phase of trans-signalling to stimulate and sustain
the monocytic phase of inflammation [110]. Selected over-expression of gp130 in
murine cardiomyocytes results in increased levels of monocytes and worse cardiac
function, highlighting the role of IL-6 signalling in driving the inflammatory response
and adverse remodelling post MI [9].
Thus, IL-6 plays are role in both neutrophil and monocyte trafficking during
inflammation, which is predominately mediated by trans-signalling.
1.8

Anti-inflammatory effects of IL-6 classic signalling

In addition to its pro-inflammatory role IL-6 also has a key role in supressing
inflammation. Indeed, IL-6 was originally considered an ‘anti-inflammatory’ cytokine
as it was shown to reduce the effects of TNFα and IL-1β [111]. This is achieved by
both increasing mononuclear cell production of antagonist soluble receptors to
these cytokines [111], in addition to reducing production [112,113]. In certain animal
studies, IL-6 KO mice have had a greater neutrophilic response to inflammatory
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stimuli, ascribed to increased levels of TNFα [111] and a mechanism underpinning
this involving monocyte-endothelium cross talk has recently been described [114].
IL-6 also negatively regulates the chemokine C-X-C motif ligand 1 (CXCL1) [115–
117], which has a role in both neutrophil [118] and classical monocyte trafficking
[119].
IL-6 has also been shown to increase macrophage IL-10 production and can skew
their differentiation towards an anti-inflammatory phenotype [120–122]. In a recent
study by Luig et al in a mouse model of glomerulonephritis, IL-6 was shown to have
a key role in dampening macrophage activation and protecting tissues from
overshooting immune responses [114].
Crucially, these anti-inflammatory effects are due the direct action of IL-6 on
leukocytes and therefore mediated by classic signalling.
1.9

IL-6 and myocardial fibrosis post MI

In addition to an in direct role in stimulating fibroblasts via classical monocytes
recruitment, IL-6 trans-signalling also has a direct effect on fibroblasts, stimulating
their production of collagen [7] and other components of the ECM such as
hyaluronan (HA) [123]. Although the formation of an effective scar post MI is
essential in preventing ventricular rupture, excessive fibrosis particularly in the noninfarcted border zone leads to a stiff ventricle and reduced cardiac function.
Meléndez et al infused IL-6 and sIL-6R into rats for 7 days, and found that this
substantially increased collagen deposition and ventricular stiffness, resulting in
reduced cardiac function [7].
1.10 Summary of the pleiotropic effects of IL-6 post MI
In summary, IL-6 has pleiotropic effects on many of the processes central to the
pathogenesis of MI (Table 1.1).
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Potentially detrimental effects include its role in neutrophil-related necrosis via direct
oxidative injury and no-reflow as well as excessive monocyte recruitment leading to
prolonged inflammation, increased fibrosis and reduced ejection fraction. These
effects are predominantly driven by trans-signalling.
Conversely, IL-6 may protect against Ca2+-mediated reperfusion injury, reduce
apoptosis and supress macrophage driven inflammation. These beneficial effects
are predominantly classic signalling mediated.
Table 1.1: Summary of the pleiotropic effects of IL-6 post MI

1.11 IL-6 antagonism in animal models and clinical trials
Given the clinical data demonstrating that IL-6 is associated with adverse outcomes,
and despite evidence for a potentially protective effect post MI, several groups have
explored the potential benefit of IL-6 antagonism in animal models (Table 1.2) and
one group based in Oslo has proceeded to a clinical trial.
1.11.1 Permanent occlusion animal models
Three mouse models of MI with permanent occlusion have been conducted. Fuchs
et al employed an IL-6 KO mouse and found no difference between wild type and
KO mice in terms of infarct size, remodelling or mortality [124]. As they found no
difference in STAT3 phosphorylation and an increase in the IL-6 family cytokine
Leukaemia Inhibitory Factor (LIF), they concluded that the genetic lack of IL-6 had
been compensated in their model [124]. Müller at al [123] and Kobara et al [125]
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both antagonised IL-6 pharmacologically using MAbs against IL-6 or IL-6R (which
both globally block IL-6 classic and trans-signalling). Both studies found that this
approach had no effect on infarct size at 24 hours but reduced neutrophil and
monocyte influx and ECM deposition [123,125]. However, whereas Kobara et al
found that this approach reduced left-ventricular dilatation and improved LVEF and
survival rate, Müller found the opposite: that it reduced LVEF and led to infarct
progression at week 3 [123,125]. The reasons for this disparity are not clear, but
may due to differences in the experimental protocols (e.g. different antibodies and
times of administration).
1.11.2 Reperfusion animal models
Two studies have employed animal models to explore the impact of IL-6 blockade in
MI with reperfusion. Jong et al employed IL-6 KO mice and found that the genetic
lack of IL-6 resulted in reduced infarct size at 3 hours which persisted to 24 hours
[126]. They found no difference in neutrophil influx, TNFα or IL-1β expression and
were unable to offer a mechanistic explanation for their findings [126].
In contrast, in a recent a paper from Hartman et al, IL-6 was antagonised with a
MAb against the IL-6R which was administered 5 minutes before reperfusion and
then weekly for 4 weeks [127]. They found that this approach had no effect on
myocardial scar size (measured 28 days later) but that it significantly reduced LVEF
[127]. This was a very limited study with no measurements of infarct size, downstream inflammatory mediators, inflammatory cells or apoptosis. However, of the
two studies it employed the most clinically relevant model and suggests that global
IL-6 blockade in MI with reperfusion is likely to be detrimental.
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Table 1.2: Published animal models of MI with IL-6 antagonism or knock-out

1.11.3 Clinical studies of IL-6 antagonism in MI
To date there has been one published clinical trial in which IL-6 was antagonised
with the anti-IL-6R MAb Tocilizumab (TCZ) in 117 patients presenting with NSTEMI
[33]. The study, conducted in Oslo (Oslo NSTEMI TCZ trial), found that serum
Troponin T release (a surrogate for infarct size) was reduced, but only in the subgroup of patients that underwent reperfusion therapy with PCI. They also found that
C-Reactive Protein (CRP) concentration (The primary outcome) and neutrophil
count was significantly decreased in the treatment group. However, there was no
difference in LVEF between the groups (although the study was not powered to
detect this) [33].
In a follow-up study using samples from the trial, the group showed that the
administration of TCZ had no significant effect on the circulating concentration of a
several key cytokines including IL-1β, Interferon γ (IFNγ), TNFα and CCL2 [128].
However, they reported an unexpected increase in the concentrations of CXCL8 (IL8), CXCL10 (IP-10) and MIP-1β [128]. Both the cause and effect of these
observations remain uncertain. In a further sub study, markers of endothelial
activation were assessed including VCAM-1, ICAM-1 and von Willebrand factor as
well as coronary flow reserve (CFR) by echocardiography [129]. They found that
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TCZ administration had no effect on CFR or on ICAM-1 and von Williebrand factor
concentrations in the serum. However VCAM-1 concentration was increased [129].
Collectively, these results suggest that the administration of TCZ may only be of
benefit in patients who undergo reperfusion therapy in NSTEMI (given the reduction
in Trop T in this sub group) however, it also raises the possibility that IL-6 blockade
may in fact increase some aspects of inflammation. The group are currently
recruiting for a follow-up study of TCZ administration in STEMI [130].
1.12 IL-6 Antagonism: Conclusions
The role of IL-6 in MI is complex. Despite the negative associations of IL-6 in
multiple clinical studies, whether IL-6 antagonism would be of clinical benefit has yet
to be determined with multiple animal studies and the clinical trial producing
conflicting results.
All studies to date in both animals and man have employed MAbs against IL-6 or IL6R. This results in pan IL-6 blockade (i.e. blocks both classic and trans-signalling).
However, this may not be the most rationale approach. Certain elements of IL-6
signalling in MI are desirable, particularly the anti-inflammatory effects and
protection against Ca2+-mediated IR injury. These effects are mediated by classic
signalling. On the other hand, other elements of IL-6 signalling are potentially
detrimental including endothelial and myocyte adhesion molecule expression
(particularly ICAM-1) mediating neutrophil-induced oxidative damage and no-reflow,
CCL2 production, which stimulates myocyte apoptosis and recruits inflammatory
monocytes to the infarct and the stimulation of fibroblasts resulting in excessive
fibrosis. These effects are mediated by trans-signalling.
These observations suggest that exclusive IL-6 trans-signalling blockade, as
opposed to pan blockade is more likely to be effective at reducing infarct size
and improving cardiac function post MI.
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Furthermore, given that IL-6 is rapidly elevated post reperfusion, but not when the
vessel is permanently occluded [87], it may be that this therapeutic approach is
most likely to be of benefit in this setting, i.e. in the context of STEMI.
1.13 Exclusive IL-6 trans-signalling blockade: sgp130Fc
Exclusive IL-6 trans-signalling blockade can be achieved using a novel recombinant
form of gp130: sgp130Fc (Figure 1.2). This protein was developed by Rose-John’s
group and is a fusion protein of two gp130 molecules bound by IgG1-Fc [52].
Compared with native gp130, sgp130Fc has a x100 higher affinity for the IL-6/sIL-6
complex (Kd 9pm vs 1nm) [131] and is therefore a more effective antagonist of IL-6
trans-signalling. Sgp130fc has been used in multiple animal studies across the
whole spectrum of diseases in which IL-6 is implicated [132].
Sgp130Fc has recently been through phase 1 human studies under the name
Olamkicept and is undergoing phase II trials in inflammatory bowel disease [133].
Therefore, it is a clinically relevant drug to assess in MI, which has translational
potential.
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Figure 1.2: Strategies for IL-6 Antagonism
A: A MAb targeting IL-6R will bind to both membrane-bound receptor (A i) preventing classic
signalling, as well as circulating sIL-6R (A ii) preventing the formation of new IL-6/sIL-6R
complexes and therefore trans-signalling. However, pre-formed IL-6/sIL-6R complexes may
still be able to stimulate cells (A iii). The same profile of antagonism is achievable with a
MAb targeting IL-6 itself. B: sgp130Fc does not bind to free IL-6 (B i) and therefore does not
prevent classic signalling. It does not prevent the formation of new IL-6/sIL-6R complexes (B
ii), however once formed, it binds them (B iii), preventing trans-signalling.

1.14 Hypothesis
Exclusive IL-6 trans-signalling antagonism with sgp130Fc will reduce infarct
size and improve cardiac function in MI with reperfusion, whereas pan-IL-6
blockade will not.
I propose that sgp130Fc will reduce neutrophil and classical monocyte infiltration of
the myocardium to a greater extent than pan-blockade, by specifically antagonising
the pro-inflammatory trans-signalling IL-6 pathway while maintaining the antiinflammatory effects of IL-6 classic-signalling.
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1.15 PhD Aims
In order to test my hypothesis a rat model of MI with reperfusion was selected. I first
characterised and validated both the model and the anti-IL-6 drugs before
commencing therapeutic intervention experiments.
The three broad aims to my PhD were as follows:
Aim 1: Characterise the rat model of MI with reperfusion (Chapter 2).
Aim 2: Select and validate an anti-rat anti-IL-6 antibody and anti-rat sgp130Fc for
use in therapeutic studies (Chapter 3).
Aim 3: Test the hypothesis by administering an anti-IL-6 antibody and sgp130Fc at
reperfusion in the rat model of MI (Chapter 4).
Each chapter contains an introduction detailing specific objectives as well as
materials, methods and results.
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2 Characterisation of the Rat Model of MI with Reperfusion
2.1

Introduction and Objectives

The rat model of MI with reperfusion was selected over a mouse model as it
provided more reproducibility and reliability in our hands. The model was thoroughly
characterised to determine infarct progression and inflammatory responses post MI,
to identify the key events and time-points that may be modified by IL-6 antagonism.
The results determined the design of the subsequent therapeutic intervention
studies (Chapter 4). In particular, the focus was on elucidating the temporal and
spatial dynamics of cytokine expression and inflammatory cell concentrations within
the myocardium and blood post MI. This presented a significant challenge, as
whereas the inflammatory response post MI in mice has been well-characterised
[103,104], this was not the case for the rat. Therefore, the objectives of this chapter
were as follows:


Determine the maximal infarct size (expressed as a percentage of area-atrisk (AAR)) and the time-point at which this plateaus.



Measure the expression of soluble mediators and inflammatory cells within
the blood and myocardium over time post MI.
o

To achieve this: develop a protocol for digesting myocardium and a
novel flow-cytometry panel for identifying and numerating
inflammatory cells.



Understand the effect of a sham procedure on inflammation.



Determine the source of IL-6 production post MI using intra-cellular flowcytometry and immunohistochemistry.



Visualise the inflammatory infiltrate using immunohistochemistry.
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2.2

Methods

All in vivo animal work was performed at the UCL Centre for Advanced Biomedical
Imaging (CABI) and tissue was processed in the Gilroy Lab, Rayne Building, UCL.
Animals were allowed free access to standard rodent chow and water throughout
the study. All investigators conformed to the Guide for Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 8523, revised 1996), the Home Office Guidance on the Operation of the Animals
(Scientifc Procedures) Act, 1986 (HMSO), and to institutional guidelines. Approval
was granted by the University College London Animal Welfare and Ethical Review
Body and the Home Office (Project Licence number 79/8709, personal licence
under A(SP)A IEEABED33).
2.2.1

Rat model of MI with reperfusion

The rat model of MI with reperfusion was performed with collaborators Valerie
Taylor and Dr Daniel Stuckey at CABI as previously described [134].
Within the model male Sprague Dawley (SD) rats (Harlen, UK) underwent surgical
occlusion of the left anterior descending artery (LAD) for 50 minutes prior to being
reperfused (Figure 2.1). This model is analogous to a STEMI treated with primary
PCI. Rats between 7-8 weeks old and weighing 200-250g were used for all
experiments. Rats were anaesthetised with 2% isoflurane in O2 before being
intubated and ventilated (Harvard Small Animal Ventilator Model 683). Equal chest
expansion was confirmed. Rats were placed on a heating mat and core temperature
monitored with a rectal probe and maintained at 37˚C. After thoracotomy, the
pericardium was removed and a 5-0 prolene suture was tied around a small piece of
polyethylene tubing, occluding the LAD about 2mm from the origin. MI was
confirmed by observing the myocardium distal to the occlusion becoming pale.
Retractors were removed and the chest covered. 1-minute before reperfusion, rats
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were given a 1ml bolus of phosphate-buffered saline (PBS) (ThermoFisher, USA)
intravenously (external jugular vein). After 50 minutes the tubing was removed to
allow reperfusion. The suture was left in in situ (for use in infarct measurements –
see section 2.2.2) and the chest was closed. Animals were extubated and allowed
to recover (other than the 2-hour time-point which was non-recovery). Valerie Taylor
performed the surgery with my assistance.

Figure 2.1: Surgical approach to inducing MI with reperfusion in the rat.
MI was induced by ligating the LAD coronary artery with a suture (A). An incision was made to the left
of the midline to expose the ribs (B). Thoracotomy was then performed and the pericardium is exposed
(C). A suture and a piece of polyethylene tubing was placed around the LAD and clamped with a clip to
occlude the vessel. After 50 minutes the suture was released to allow reperfusion. At the end of the
procedure the wound is sutured before the rat is extubated and placed in recovery.

2.2.2

Infarct size measurement in the model of MI

Evans blue and 2,3,5-triphenyl-tetrazolium-chloride (TTC) dyes were employed to
measure infarct size as used extensively in the literature [123,125,126]. Hearts were
rapidly excised after rats were anaesthetised with 10mg phenobarbital administered
in 5ml PBS intra-peritoneally (i.p) (Sigma-Aldrich, UK). After washing in phosphatePBS to remove intracavitary blood, extracardiac tissue was trimmed off and the
aorta clipped proximal to the arch. The aorta was cannulated with a blunted 20gauge needle and perfused with saline to remove blood from the coronaries. After
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tightening the suture to re-occlude the LAD, the aorta was recannulated and
perfused with 2% Evans Blue dye (Sigma-Aldrich, UK). Evans Blue stains the
myocardium a deep blue colour. By only staining the areas of the heart that were
not supplied by the occluded LAD (remote myocardium), this technique negatively
marks the area at risk (AAR). The hearts were subsequently wrapped in cling film
and frozen at -20˚C.
After freezing, the hearts were sliced into 6-8 parallel short-axis sections by hand
using a razor blade. Slices were then placed in a Petri dish and submersed in 1%
TTC (Sigma-Aldrich, UK) and then transferred to a water bath and kept at 37˚C for
15 minutes, with continuous gentle agitation. TTC is enzymatically reduced to a
deep red colour by viable tissue within the AAR and therefore negatively marks the
area of infarction, which remains white. Next, the slices were blotted and then
placed in 10% neutral-buffered formalin (Sigma-Aldrich, UK) for 90 minutes to
increase the contrast between the infarcted and non-infarcted tissue. Finally, the
slices were mounted between two glass slides and both sides were digitally
scanned. ImageJ software (open source platform) was used to analyse images
(Figure 2.2). The images were first split into the three colour (RGB) channels. Each
channel was then used to measure a different parameter:


Blue: Total Area



Red: Remote Zone (AAR = total area – remote zone)



Green: Non-Infarcted Area (Infarct size = total area – non-infarcted area)

The colour threshold was adjusted so that the region of interest was selected. The
area of this region was then measured by using the tracing tool. The different areas
were inputted into a spreadsheet and AAR and infarct size were calculated (both
expressed as percentage of the left ventricle (LV)). The final measurements were
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taken as an average of the two sides of the slide. Finally, infarct size (IS) was
expressed as a percentage of AAR (IS/AAR) to account for anatomical variability.

Figure 2.2: Infarct size measurement using Evan’s Blue and TTC dyes and
approach to analysis using Image J software.
Heart slices were stained with Evan’s Blue and TTC (A). The blue area (Evans Blue) represents the
remote myocardium. The red area (TTC) represents the non-infarcted portion of the AAR. The white
area (unstained) represents the infarcted tissue. Using the software ImageJ, the initial image is split
into RGB channels, and each channel is used to analyse a different parameter (B). The threshold tool
is used to select the region of interest before its area is measured with the tracing tool (C).
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2.2.2.1 Measurement of infarct progression over time
Infarct progression over time was measured in order to identify the optimal time to
perform infarct size analysis in the therapeutic studies. Rats underwent MI with
reperfusion and hearts were excised at four time points after ligation of the LAD: 2hours, 4-hours, 1-day and 2-days (N=3-4 per group).
2.2.3

Temporal profile of inflammatory mediators and cells in blood and
myocardium post MI

A time course was conducted in order to understand the temporal dynamics of
inflammatory cells and soluble mediator expression in blood and myocardium after
MI. The results of these experiments were used to identify time points of interest to
assess the impacts of therapeutic interventions (Chapter 4). A total of seven timepoints were included: 0h, 2h, 4h, Days 1, 3, 5 and 7 (N=3/4 per time-point (other
than day 7: N=2)).
Tissues from rats were processed to measure the concentrations of soluble
mediators as well as the number and activation status of inflammatory cells. This
was done in blood (plasma) and the myocardium. Cells were analysed using flowcytometry and soluble-mediators were measured with commercially available
assays.
Blood was obtained immediately before excising the heart. Approximately 5-7ml of
blood was drawn via cardiac puncture and immediately added to 100µl 0.5 M EDTA
(Sigma-Aldrich, UK) to prevent coagulation. The blood was spun at 650 xg for 10
minutes and subsequently the plasma was aspirated, aliquoted and stored at -80˚C.
The cell pellet was further processed for flow-cytometry (2.2.5).
A protocol was developed, based on that employed in the literature [103,104] to
digest the myocardium (Figure 2.3). After cardiac puncture to obtain blood, the
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heart was excised. The aorta was cannulated and flushed to remove intra-coronary
blood. The great vessels were removed and then the whole heart was finely minced
with sharp scissors. The tissue was weighed (Atilon balance, Acculab, USA) and
then placed in a 15 ml falcon tube (Corning, USA) together with 5ml of digest
solution. The digest solution contained 200µg/ml of Liberase DL (Sigma-Aldrich,
UK) in PBS +CaCl2 +MgCl2 (ThermoFisher, USA). Liberase DL contains
collagenase I and II and a low concentration of dispase, a non-clostridial neutral
protease. The heart tissue was then placed in an incubator at 37˚C under constant
agitation (200 rpm). After 45 minutes the digest was removed and 100µl 0.5 M
EDTA was added to chelate Ca2+ and stop the action of the enzymes. The digest
was then passed through a 40µm nylon strainer (Corning, USA) before being spun
at 650 xg for 5 minutes. The supernatant was aspirated, aliquoted and stored at 80˚C for future measurement of soluble mediators. The pellet was further processed
for flow-cytometry (see below).

Figure 2.3: Digestion of heart tissue to enable quantification of soluble
mediators and inflammatory cells.
The excised heart [1] was flushed to remove blood before being finely minced [2] and
weighed. It was subsequently added to digest solution [3] and incubated at 37 ˚C under
constant agitation (200rpm). After 45 minutes EDTA was added [4] and the digest filtered.
After spinning at 650 xg for 5 minutes the supernatant [5] was aspirated, aliquoted and
frozen and the pellet was used immediately to quantify cells by flow cytometry.
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2.2.4

Measurement of soluble mediators in plasma and myocardium

Soluble mediators were measured in the supernatant from heart digests and
plasma. To do this a series of Meso Scale Discovery (MSD, USA), Enzyme-linked
immunosorbent assay (ELISA) and Enzyme Immunoassay (EIA) kits were used. All
kits were performed in accordance with the manufactures instructions. Different
dilutions were assessed to achieve optimal measurements (Vplex and CCL2 kits).
Samples were run singularly (given small sample volumes (plasma) and expense of
plates). MSD plates were read on a QuickPlex SQ 120 (MSD, USA) all others on a
FLUOstar Omega (BMG Labtech, Germany) and normal curves of standards and
extrapolated values calculated using Prism Version 6.0 (GraphPad, USA). In the
plasma, mediators were expressed as a concentration per ml, and within the heart
per mg cardiac tissue.
Kits that were employed included:


V-PLEX Proinflammatory Panel 2 (MSD, USA): IL-6, IL-1β, TNFα, IL-10,
CXCL1, IFNγ, IL-4, IL-5, IL-10, IL-13 (Serum and heart digest)



CCL2 Ultra-sensitive (MSD, USA) (Serum and heart digest)



sIL-6R (mybiosource, USA) (Serum and heart digest)



sgp130 (mybiosource, USA) (Serum)

2.2.5

Flow cytometry of leukocytes in blood and myocardium

A flow cytometry panel was designed to identify leukocytes within the blood and
myocardium. The focus of the panel was to identify cells of the innate immune
system, particularly neutrophils, monocytes and macrophages, given their central
role in the acute inflammatory response to MI.
Relative to human and mouse samples, there is a paucity of available literature
regarding the use of flow cytometry in the rat. This is particularly the case for rat
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cardiac macrophages which have not previously been well characterised with flow
cytometry. Table 2.1, details the key markers used in the literature to identify
neutrophils, monocyte subsets and cardiac macrophages in the human, mouse and
rat.
Table 2.1: Markers used for flow cytometric identification of innate immune
cells in human, mouse and rat.
Cell-type

Human

Mouse

Rat

Neutrophil

CD66b, CD16, CD11b
[135]

CD11b, Ly6G [136]

Pan-Monocyte

HLA-DR [138]

CD115 [139]

HIS48int-hi, CD43pos,
CD172αpos [137]
CD11b
CD172α [140], CD86 [137]

Classical
Monocyte

Main: CD14pos CD16neg
Main: Ly6Chi, CCR2pos,
[138]
CX3CR1int [141]
Other: CCR2, CD62L,
CD36, CD64, CD11b [138]
Main: CD14low CD16pos
Main: Ly6Clow, CCR2neg,
[138]
CX3CR1hi [141]
Other: CX3CR1, CD11c Other: CD43 [139]

Blood

Non-classical
Monocyte

Heart
Pan-Macrophage CD68, CD14, CD64,
MerTK, CD163, CD33
[142]
Cardiac
HLA-DRhi, CCR2pos [142]
Macrophage 1
Cardiac
HLA-DRhi, CCR2neg [142]
Macrophage 2

CD68, F4/80, MerTK
[143],

Main: HIS48hi, CD43lo [137]
Other: CD4pos [137]

Main: HIS48low-int, CD43pos
[137]

CD68 [144]

Main: MHC-IIpos,
Not described
CX3CR1hi, CD206int [143]
Main: MHC-IIneg,
Not described
CX3CR1int, CD206hi, [143]
Other: CD163 [145]

Based on the available literature anti-rat antibodies against established cell-surface
markers (rat or mouse) were purchased along with isotype controls (IC) for testing
and optimisation (Table 2.2).
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Table 2.2: Initial markers tested for flow cytometry.
Marker
Cells
General Markers
CD45
Haematopoietic cells
HIS49
Erythrocytes
IL-6R
Myeloid Cells, certain lymphocytes
Innate Cell Markers
CD172α
Granulocytes & Monocytes
HIS48
Granulocytes & Monocytes
CD11b
Granulocytes & Monocytes
Mononuclear Cells
CD115
Mononuclear cells
CD43
Non-classical Monocytes
CX3CR1
Non-classical Monocytes
CCR2
Classical Monocytes
MHC-II
Some Macrophages / DCs

Manufacturer

Antibody

Biolegend (USA)
BD (USA)
Biolegend (USA)

Mouse IgG1 k
Mouse IgM k
Rat IgG2b k

Biolegend (USA)
BD (USA)
BD (USA)

Mouse IgG2a k
Mouse IgM k
Mouse IgA k

ThermoFischer (USA) Rat IgG1
Biolegend (USA)
Mouse IgG1 k
Bioss/Insight (USA) Mouse IgG (poly)
R&D (USA)
Mouse IgG2B
Miltenyi (Germnay) Human IgG1

2.2.5.1 Flow cytometry staining protocols and approach to analysis
Cells were kept in 96-well plates throughout the staining process. Approximately
1x106 cells were resuspended in 100µl of Flow-assisted cell sorting (FACS) buffer
(5% foetal calf serum (FCS) in PBS) together with antibodies. CD32 (BD, USA) was
used in all samples as an Fc blocker. Cells were stained at 4˚C for 30 minutes. After
spinning down (650 xg 3min) cells were resuspended in 100µl in wash buffer (2%
FCS, 2nM EDTA in PBS) and then respun (650 xg 3min). Finally cells were
resuspended in 150µl PBS and transferred to small FACS tubes containing 150µl of
1% formaldehyde (Sigma-Aldrich, UK) – final concentration 0.5% formaldehyde.
Cells were analysed using LSR Fortessa (BD, USA) with 5 lasers: Ultraviolet
(355nm), Violet (405nm), Blue (488nm), Green (561nm) and Red (640nm). Gating
for data acquisition was performed using FACSDiva 8.0.1 (BD, USA). Flow
cytometry data were analysed using FlowJo v10.0.7 (Tree Star, Inc. USA).
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2.2.5.2 Titration of antibodies used in flow cytometry
Each antibody was tested initially on rat blood and serial dilutions were performed
with both the antibody and IC in order to identify the optimal dilution for use in future
studies (Figure 2.4).

Figure 2.4: Example of an antibody titrated against its isotype control.
A: Dot plot showing the MFI of single leukocytes (1x10 6 cells suspended in 100μl FACS
buffer) stained with 5μl anti-rat-CD45 (AF700) antibody (blue) or mouse IgG1k IC (red). B:
Histograms of the populations shown in A in addition to an unstained sample (yellow). C:
Serial dilutions of the anti-rat-CD45 antibody and IC were performed in order to identify the
optimal concentration (identified by plotting the ratio of antibody:IC).

2.2.5.3 Antibodies which did not work for flow cytometry
Several of the tested antibodies showed no appreciable staining of leukocyte
populations. This included antibodies against CD115, CCR2, CX3CR1 and IL-6R.
Several alternative staining strategies, such as alternating concentration used,
staining temperature and timing were trialled without success. No alternative
antibodies against these markers for use in flow cytometry were commercially
available.
Two other research groups working on rat mononuclear cells (Wollard, Imperial and
Goodyear, Glasgow – personal communications), had also failed to identify
antibodies suitable for measuring CD115, CCR2, CX3CR1 in flow cytometry.
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Interestingly, the anti-IL-6R antibody (clone 15A7) was originally raised against
mouse IL-6R [146] but is reported to cross react with the rat receptor [147].
However, whereas positive staining was indeed seen in mouse leukocytes none
could be appreciated in those from rats (data not shown).

2.2.5.4 Final panel of antibodies used for flow cytometry
In addition to the antibodies that did not work, HIS49 was not required to gate-out
erythrocytes and therefore was not included in the final panel. In the heart tissue, a
UV live-dead marker (ThermoFisher, USA) was added to help differentiate
leukocytes from debris. The final panel of antibodies included the following:


CD45: a ubiquitous membrane glycoprotein used to identify all leukocytes.



CD172α: also known as signal-regulatory protein α, a key receptor involved in
the recognition of ‘self’ via the binding to CD47 and is an established panmyeloid marker [148].



HIS48: A marker that was originally used >25 years ago, and was initially
assumed to be a selective granulocyte marker [149], however its differential
staining of monocytes has recently been appreciated [137]. The binding site of
the antibody is not known.



MHC-II: (Major Histocompatibility Complex class II) Expressed on antigenpresenting cells including dendritic cells (DCs) in the blood [150] and subtypes
of macrophages in the myocardium [143].



CD43: Also known as sialophorin, it has a role in modulating leukocyte
trafficking [151] and is the most established means of differentiating monocyte
subsets in the rat [152].



CD11b: Part of the Mac-1 intergrin along with CD18. It plays an important role in
inflammation binding multiple ligands including the adhesion molecule ICAM-1
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[153]. Its expression was used as an activation, rather than a lineage marker
and is therefore not included in the gating strategy.
The flurochromes and concentrations of these antibodies are listed in Table 2.3.
Table 2.3: Final panel of antibodies used for flow cytometry in
characterisation studies.
Marker

Flurochrome

CD45
CD172α
HIS48
CD43
MHC-II
CD11b
Live/Dead

AF700
PE
FITC
AF647
PE-Vio770
V450
UV

Concentration
supplied /ml
0.5
0.2
0.5
0.1
0.03
0.2
-

Volume used per sample
(μl)
1
0.5
0.5
0.5
10
2.5
200μl (as per manufacturer)

2.2.5.5 Gating Strategies used to identify leukocyte populations in the blood
and myocardium by flow cytometry

Similar gating strategies were developed for use in blood and heart digests (Figure
2.5 and Figure 2.6). The cell surface markers used to differentiate the major
populations of leukocytes in the blood and heart are detailed in Table 2.4.
CD172α was used to differentiate cells of the innate immune system from
lymphocytes. In the blood, circulating DCs were MHC-II positive and gated out. In
both tissues, CD43 and HIS48 were used together with side scatter to identify
classical monocytes, non-classical monocytes and neutrophils as described
previously [137].
However, there were differences in the pattern of expression of HIS48 between the
two tissues. In the blood, leukocytes demonstrated a range of HIS48 expression
from negative (lymphocytes), low-intermediate (non-classical monocyte),
intermediate (neutrophils) and high (classical monocyte). However, in the heart
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digests this graduated expression was lost and cells appeared either positive or
negative (Figure 2.7).
In the heart, two populations of macrophages were identified which were positive for
CD172α but negative for both HIS48 and CD43, differentiating them from
monocytes and neutrophils (Figure 2.7). These cells were separated into two
populations on the basis of MHC-II expression: MHC-IIpos macrophages and MHCIIneg macrophages (Figure 2.6, 2.7). This is an established marker to identify the two
major populations of cardiac macrophages in the mouse heart [143] but has not
previously been employed in the rat.
Table 2.4: Cell surface markers used to differentiate leukocytes using flow
cytometry.
Lymphocyte Classical
Monocyte
Marker

NonNeutrophils
MHC-II
MHC-II
classical
positive
negative
Monocyte
Macrophage Macrophage

CD172α

-

+

+

+

+

+

MHC-II

-/+

-

-

-

+

-

CD43

-/+

-

+

+

-

-

HIS48
blood

-

Hi

Low-Int

Int

-

-

HIS48
heart

-

+

-/+

+

-

-
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Figure 2.5: Blood gating strategy used to identify cells with flow cytometry.
Leukocytes were first identified using CD45 (A). Debris (B) and then doublets were excluded
(C). Cells of the innate immune systems were identified as being positive for CD172α (D)
whereas lymphocytes were negative. Next, circulating MHC-II positive cells were gated out
(E). The MHC-II negative cells were split into CD43 positive and negative gates (F). The
CD43 gate contained classical monocytes, which were confirmed as being HIS48 positive
(G). In the CD43 positive gate, non-classical monocytes and neutrophils were separated on
the basis of side scatter and HIS48 (H). Colour dot-plots shown from naïve blood.

Figure 2.6: Heart gating strategy used to identify cells using flow cytometry.
Leukocytes were first identified using CD45 and Live/Dead (A). Debris (B) and then doublets
were excluded (C). Cells of the innate immune systems were identified as being positive for
CD172α (D) whereas lymphocytes were negative. Next, the MHC-II positive Macrophage
population was identified (E). The MHC-II negative cells were split into CD43 positive and
negative gates (F). The CD43 gate contained classical monocytes (HIS48 positive) and
MHC-II negative macrophages (HIS48 negative) (G). In the CD43 positive gate, nonclassical monocyte and neutrophils were separated on the basis of side scatter and HIS48
(H). Colour dot-plots shown from 4-hours post MI.
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Figure 2.7: Expression of HIS48 and CD43 in cells of the innate immune
system in blood and the heart.
Flow cytometry dot plots of blood and digested myocardium from rats 4-hours post MI. Cells
were stained with the antibodies listed in Table 2.3 and gated as per Figure 2.5 and Figure
2.6. Once cell types had been gated, their expression of HIS48 and CD43 were plotted.
Plots show neutrophils, monocytes (Mϕ) and lymphoctes from the blood (A), and
myocardium (B). In the myocardium, Macrophages (Mφ) were identified as CD43 and HIS48
negative and were divided into two subsets based on MHC-II expression (C).

2.2.5.6 Validation of gating strategy used to identify mononuclear
phagocytes with flow cytometry

A novel strain of Wistar Kyoto rats which expresses green fluorescent protein (GFP)
under the human CD68 promotor (GFP-CD68 rats) were used to validate the flow
cytometric approach. These were a gift from the Wollard lab at Imperial. These rats
have been bread to enable the identification of monocytes and macrophages by
flow cytometry (Wollard – unpublished data). CD68 is an established panmononuclear phagocyte marker with a role in immune regulation [154] but is
expressed predominately on the lysosome and is therefore difficult to use in flow
60

cytometry. The flow cytometry panel was adjusted to accommodate GFP in the
FITC channel, with HIS48 being moved onto PE-TexRed (Biolegend, UK)
(biotinylated in a second 20 minutes staining step) (Table 2.5).
Table 2.5: Panel of antibodies used for flow cytometry of samples from GFPCD68 rats.
Marker
CD45
CD172α
CD68
HIS48
CD43
MHC-II
Live/Dead

Flurochrome
AF700
PE
FITC
PE-Tex-Red (Streptavidin)
AF647
PE-Vio770
UV

2.2.5.7 Flow-assisted cell sorting of leukocyte populations
Flow-assisted cell sorting was performed to confirm that the gating strategy
accurately selected the desired leukocyte populations. Blood and heart digests
(day-3 post MI) were prepared and stained as detailed in section 2.2.5. Samples
were sorted using FACS ARIA II (BD, USA) into polypropylene round bottom test
tubes containing sterile FCS. This was performed with Jamie Evans in the Rayne
Institute, UCL. Blood samples were used to sort circulating lymphocytes,
neutrophils, classical monocytes and non-classical monocytes as per the gating
strategy detailed in Figure 2.5. Heart samples from day 3 post MI were used to sort
the two macrophage populations as per the gating strategy detailed in Figure 2.6.
Cytospins of cells obtained by flow-assisted cell sorting
Cytospins of the sorted cell populations were performed to visualise the leukocyte
subsets using a microscope. In addition, cytospins of whole blood and whole heart
digest were also performed. Sorted cells were resuspended to 5x10 5/ml in PBS
supplemented with 10% FCS. 200μl of cell solution was added to cuvettes mounted
to slides and centrifuged for 8 minutes at 800rpm (Cytospin 2, Shandon, USA).
Slides were air dried before being fixed in methanol. After a second period of air
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drying slides were stained with eosin and then with methylene blue (Kwick Diff,
ThermoFIsher, USA). Slides were washed with distilled water and after drying were
suspended in xylene and mounted with DPX and a coverslip. Images of the slides
were taking with a NanoZoomer (Hamamatsu, Japan).

2.2.5.8 Numeration of cells using counting beads during flow cytometry
CountBright Absolute Counting Beads (Molecular Probes, USA) were used to
determine the cell concentration in the blood and heart digest samples. The
principle underpinning this approach is that the beads have a known concentration
(e.g. 1000 beads/μl – each lot has a specified concentration) and by adding a fixed
number to a sample for flow-cytometry, the proportion of the sample captured by the
flow cytometer can be calculated by counting the number of beads events that have
been obtained. The beads are readily identified relative to cells as they have high
side scatter (SSC), low forward scatter (FSC) and are highly florescent in most
channels Figure 2.8. 25μl of beads were added to each sample after it had been
resuspeded in 300μl of 0.5% formaldehyde.
This approach was compared to using an automated cell counter (Countess II,
ThermoFisher, USA). Using the automated counter, 2x10 6 blood leukocytes were
resuspended in a FACS tube. x4 serial dilutions of the cells were performed with a
top concentration of cells of 1x106 per tube (Total volume 300μl/tube). The cells
were then counted with beads on the flow cytometer. The top concentration was
very precise (994,000 cells). Although precision fell with serial dilutions the R 2 for
linear fit was 0.9956 (Figure 2.8).
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Figure 2.8: Use of counting beads to quantify cells by flow cytometry and
validation using serial dilutions.
A fixed number of CountBright beads were added to a sample of blood leukocytes before flow
cytometry. The beads were counted by gating initially using SSC and FSC A before gating based on a
fluorescence (AF700) B. The bead count was used to calculate the total cell count within the sample.
The count obtained by this method was compared to the count obtained using the automated counting
machine (Countess) over a series of x2 dilutions from 1x106 cells per tube C. R2 of fit to a line 0.9956.
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2.2.6

Further characterisation experiments

After the initial time-course was completed further experiments were performed to
achieve the following objectives:
1. Effect of the operation itself on inflammation by inclusion of a group of rats
that underwent a sham procedure.
2. The temporal profile of acute-phase proteins and N-terminal pro-brain
natriuretic peptide (NT-proBNP) after MI.
3. Further characterisation of the macrophage populations by the addition of a
CD163 antibody to the flow cytometry panel.
4. Intracellular flow-cytometry to determine relative IL-6 production by the
different leukocyte populations.
5. Immunohistochemistry of the myocardium to visualise a) IL-6 expression and
b) Mononuclear phagocyte infiltration (CD68-positive cells) at key timepoints post MI
These experiments were performed at key time-points identified by the initial timecourse (see Results). These included 0, 4-hours, 1 and 3-days post MI (n=35/group). In addition, a 28-day time-point was included (n=7-9/group).
Blood and myocardial tissue was processed from naïve rats and those 1 and 3-days
post MI as described. Blood alone was used from rats at 4-hours and 28-day post
MI (with heart tissue being used for immunohistochemistry analysis – see Chapter
4).
The cytokines from the samples obtained during these second characterisation
experiments were measured separately from the original samples using new
reagents at a later time point. This was done at the same time as samples from the
therapeutic experiments (Chapter 5).
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Comparison of data from initial time-course with the additional experiments
To determine whether the cytokine and cell measurements from the original time
course were consistent with those from the additional experiments, each analyte
was compared in the two groups of naïve rats (un-paired student’s t test).
2.2.7

Sham procedure

Rats undergoing a sham procedure underwent the full surgical approach as detailed
in 2.2.1 with the only difference being the omission of the suture applied to the LAD.
The chest cavity was left exposed for 50 minutes before being closed.
For the group of rats 28-days post MI, age-matched naïve controls were used
instead of shams.
2.2.8

Temporal profile of acute phase proteins and NT-proBNP after MI and
sham procedure

The rat acute phase protein panel 1 kit (MSD, USA) was used to analyse plasma
samples. The kit measures two acute phase proteins: α2-macroglobulin (A2M) and
α1-acid glycoprotein (AGP).
The NT-proBNP assay kit (MSD, USA) was also employed to analyse plasma
samples.
Both kits were used according to the manufacturers instructions and read with a
QuickPlex SQ 120 (MSD, USA).
2.2.9

Addition of CD163 to the flow cytometry panel to further characterise
cardiac macrophages post MI

The original time-course revealed a large expansion in the MHC-IIneg macrophage
population which peaked at day-3 post MI (see 2.3 Results). To confirm whether
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these macrophages expressed other markers associated with MHC-IIneg
macrophages an antibody against CD163 (Clone ED2) was added to the panel.
Cells were stained as per the original protocol, with the addition of CD163 (clone
ED2) conjugated to PERCP (Novus, USA) or biotinylated (abdserotec) and
subsequently conjugated to PE-TexRed (Biolegend). Staining was fully optimised by
performing serial dilutions with an IC as described.
Blood leukocytes showed no CD163 staining and therefore this marker was not
included in the blood panel.
2.2.10 Intracellular flow cytometry to measure leukocyte production of IL-6
after MI
Intracellular flow-cytometry was performed to determine the IL-6 expression of each
leukocyte subset in blood and myocardium after MI.
Tissue was processed as described, however, after cell pellets had been isolated
from blood and heart digests, the cells were resuspended in 5ml RPMI
(ThermoFisher, USA), supplemented with 0.4μl/ml GolgiStop (Monensin) (BD, USA)
and incubated at 37˚C for 4-hours. This step was added to increase detectable
levels of intracellular IL-6.
Cell surface staining was first performed as per section 2.2.5 using the modified set
of antibodies listed in Table 2.5 with the addition of the anti-CD163 antibody
conjugated to PERCP.
After surface staining cells were spun at 350G for 5 minutes and then resuspended
in 200μl fixation buffer (Biolegend, USA) and left in the dark at 4˚C for 20 minutes.
After spinning at 650 xg for 5 minutes cells were washed with 200μl Intracellular
Staining Perm-Wash Buffer (Biolegend, USA) before being resuspended in 100μl
Perm-Wash buffer containing goat polyclonoal anti-IL-6-Ab (IgG R&D, USA) or goat
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polyclonal IgG isotype control (R&D, USA). After staining for 20 minutes in the dark
at 4˚C, cells were washed and spun before being resupended in 100μl Perm-Wash
buffer containing 10μg/ml rabbit anti-goat-IgG Ab conjugated to AF488 (Invitrogen,
USA), After staining for 20 minutes in the dark at 4˚C, the cells were washed and
resuspended in FACS buffer. Samples were analysed the same day on the LSR
Fortessa.
A dose-response curve of the antibody against the IC was performed to determine
the optimal concentration of anti-IL-6-Ab to use. Based on this, the final
concentration of Ab used was 5μg/ml.
Geometric mean florescence intensity (gMFI) of all leukocyte populations was
expressed at the difference relative to matched IC at the same concentration.
Experiments were performed on blood and myocardium from naïve rats (N=6) and a
group 3-days post MI (n=4), which was the peak observed myocardial IL-6 and
mononuclear cell concentrations.
2.2.11 Immunohistochemistry of heart samples to visualise leukocyte
infiltration and IL-6 expression
Histology and immunohistochemistry was performed to visualise the spatial
distribution of leukocyte infiltration of the myocardium after MI. This was done by
collaborators at UCL IQPath on samples from naïve rats and those 3-days post MI
(peak leukocyte numbers).
Hearts were excised and flushed to remove intracoronary blood. Subsequently,
heart were fixed in 10% neutral buffered formalin solution (Sigma, USA) before
being embedded in paraffin. Before staining 4μm short-axis slices were taken at 4
evenly spaced intervals across the left ventricle.
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Hematoxylin and Eosin (H&E) stain of myocardium after MI
Slices were dewaxed in xylene for 5 minutes before being rehydrated in 100%
industrial methylated spirit (IMS) for 3 minutes and 70% IMS for 3 minutes. After
washing in running water for 3 minutes the slices were stained in Harris’s
hematoxylin for 10 minutes. After washing dipping in acid alcohol (x6) samples were
run under running tap water until nuclei turned blue (checked microscopically).
Subsequently slices were stained with eosin 1% for 5 minutes. After washing slices
were mounted.
CD68 and IL-6 immunohistochemistry of myocardium after MI
Immunohistochemistry staining was performed using the fully automated Ventana
Discovery XT instrument (Roche, Switzerland). A primary antibody against rat CD68
(rabbit polyclonal, abcam, UK) or IL-6 (goat polyclonal, bio-techne, USA) was used
at a 1:100 dilution and incubated for 6 hours. A swine anti rabbit (CD68) or anti goat
antibody (IL-6) (Dako, Denmark) was used as the secondary and incubated for 60
minutes. After staining slides were scanned with LEICA SCN400F scanner (Leica,
Germany) and visualised using Leica software.
2.2.12 Statistical analysis

All statistical analyses were performed with Prism version 6.0 (GraphPad, USA). In
the time course, all time points were analysed with one-way Analysis of Variance
(ANOVA) (no pairing), with each time-point either compared to the group of naïve
rats or to every other group (Including Dunnett’s correction for multiple
comparisons). Multiplicity adjusted p values < 0.05 were considered significant.
Paired student’s t-tests were used to compare CD11b expression in cell types from
the two different tissues.
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In the sham-controlled studies, time-points within groups (Sham and Vehicle) were
analysed as above. At each time-point the difference between the two groups was
analysed with an un-paired student’s t-test. In the intracellular flow cytometry
experiments the difference in IL-6 expression at baseline and day 3 post MI was
assessed with an unpaired student t-tests. P values <0.05 for t-tests were
considered significant.
Approach to dealing with outlying data
The approach to dealing with outliers was based on that recommended by Aguinis
et al [155]. Potentially spurious measurements of soluble mediators by ELISA were
initially identified by visually inspecting data using a box plot. Secondly, the
apparently outlying data point was analysed to assess whether it lay above or below
±2.24 standard deviations of the mean of the remaining data. If the data point fell
within these pre-defined limits it was removed.
Depiction of statistical significance in figures
In all figures levels of significance are depicted as follows:
*

p=0.05-0.01

**

p=0.009-0.001

***

p=0.0009-0.0001

****

p<0.0001
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2.3
2.3.1

Results
Infarct size progression after MI

Area at risk
AAR as a percentage of the LV did not significantly change over time, however
there was a significant degree in variability (Figure 2.9 A). Mean AAR at 2-hours
was 49.72% (95% CI: 23.62-75.82), at 4-hours was 48.10% (95% CI: 35.99-60.21),
at 1-day was 60.21% (95% CI: 43.42-77.73) and at 2-days was 39.96% (95% CI:
19.93-59.98).
Infarct size
Infarct size as a percentage of the LV showed clear progression over time, peaking
1-day post MI (Figure 2.9 B). At 2-hours mean infarct size was 7% (95% CI: 018.75), at 4-hours was 15.25% (95% CI: 7.11-23.39), at 1-day was 26.48% (95% CI:
23.85-29.11) and at 2-days was 19.77% (95% CI: 8.87-30.67). The difference
between 2-hours and 1-day (p=0.0005) and 2-days (p=0.0156) was significant, as
was the difference between 4-hours and 1-day (p=0.0143). The difference between
1 and 2-days was not significant.
Infarct size as a percentage of area at risk
Infarct size as a percentage of AAR also showed clear progression over time
peaking at 2-days post MI (Figure 2.9 C). At 2-hours mean IS/AAR was 13.08%
(95% CI: -2.09-28.25), at 4-hours was 31.81% (95% CI: 16.41-47.22), at 1-day was
44.65% (95% CI: 33.15-56.15) and at 2-days was 49.39% (95% CI: 43.17-55.62).
The difference between 2-hours and every other time point was significant (vs 4hours p=0.0298, vs 1-day p=0.0009, vs 2-days p=0.0005), as was the difference
between 4-hours and 2-days (p=0.0415). There was no significant difference
between day 1 and both 4-hours and day 2.
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Figure 2.9: Temporal profile of infarct size in the rat model of MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. Infarct
Size (A) and Area at Risk (B) were measured histologically with TTC and Evans Blue dyes
at 2-hours, 4-hours, 1 and 2-days after onset of MI (N=3-4/group). IS was expressed as a
percentage of AAR (C). Statistical significance was tested with ANOVA with multiple
comparisons (comparing each time point with each other time point). Data presented as
mean +/- SEM. Multiplicity adjusted p value <0.05 was considered significant.

2.3.2

Temporal profile of soluble mediators in plasma and myocardium after
MI

Interleukin-6
The plasma concentration of IL-6 (Figure 2.10 A) in naïve rats was 32.87 pg/ml
(95% CI: 0-65.7). This rose rapidly into the nanogram range and peaked 2-hours
after MI at 1.82 ng/ml (95% CI: 0.23-3.41 p < 0.0001 vs naïve). Thereafter plasma
levels fell. At 4-hours, levels were still significantly higher than base-line (0.95 ng/ml
71

p = 0.0233 vs naïve), however by 1-day post MI levels had fallen to near baseline
(139 pg/ml) and were no longer statistically significant compared with naïve.
In contrast to the plasma, levels measured within the myocardium were biphasic.
Within naïve myocardium levels were 0.63 pg/mg (95% CI: 0-1.26). A first peak at 4hours was observed, however compared to naïve the difference was not statistically
significant (4-hours: 4.586 pg/mg (95% CI: 0-11.88)). Levels fell at 1-day post MI
(1.99 pg/mg (95% CI: 1.14-2.84) before a second peak was observed at day 3
which was significant compared with baseline (5.78 pg/mg, 95% CI: 2-9.55,
p=0.0051). Levels subsequently fell, and by day 7 post MI they were similar to
baseline (0.3 pg/mg p vs naïve = ns).
Soluble IL-6 Receptor and sgp130
The concentration of sIL-6R in naïve rat plasma was 14.67 ng/ml (95% CI: 0-30.3)
(Figure 2.10 B). The only significant change was observed at 1-day post MI where
the concentration rose to 42.24 ng/ml (95% CI: 33.91-50.57, p = 0.0048 vs naïve).
The concentration in naïve myocardium was 125.6 fg/mg (95% CI: 17.94-233.3).
Although levels also peaked 1-day post MI (144.2 fg/mg), there was no statistically
significant change across the time course compared with baseline.
Sgp130 was only measured in the plasma (Figure 2.10 C). The concentration in
naïve rats was 312.163 (95% CI: 198.3-426). There was no significant change
throughout the time course.

72

Figure 2.10: Temporal profile of Interleukin-6 family proteins in plasma and
myocardium after MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. IL-6 (A),
sIL-6R (B) and sgp130 (C) were measured by ELISA in plasma (blue) +/- supernatants of
heart digests (red) at 7 time-points (0 hours – 7-days post MI) (N=3-4/group [Day 7=2]).
Statistical significance was tested with ANOVA with multiple comparisons (comparing each
time point to naïve rats). Data presented as mean +/- SEM. Multiplicity adjusted p value
<0.05 considered significant.
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C-X-C motif ligand 1
CXCL1 levels followed a time-course that was very similar to IL-6 with an early
plasma peak and a myocardial peak at day 3.
The plasma concentration of CXCL1 (Figure 2.11 A) in naïve rats was 60.94 pg/ml
(95% CI: 10.74-111.1). This rose rapidly into the nanogram range and peaked 2hours after MI at 1.24 ng/ml (95% CI: 0.52-1.95 p < 0.0001 vs naïve). Thereafter
plasma levels fell. At 4-hours, levels were still significantly higher than base-line
(0.87 ng/ml p = 0.0024 vs naïve), however by day 1 levels had fallen to below
baseline (30.63 pg/ml) and were no longer statistically significant compared with
naïve.
Within naïve myocardium CXCL1 levels were 0.61 pg/mg (95% CI: 0-1.67) (Figure
2.11 A). There was a gradual increase in the concentration within the tissue which
peaked at day 3 at 6.2 pg/mg (95% CI: 0.46-11.85, p = 0.0076 vs naïve), before
falling to lower than baseline levels at 7-days post MI (0.09 pg/mg p = ns vs naïve).
C-C Motif Chemokine Ligand 2
The plasma concentration of CCL2 in naïve rats was 1.62 ng/ml (95% CI: 0.7-2.54)
(Figure 2.11 B). After a non-significant rise between 2-hours and 1-day, there was a
significant peak at day 3 post MI when the concentration was 9.95 ng/ml (95% CI: 020.87, p = 0.0135 vs naïve). By day 5 post MI levels had fallen back to near
baseline (2.039 ng/ml p = ns vs naïve).
Within naïve myocardium CCL2 levels were 0.51 pg/mg (95% CI: 0.12-0.90)
(Figure 2.11 B). There was a gradual increase in the concentration within the tissue
which peaked at day 3 at 5.13 pg/mg (95% CI: 0-12.46, p vs naïve = 0.0265), before
falling to near baseline levels at 5-days post MI (0.89 pg/mg p = ns vs naïve).
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Figure 2.11: Temporal profile of chemokines (CXCL1 and CCL2) in plasma and
myocardium after MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. CXCL1
(A) and CCL2 (B) were measured by ELISA in plasma (blue) and supernatants of heart
digests (red) at 7 time-points (0 hours – 7-days post MI) (N=3-4/group [Day 7=2]). Statistical
significance was tested with ANOVA with multiple comparisons (comparing each time point
to naïve rats). Data presented as mean +/- SEM. Multiplicity adjusted p value <0.05
considered significant.

Interleukin-1β
The plasma concentration of IL-1β in naïve rats was 6.7 pg/ml (95% CI: 1.57-11.85)
(Figure 2.12 A). Within the myocardium the baseline concentration was 67.85 fg/mg
(95% CI: 32-103.7) (Figure 2.12 A). Levels did not change significantly throughout
the time course in either tissue, however the plasma peak was at 2-hours
(14.76pg/mg) and the myocardial peak was at 3-days post MI (101.2 fg/mg).
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Tumour Necrosis Factor α
The plasma concentration of TNFα in naïve rats was 3.42 pg/ml (95% CI: 0.45-6.39)
which did not significantly change over the time course (Figure 2.12 B). Within
naïve myocardium TNFα levels were 15.69 fg/mg (95% CI: 0-37.8) (Figure 2.12 B).
There was a gradual increase in the concentration within the tissue which peaked at
day 3 at 53.66 pg/mg (95% CI: 37.24-70.07, p = 0.0003 vs naïve), before falling to
lower than baseline levels at 7-days post MI (11.69 pg/mg p = ns vs naïve).

Figure 2.12: Temporal profile of IL-1β and TNFα in plasma and myocardium
after MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. IL-1β (A)
and TNFα (B) were measured by ELISA in plasma (blue) and supernatants of heart digests
(red) at 7 time-points (0 hours – 7-days post MI) (N=3-4/group [Day 7=2]). Statistical
significance was tested with ANOVA with multiple comparisons (comparing each time point
to naïve rats). Data presented as mean +/- SEM. Multiplicity adjusted p value <0.05
considered significant.
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2.3.2.1 Temporal profile of other cytokines in plasma and myocardium after
MI.

The other cytokines that were measured had very low concentrations and in many
instances were below the detection range of V-plex MSD kit used.
IL-13: The concentration of IL-13 in naïve plasma was 1.26 pg/ml (95% CI: 0.282.23) with no significant change observed over time. Within the myocardium,
concentrations at baseline were 2.21 fg/mg. These rose significantly 1-day post MI
to 11.07 fg/mg (95% CI 1.269-20.87, p = 0.0022 vs naïve) before falling back to
near baseline levels at day 3.
IFNγ: The plasma concentration of IFNγ in naïve plasma was 1.15 pg/ml but was
undetectable in many samples across the time course. The concentration in the
myocardium of naïve rats was 12.38 fg/mg (95% CI 0-28.98) with no significant
change observed over time.
IL-10: The concentration of IL-10 in naïve plasma was 3.24 pg/ml (95% CI 2.53.98). Within the myocardium of naïve rats the concentration was 14.67 fg/mg (95%
CI 1.927-27.41). In both tissues there was no significant change over time.
IL-5: IL-5 plasma levels in naïve rats were 14.9 pg/ml (95% CI 0-44.15), however
levels were undetectable in many samples across the time course. Within the naïve
myocardium the concentration was 32.25 fg/mg (95% CI: 0-67.95). Although levels
peaked at 4-hours (155.5 fg/mg) this increase was not statistically significant,
neither were any other time points.
IL-4: IL-4 levels were below the detection limit in the majority of samples in both
tissues.
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2.3.3

CD68 expression of leukocyte populations

Employing the GFP-CD68 rats confirmed that the majority of cells (>97%) included
in the mononuclear phagocyte gates were CD68 positive, whereas neutrophils and
lymphocytes were negative (Figure 2.13). It also demonstrated that non-classical
monocyte had the highest expression of this marker (Table 2.6).

Figure 2.13: CD68 expression on leukocytes in blood and myocardium
measured by flow cytometry.
Flow cytometry dot plots of blood (A) and digested myocardium (B) from Naïve GFP-CD68
rats. Cells were stained with the antibodies listed in Table 2.5 and gated as per Figure 2.5
and Figure 2.6. Once cell types had been gated, their expression of CD68 was in the GFP
channel was plotted.

Table 2.6: Percentage CD68-positive cells in mononuclear cell gates and
geometric mean fluoresce intensity of each subset.
Cell-type
Classical Mϕ
MMonocyte Mϕ
Non-classical
MMMonocyte
MHC-IIpos Mφ
neg
MMMMMacrophage
MHC-II
Mφ
Macrophage

Percentage CD68
Positive (mean
N=3)

gMFI (mean N=3)

97.6
99.4
99.2
97.3

3521
9218.3
4296.7
6007
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2.3.4

Cytospin and microscopy of flow-assisted sorted leukocyte
populations

The microscopy images of cells obtained via FACS demonstrated that the gating
strategy robustly identified the intended population of cells (Figure 2.14). The sorted
neutrophil population (Figure 2.14 C) displayed multilobulated nuclei and excluded
other granulocytes such as eosinophils, which are clearly visible in the whole blood
cytospin as cells with red-stain cytoplasm (Figure 2.14 A). Lymphocytes displayed
large nuclei with minimal visible cytoplasm (Figure 2.14 D). There were clear
morphological differences between classical (Figure 2.14 E) and non-classical
monocytes (Figure 2.14 F), with classicals appearing larger with generally horseshoe shaped nuclei and non-classicals appearing smaller, with less cytoplasm and
the majority having rounded nuclei. This is in keeping with previously published data
[137]. The two sorted macrophage populations appeared similar, with large rounded
nuclei and heterogeneously stained cytoplasm (Figure 2.14 G,H).
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Figure 2.14: Images of leukocytes obtained by flow assisted cell sorting in the
blood and digested myocardium.
Whole blood (A) and heart digest (B) were cytospun onto slides before being stained with
eosin and methylene blue. Blood and heart digests were also stained with the antibodies
listed in Table 2.4 and flow-assisted cell sorting was performed and gated as per Figures 2.5
and 2.6 to obtain populations of each cell type (C-H). Cells populations were cytospun onto
slides before being stained with eosin and methylene blue. Slides were imaged with a
NanoZoomer. Representative images shown at x20 magnification.
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2.3.5

Temporal profile of leukocytes in blood after MI

Neutrophils
The concentration of circulating neutrophils in naïve rats was 1.1 x10 6/ml (95% CI
0.75-1.45) (Figure 2.15 A, Table 2.7). No significant change in the concentration
was observed until Day 5 post MI, when a significant neutrophila was observed:
3.64 x106/ml (95% CI: 1.1-6.2, p = 0.186 vs naïve) which persisted at day 7 post MI
(4.12 x106/ml, 95% CI 0.75-7.48, p = 0.137 vs naïve).
Lymphocytes
The concentration of circulating lymphocytes in naïve rats was 3.18 x10 6/ml (95% CI
0.64-5.72) (Figure 2.15 B, Table 2.7). Two significant peaks in lymphocyte
concentration was observed. 1-day post MI the concentration rose to 7 x106/ml
(95% CI 3.47-10.52, p=0.0147 vs naïve) and at day 5 the concentration was 8.28
x106/ml (95% CI 4.6-11.96, p=0.0017 vs naïve), however at other time points there
was no difference compared with baseline.
Monocytes
In naïve rats the total monocyte count was 1.13 x10 6/ml (Figure 2.15 C,D, Table
2.7). Non-classicals were the predominate subtype. Their concentration was 0.8
x106/ml (95% CI 0-1.9), representing 70.8% of the total. Classicals 0.33 x10 6/ml
(95% CI 0.15-0.51) accounted for 29.2% of the total.
Over the time course, the concentration of classical monocyte rose at day 5 post MI
to 0.95 x106/ml (95% CI 0.83-1.08, p=0.0012) (Figure 2.15 C). At day 7, levels were
still elevated (0.71 x106/ml), however this was not significant compared with
baseline. The concentration of non-classical monocytes fluctuated significantly
(following the same pattern as lymphocytes), however none of the changes were
significant compared with baseline (Figure 2.15 D).
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Table 2.7: Concentration of leukocytes in the blood of naïve rats measured by
flow cytometry.
Cell-type
Lymphocytes
Neutrophils
Total Monocyte
Non-classical
Monocyte
Classical
Monocyte

Concentration
(x106/ml)
3.18
1.1
1.13
0.8 (70.8%)
0.33 (29.2%)

Figure 2.15: Temporal profile of leukocytes in the blood flowing MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. Blood
was prepared as detailed in the methods. The concentration of cells in the blood was
measured by flow cytometry at 6 time-points (0 hours – 7-days post MI) (N=3-4/group [Day
7=2]). Statistical significance was tested with ANOVA with multiple comparisons (comparing
each time point to naïve rats). Data presented as mean +/- SEM. Multiplicity adjusted p
value <0.05 considered significant.
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2.3.6

Temporal profile of leukocytes in the myocardium after MI

Neutrophils
The concentration of neutrophils in the myocardium of naïve rats was 66 cells/mg
(95% CI: 23.8-108.2) (Figure 2.16 A, Table 2.8). There was a significant rapid rise
to 791.7 cells/mg at 4-hours (95% CI: 0-2001, p=0.0046 vs naïve). Neutrophil
numbers peaked 1-day post MI at 1372 cells/mg (95% CI: 685.8-2058, p<0.001 vs
naïve), before falling to day 5. The concentration was still elevated at day 7 (264
cells/mg) but this was not significant relative to baseline.
Lymphocytes
The concentration of lymphocytes in the myocardium of naïve rats was 909.8
calls/mg (95% CI 103.4-1716) (Figure 2.16 B, Table 2.8). There was no significant
change in lymphocyte concentration observed over the time course.
Monocytes
As observed in the circulation, non-classical monocytes predominated in the
myocardium of naïve rats (Figure 2.16 C,D, Table 2.8). The concentration of non
classicals was 118.5 cells/mg (95% CI: 0-283.4) representing 83% of the monocytes
whereas classicals was 24.5 cells/mg (95% CI: 0-52.32). However, whereas there
was no significant change in the non-classical monocyte concentration over time,
there was a significant rise in classicals. The concentration of classical monocytes
peaked at 24-hours at 1280 cells/mg (95% CI: 10.16-2549, p=0.003 vs naïve).
Although the concentration remained elevated for the rest of the time course this
was not significant compared with baseline.
Macrophages
In naïve rats the concentration of macrophages was 517.3 cells/mg (Figure 2.16
E,F, Table 2.8). The MHC-IIpos macrophage was the most numerous subtype with a
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concentration of 310.5 cells/mg (95% CI: 28.44-592.6), accounting for 60% of
macrophages. The concentration of the MHC-IIneg macrophage subtype was 206.8
cells/mg (95% CI: 0-415.3).
Both macrophage subtypes expanded over time, with this being significant for both
at day 3. MHC-IIpos macrophage concentration at day 3 was 662.8 cells/mg (95% CI:
544.7-780.8, p=0.0443 vs naïve). The concentration was fairly stably elevated
between day 1 and day 7. In contrast, numbers of MHC-IIneg macrophage
dramatically increased at day 3 before rapidly falling at day 5. The peak
concentration was 3882 cells/mg (95% CI: 1591-6173, p=0.0002 vs naïve), making
this by far the most abundant cell type across the time course.
The full time-course of myeloid cells in blood and myocardium post MI is presented
in Figure 2.17.
Table 2.8: Concentration of leukocytes in the myocardium of naïve rats
measure by flow cytometry.
Cell-type
Lymphocytes
Neutrophils
Total Monocyte
Non-classical
Classical
Monocyte
Total
pos
Monocyte
MHC-II
Macrophage
MHC-IIneg
Macrophage
Macrophage

Concentration
(cells/mg)
909.8
66
143
118.5 (83%)
24.5 (17%)
517.3
310.5 (60%)
206.8 (40%)
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Figure 2.16: Temporal profile of leukocytes in the myocardium following MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. Hearts
were prepared as detailed in the methods. The concentration of cells in the myocardium was
measured by flow cytometry at 6 time-points (0 hours – 7-days post MI) (N=3-4/group [Day
7=2]). Statistical significance was tested with ANOVA with multiple comparisons (comparing
each time point to naïve rats). Data presented as mean +/- SEM. Multiplicity adjusted p
value <0.05 considered significant.
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Figure 2.17: Temporal profile of myeloid cells in the myocardium and blood
after MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. Tissue
was prepared as detailed in the methods. The concentration of cells in the myocardium A
and blood B was measured by flow cytometry at 6 time-points (0 hours – 7-days post MI)
(N=3-4/group [Day 7=2]). Data presented as mean.
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2.3.7

Temporal profile of CD11b expression on myeloid cells in blood and
myocardium after MI

Neutrophils
At baseline neutrophils had the highest CD11b expression in both tissues (Figure
2.18 A,B). In the blood the gMFI was 3287 (95% CI: 2281-4293) and in the
myocardium it was significantly higher; 9638 (95% CI 7678-11597, p<0.0056 vs
blood). Over time, there was little change in the expression of CD11b in either
tissue, however there was a significant, transient fall in expression in circulating
cells 1-day post MI (gMFI 2159, 95% CI: 1543-2775, p=0.0431 vs naïve).
Monocytes
In the blood of naïve rats, non-classical monocytes (gMFI 1138, 95% CI: 866.91408) had higher expression of CD11b than classicals (gMFI 581.3, 95% CI: 225.6936.9) (Figure 2.18 C,E). Within the myocardium the expression of non-classicals
was not significantly different to that of circulating cells (gMFI 1348, 95% CI: 793.91901), however the expression of CD11b on classicals was significantly higher
(gMFI 1388, 95% CI: 604.1-2172, p=0.0241 vs blood) (Figure 2.18 D,F). Over the
time course, there was an increase in CD11b expression in non-classicals within the
myocardium at day 1 post MI (gMFI 2384), however this was not statistically
significant. Within the blood, there was very little change in CD11b expression over
time.
In contrast, there was a significant increase in CD11b expression in classical
monocytes in both tissues. In blood, after an initial drop in expression at 4-hours, it
steadily increased peaking at day 3 post MI (gMFI 1198, 95% CI: 674.6-1722,
p=0.0343 vs naïve). Within the myocardium, expression increased significantly, 1day post MI to almost 10 times baseline (gMFI 13566, 95% CI: 3262-23851,
<0.0001 vs naïve), before falling to near baseline levels at day 3 (gMFI 2955).
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Figure 2.18: Temporal profile of CD11b expression on neutrophils and
monocytes in the blood and myocardium after MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. Tissue
was prepared as detailed in the methods. Cell types and their CD11b expression was
quantified by flow cytometry at 6 time-points (0 hours – 7-days post MI) (N=3-4/group [Day
7=2]). Statistical significance was tested with ANOVA with multiple comparisons (comparing
each time point to naïve rats). Data presented as mean +/- SEM. Multiplicity adjusted p
value <0.05 considered significant.
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Macrophage CD11b expression after MI
In naïve rats, both macrophage subsets had a similar levels of CD11b expression.
MHC-IIpos macrophage: 1595 (95% CI: 891.7-2299) and MHC-IIneg macrophage:
1717 (95% CI: 643.8-2790) (Figure 2.19). Although there was a significant increase
in CD11b expression in both subtypes over time, there was a more pronounced,
transient increase in the MHC-IIneg macrophage population.
At day 3 post MI, the CD11b expression in the MHC-IIpos macrophage population
had increased to 3669 (95% CI: 366.3-6971, p=0.0121 vs naïve), and this remained
elevated for the remainder of the time course.
CD11b expression in the MHC-IIneg macrophage population increased to over 15
times baseline levels at Day 3: gMFI 26007 (95% CI 12961-39053, p<0.0001 vs
naïve), before falling to a gMFI of 7059 at day 5 (p=ns vs naïve).
The full time-course of CD11b expression on myeloid cells in blood and myocardium
post MI is presented in Figure 2.20.

Figure 2.19: Temporal profile of CD11b expression on cardiac macrophages
after MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. Tissue
was prepared as detailed in the methods. Cell types and their CD11b expression was
quantified by flow cytometry at 6 time-points (0 hours – 7-days post MI) (N=3-4/group [Day
7=2]). Statistical significance was tested with ANOVA with multiple comparisons (comparing
each time point to naïve rats). Data presented as mean +/- SEM. Multiplicity adjusted p
value <0.05 considered significant.
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Figure 2.20: Temporal profile of CD11b expression on myeloid cells in the
myocardium and blood after MI.
Rats were subjected to surgical MI with 50 minutes ischaemia prior to reperfusion. Tissue
was prepared as detailed in the methods. Cell types and their CD11b expression was
quantified by flow cytometry at 6 time-points (0 hours – 7-days post MI) (N=3-4/group [Day
7=2]). Data presented as mean.
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2.3.8

Comparison of soluble mediator and cell concentrations in original
versus additional experiments

As the additional experiments were performed later than the original time course
using new reagents (ELISA plates and antibodies) a comparison between the
measured analytes in the two groups of naïve rats was performed to ensure
consistency (Table 2.9).
This analysis showed that the measured concentration of the majority of soluble
mediators was higher in the second set of experiments in a least one of the tissues.
For example, plasma IL-6 was 89.5 pg/ml compared with 32.87 pg/ml (p=0.021) and
in the myocardium the concentration was 1.77pg/mg compared with 0.63 pg/mg
(p=0.0029). In the case of IL-4, whereas previously levels were not detectable, they
were in the second experiments. The only exceptions to this were CXCL1 which
was lower in the second set of experiments and that there was no differences for
CCL2, sIL-6R (plasma only) and TNFα.
In contrast, the concentration of cells in the blood and myocardium did not
significantly differ between the two sets of experiments.
The cause of the discrepancy between the two sets of experiments in terms of
soluble mediators is not clear. Although this is covered in detail in the discussion, it
is possible that this was due to an extra freeze-thaw cycle in the first set of samples.
As a result of the discrepancy in the measurements, the soluble mediator data from
the first and second set of experiments were not pooled together. However, the cellcount data from the two groups of naïve and infarct rats were pooled together to
increase power. The CD11b data was kept separate due to different flow cytometry
panels used in the two sets of experiments.
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Table 2.9: Comparison of soluble mediator and cell measurements in naïve
rats in the original versus the additional experiments.
Original Time Course
N=4 (95% CI)
Soluble Mediators: Plasma
IL-6
32.87 pg/ml (0-65.7)
sIL-6R
14.67 ng/ml (0-30.3)
CXCL1
60.94 pg/ml (10.74-111.1)
CCL2
1.62 ng/ml (0.7-2.54)
IL-1β
6.7 pg/ml (1.57-11.85)
TNFα
3.42 pg/ml (0.45-6.39)
IFNγ
1.53 pg/ml (0-4.83)
IL-4
IL-5
14.9 pg/ml (14.36-44.15)
IL-10
3.24 pg/ml (2.5-4)
IL-13
1.26 pg/ml (0.28-2.23)
Soluble Mediators: Myocardium
IL-6
0.63 pg/mg (0-1.26)
CXCL1
0.61 pg/mg (0-1.67)
CCL2
0.51 pg/mg (0.12-0.90)
IL-1β
67.85 fg/mg (32-103.7)
TNFα
15.69 fg/mg (0-37.8)
IFNγ
12.38 fg/mg (0-28.98)
IL-4
IL-5
32.25 fg/mg (0-67.95)
IL-10
14.67 fg/mg (1.93-27.41)
IL-13
2.21 fg/mg (0-5.99)
Circulating Cell Counts (x106/ml)
Neutrophil
1.1 (0.75-1.45)
Lymphocyte
3.18 (0.64-5.71)
Classical
0.33 (0.15-0.51)
Monocyte
Non-classical
0.82 (0-1.9)
Monocyte Cell Counts (cells/mg)
Myocardial
Neutrophil
66 (23.8-108.2)
Lymphocyte
174.3 (41.5-307.2)
Classical
24.62 (0-51.99)
Monocyte
Non-classical
118.4 (0-282.8)
pos
Monocyte
MHC-II
312.5 (29.9-595)
neg
Macrophage
MHC-II
209 (0-421.7)
Macrophage

Additional experiments Significance
N=6 (95% CI)
(unpaired t-test)

89.5 pg/ml (48.3-130.6) p=0.021
24.18 ng/ml (21.28-27.09) ns
29.24 pg/ml (22.59-35.89) p=0.0393
1.738 ng/ml (1.42-2.06) ns
11.48 pg/ml (10.06-12.91) p=0.011
5.9 pg/ml (5.2-6.61)
ns
0.94 pg/ml (0-2.62)
ns
0.13 pg/ml (0.03-0.22)
13.6 pg/ml (7.57-19.62) ns
8.47 pg/ml (6.43-10.51) p=0.0008
1.303 pg/ml (1.02-1.58) ns
1.77 pg/mg (1.33-2.21)
p=0.0029
0.53 pg/mg
ns
0.35 pg/mg (0.24-0.46)
ns
234 (180.5-287.5)
p=0.0003
22.24 fg/mg (16.1-28.37) ns
43.86 fg/mg (35.08-52.65) p=0.0007
5.61 fg/mg (4.18-5.04)
212.5 fg/mg (175.8-249.2) p<0.0001
64.48 fg/mg (46.09-82.87) p=0.0008
7.75 fg/mg (6.5-9.05)
p=0.0012
1.18 (0.72-1.63)
3.85 (2.9-4.8)
0.28 (0.25-0.52)
0.53 (0.29-0.78)

ns
ns
ns
ns

56.85 (15.54-98.15)
232.9 (146.6-319.1)
33.6 (21.29-45.91)
165.5 (83.62-247.4)
334.9 (240.6-429.2)
208.4 (140-276.8)

ns
ns
ns
ns
ns
ns
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2.3.9

Temporal profile of cytokines and chemokines in plasma and
myocardium after MI and sham procedure

Interleukin-6
The baseline plasma IL-6 concentration was 89.5 pg/ml (95% CI: 48.3-130.6)
(Figure 2.21 A). Rats that underwent a sham procedure had an elevated plasma IL6 concentration at 4-hours (0.73 ng/ml p<0.0001 vs naïve), however this was
significantly less than those which underwent MI (2.3 ng/ml (95% CI: 1.3-3.26)
p=0.038).
At 1-day post procedure the plasma concentration in the sham group had fallen
back to near baseline (0.24 ng/ml, 95% CI: 0.09-0.4, p=ns vs naïve), and was
significantly less than that in the MI group 0.83 ng/ml (95% CI: 0.37-1.29,
p=0.0026).
In the myocardium, no significant change in IL-6 concentration was observed in the
sham group over time (Figure 2.21 B).
Soluble IL-6 Receptor
In the second set of experiments sIL-6R was only measured in the plasma. No
change in the sIL-6R concentration was observed in the sham group over time and
the concentration in the MI group was significantly higher at all three time points
post MI (Figure 2.21 C).
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Figure 2.21: Temporal profile of IL-6 and sIL-6 in plasma and myocardium
after MI and sham procedure.
Naïve rats (N=6), rats subjected to surgical MI (N=5-8/group) or to a sham procedure (N=35/group) were included. At 28-days age-matched naïve rats were used as control rather than
sham (N=9). Tissue was prepared as detailed in the methods. IL-6 was measured by ELISA
in plasma (A) and in myocardium (B) and sIL-6R in plasma (C), at a series of time points
post MI. Statistical significance of each group over time was tested with ANOVA with
multiple comparisons (comparing each time point to naïve rats). Statistical significance
between groups at each time-point was tested with an un-paired student’s t-test. Data
presented as mean +/- SEM. p value <0.05 considered significant (+=ANOVA, *=t-test).

C-X-C motif ligand 1
Interestingly, the plasma concentration of CXCL1 in the sham group followed the
same pattern as the infarct group (Figure 2.22 A). The baseline concentration was
29.24 pg/ml (95% CI: 22.59-35.89). 4-hours post procedure the concentration was
significantly elevated in the sham group (325 pg/ml, 95% CI: 270.9-379.2, p=0.0148
vs naïve) which was similar to that in the MI group (432 pg/ml p=ns). (NB: x1 data
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point was removed from the MI group at 4-hours for being spuriously high (Value:
5272.8 pg/ml, Mean of other values=432, SD=144.12, 2.24xSD+Mean=754.8)).
By 1-day post MI, the level of CXCL1 in the sham group was back to near baseline.
Although the concentration in the infarct group was higher than sham 1 and 3-days
post MI, this was not significant.
In contrast, the concentration in the myocardium of the sham group fell from 0.53
pg/mg, 1-day post procedure (0.17 pg/ml 95% CI: 0.01-0.32, p=0.0148 vs naïve),
and was significantly lower than the infarct group throughout the time course
(Figure 2.22 B).
C-C Motif Chemokine Ligand 2
The concentration of CCL2 in naïve plasma was 1.738 ng/ml (95% CI 1.42-2.06)
(Figure 2.22 C). At 4-hours there was no difference between the groups. 1-day post
procedure the concentration in the sham group remained similar to baseline 1.86
ng/ml (95% CI: 1.4-2.3) and was significantly lower than the infarct group (5.4 ng/ml,
95% CI: 2.77-8.02, p=0.0062).
Interestingly, at 3-days post procedure there was a significant elevation in the
plasma CCL2 concentration in the sham group (2.5 ng/ml, 95% CI: 1.87-3.13,
p=0.0119 vs naïve) which was lower than the infarct group but not significantly so
(4.4 ng/ml, 95% CI: 1.33-7.47). By 28-days the concentration was back to baseline.
In the myocardium there was no change in the CCL2 concentration in the sham
group which was significantly lower than the infarct group throughout the time
course (Figure 2.22 D).
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Figure 2.22: Temporal profile of CXCL1 and CCL2 in plasma and myocardium
post MI and sham procedure.
Naïve rats (N=6), rats subjected to surgical MI (N=5-8/group) or to a sham procedure (N=35/group) were included. At 28-days age-matched naïve rats were used as control rather than
sham (N=9). Tissue was prepared as detailed in the methods. CXCL1 (A,B) and CCL2 (C,D)
were measured by ELISA in plasma and in myocardium, at a series of time points post MI.
Statistical significance of each group over time was tested with ANOVA with multiple
comparisons (comparing each time point to naïve rats). Statistical significance between
groups at each time-point was tested with an un-paired student’s t-test. Data presented as
mean +/- SEM. p value <0.05 considered significant (+=ANOVA, *=t-test).

Interleukin-1β
In naïve rats the plasma concentration was 11.48 pg/ml (95% CI: 10.06-12.91)
(Figure 2.23 A). There was no significant change in the sham group at 4-hours and
1-day post procedure, with the infarct group having significantly higher
concentrations at both these time points. At 4-hours post MI the concentration in the
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infarct group was 21.13 pg/ml (95% CI: 18.1-24.16), compared with 13.49 pg/ml
(95% CI: 5-21.97) in the sham group (p=0.0101). 1-day post MI the concentration in
the infarct group was 19.74 pg/ml (95% CI: 12.86-26.61), compared with 13.55
pg/ml (95% CI: 11.01-16.1) in the shams (p=0.0212).
Interestingly, at day 3 post procedure there was a significant rise in the level of IL-1β
in the sham group (18.23 pg/ml, 95% CI: 14.96-21.5, p<0.0001 vs naïve), so that
the difference between sham and infarct was not significant at this time point
(Infarct: 21.19 pg/ml, 95% CI: 11.21-31.16). By 28-days the concentration was back
to baseline.
Within naïve myocardium the concentration of IL-1β was 234 fg/mg (95% CI: 180.5287.5), with no significant difference in concentration observed over time in either
group. However at 3-days post MI, there was a significant difference between the
infarct and sham groups (335.5 vs 183.1 fg/mg, p=0.0316).
Tumour Necrosis Factor α
The baseline plasma concentration of TNFα was 5.9 pg/ml (95% CI: 5.2-6.61)
(Figure 2.23 C). At 4-hours post procedure there was a drop in the plasma
concentration in the sham group only to 4.33 pg/ml (95% CI: 3.5-5.2, p=0.0162 vs
naïve). Thereafter there was no significant change in either group until day 28 post
procedure where it was lower than baseline in both groups. Infarct group: 4 pg/ml
(95% CI: 3.53-4.56, p=0.0016), 28-day naïve group: 4.05 pg/ml (95% CI:3.53-4.56,
p=0.0197).
Within the myocardium there was an insignificant drop in concentration in both
groups 1-day post MI (Figure 2.23 D). In the infarct group, the concentration
peaked day 3 post MI at 43.25 fg/mg (95% CI: 24.32-62.19, p=0.0263 vs naïve).
Although this was higher than the sham at this time point (26.42pg/ml, 95%CI:
19.04-33.79) this was not significant.
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Figure 2.23: Temporal profile of IL-1β and TNFα in plasma and myocardium
post MI and sham procedure.
Naïve rats (N=6), rats subjected to surgical MI (N=5-8/group) or to a sham procedure (N=35/group) were included. At 28-days age-matched naïve rats were used as control rather than
sham (N=9). Tissue was prepared as detailed in the methods. IL-1β (A,B) and TNFα (C,D)
were measured by ELISA in plasma and in myocardium, at a series of time points post MI.
Statistical significance of each group over time was tested with ANOVA with multiple
comparisons (comparing each time point to naïve rats). Statistical significance between
groups at each time-point was tested with an un-paired student’s t-test. Data presented as
mean +/- SEM. p value <0.05 considered significant (+=ANOVA, *=t-test).

2.3.10 The temporal profile of NT-proBNP and Acute Phase Proteins after MI
and sham procedure
The plasma NT-proBNP concentration in naïve rats was 596.9 pg/ml (95% CI: 405788.8) (Figure 2.24 A). It only rose significantly 3-days post MI to 1061 pg/ml (95%
CI: 898.1-1224, p=0.016 vs naïve). By 28-days there was no significant change
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relative to the original group of naïve rats or the 28-day age and weight matched
group of naïves. There was no significant change in the sham group at any time
point.
The plasma concentration of α1-acid glycoprotein in naïve rats was 28.17 µg/ml
(95% CI: 16.66-39.69) (Figure 2.24 B). It rose significantly 1-day post MI (237.7
µg/ml, 95% CI: 165.2-310.1, p=0.0002 vs naïve) and peaked day 3 post MI (297.3,
95% CI:191.5-403.1, p<0.0001). Although the concentration increased 1-day post
procedure in the sham group, this was not significant relative to naïve.
The plasma concentration of α2-macroglobulin in naïve rats was 53.24 µg/ml (95%
CI: 19.52-86.96) (Figure 2.24 C). In a similar manner to α1-acid glycoprotein, it rose
significantly 1-day post MI (1211 µg/ml, 95% CI: 742-1680, p=0.0054) and peaked
day 3 post MI (1326 µg/ml, 95% CI: 0-2687, p=0.0024). There was no significant
change seen in the sham group.
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Figure 2.24: Temporal profile of acute phase proteins (α1-acid glycoprotein
and α2-macroglobulin) in plasma after MI and sham procedure.
Naïve rats (N=6), rats subjected to surgical MI (N=5-8/group) or to a sham procedure (N=35/group) were included. At 28-days age-matched naïve rats were used as control rather than
sham (N=9). Plasma was prepared as detailed in the methods. NT-proBNP A and acute
phase proteins (B,C) were measured by ELISA in plasma at a series of time points post MI.
Statistical significance of each group over time was tested with ANOVA with multiple
comparisons (comparing each time point to naïve rats). Statistical significance between
groups at each time-point was tested with an un-paired student’s t-test. Data presented as
mean +/- SEM. p value <0.05 considered significant (+=ANOVA, *=t-test).
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2.3.11 Temporal profile of circulating leukocytes in blood and myocardium
after MI and sham procedure
Interestingly all the fluctuations in cell concentrations in the blood post MI were
reproduced in the sham group (Figure 2.25 A,C,E). For example, the baseline
neutrophil concentration was 1.5 x106 cell/ml (95% CI: 0.9-1.39) which rose to an
identical mean cell count 4-hours post procedure in both the MI group (2.48 x10 6
cell/ml, 95% CI: 1.8-3.2, p=ns vs naïve) and the sham group (2.48 x106 cell/ml, 95%
CI: 1.03-3.92, p=0.0001 vs naïve). Both groups also had a second peak day 3 post
procedure: MI: 2.82 x106 cell/ml (95% CI: 1.25-4.38, p=0.0103), Sham: 2.48 x106
cell/ml (95% CI: 1.03-3.91, p<0.0001).
In contrast, within the myocardium, there were no significant changes in the
leukocyte counts in the sham group over time post MI (Figure 2.25 B,D,F).
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Figure 2.25: Temporal profile of neutrophils, monocytes and lymphocytes in
blood and myocardium after MI and sham procedure.
Naïve rats (N=10), rats subjected to surgical MI (N=5-9/group) or to a sham procedure (N=35/group) were included. At 28-days age-matched naïve rats were used as control rather than
sham (N=9). Tissue was prepared as detailed in the methods. Cells were identified and
counted by flow cytometry at a series of time points post MI. Statistical significance of each
group over time was tested with ANOVA with multiple comparisons (comparing each time
point to naïve rats). Statistical significance between groups at each time-point was tested
with an un-paired student’s t-test. Data presented as mean +/- SEM. p value <0.05
considered significant (+=ANOVA, *=t-test).

2.3.12 Expression of CD163 on cardiac macrophages within the naïve
myocardium
Flow cytometry of naïve rat myocardium showed that the MHC-IIneg macrophage
population was clearly delineated into two populations based on CD163 expression
(CD163pos macrophage and CD163neg macrophage) (Figure 2.26). Interestingly, the
MHC-IIpos macrophage population of cells was also separated into two populations:
a negative population and a low-intermediate population. However, for the purposes
of subsequent experiments, the MHC-IIpos cells were analysed as a single
population.
Within naïve myocardium the CD163pos macrophage population predominated. The
CD163pos macrophage concentration was 186.2 cells/mg (95% CI: 119.9-252.5)
representing 89.4% of the MHC-IIneg macrophages, whereas the CD163neg
macrophage concentration was 22.1 cells/mg (95% CI: 17.4-26.8).
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Figure 2.26: Expression of CD163 on cardiac macrophage populations from
naïve myocardium.
Flow cytometry contour plots of digested myocardium from naïve rats. Cells were stained
with the antibodies listed in Table 2.4 with the addition of CD163 biotin-conjugated to
PETexRed and gated as per Figure 2.6. Once cell types had been gated, the expression of
CD163 and MHC-II in the two macrophage subsets were plotted. Dashed lines represent the
gates used in subsequent experiments to delineate macrophage subsets.

2.3.13 Temporal profile of cardiac macrophages after MI and sham procedure
In naïve tissue the concentration of MHC-IIpos macrophages was 324.9 cells/mg
(95% CI: 231.3-418.6) which increased 1-day post MI to 541.8 cells/mg (95% CI:
317.2-766,5, p=ns vs naïve) and peaked day 3 post MI (825.2 cells/mg, 95%
CI:475.2-1175, p=0.0051 vs naïve) (Figure 2.27 A).
Within the MHC-IIneg population, there was no change in concentration of the
CD163pos macrophages 1-day post MI, however there was a large increase in the
number of CD163neg macrophages (933.1 cells/mg, 95% CI: 354.1-1512, p=0.0017
vs naïve) thereby entirely accounting for the increase seen in the MHC-IIneg
population at this time point (Figure 2.27 B-D).
3-days post MI, the numbers of CD163pos macrophages had increased significantly
to 691.1 cells/mg (95% CI: 455.9-926.3, p<0.0001 vs naïve) which was similar to
the increase seen in MHC-IIpos macrophages (825.2 cells/mg). The increase in the
CD163neg population at this time point was substantial reaching 2649 cells/mg (95%
CI: 2243-3056, p<0.0001 vs naïve).
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As observed with the other cell types, the sham procedure did not result in any
significant changes in the macrophage populations over time.

Figure 2.27: Temporal profile of cardiac macrophages post MI and sham
procedure.
Naïve rats (N=10), rats subjected to surgical MI (N=5-9/group) or to a sham procedure (N=35/group) were included. At 28-days age-matched naïve rats were used as control rather than
sham (N=9). Tissue was prepared as detailed in the methods. Cells were identified and
counted by flow cytometry at a series of time points post MI. Statistical significance of each
group over time was tested with ANOVA with multiple comparisons (comparing each time
point to naïve rats). Statistical significance between groups at each time-point was tested
with an un-paired student’s t-test. Data presented as mean +/- SEM. p value <0.05
considered significant (+=ANOVA, *=t-test).
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2.3.14 Intracellular IL-6 expression in leukocytes in blood and myocardium
after MI
Interestingly all the circulating cell types had a similar intracellular expression of IL-6
in naïve blood ranging from a gMFI of 2921 in non-classical monocyte to a gMFI of
4529 in neutrophils (Figure 2.28, Table 2.10). There was no significant difference
between the IL-6 expression of circulating cells and their equivalents in heart
digests or between the those from naïve rats and those 3-days post MI.
In the myocardium the MHC-IIneg / CD163pos subtype had the highest baseline
expression with a gMFI of 10916 (Figure 2.28, Table 2.10). However, 3-days post
MI the only macrophage cell type to increase its IL-6 expression was the MHC-IIneg /
CD163neg macrophage which increased its gMFI from 5542 to 10913 (p=0.0046).
Therefore this cell type is not only the most numerous at this time point but also
expresses the greatest amount of IL-6 as well as CD11b which is involved in
multiple inflammatory processes such as trafficking and phagocytosis [156].
Table 2.10: Intracellular IL-6 expression of leukocyte subsets in naïve rats and
those 3-days post MI.
Cell-type

Naïve
(gMFI, (95% CI))

Day 3 post MI
(gMFI, (95% CI))

Significance
(unpaired t-test)

Circulating Cells
Lymphocytes
Neutrophils
Classical
Monocyte
Non-classical
Monocyte
Macrophages

4400 (2343-6456)
4529 (3177-5880)
3498 (2916-4081)
2921 (1803-4039)

3242 (2006-4479)
3587 (1726-5448)
2735 (1949-3520)
3175 (1970-4380)

ns
ns
ns
ns

MHC-IIpos
7636 (4404-10849)
7175 (5452-8899)
neg
Macrophage
MHC-II
Macrophages
CD163pos
10916 (6781-15051) 9337 (5568-13106)
neg
Macrophage
CD163
5542 (3056-8029) 10913 (8223-13603)
Macrophage

ns
ns
P=0.0046
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Figure 2.28: Intracellular IL-6 expression of leukocyte subsets in the blood
and myocardium in naïve rats and those 3-days post MI.
Naïve Rats (N=4) or rats subjected to surgical MI with 50 minutes ischaemia prior to
reperfusion (N=6) were included. Blood (A) and myocardium (B) was prepared as detailed in
the methods. Cells were identified and intracellular IL-6 expression quantified by flow
cytometry. Statistical significance between naïve and day 3 post MI groups for each cell type
was tested with an un-paired student’s t-test. Data presented as mean +/- SEM. p value
<0.05 considered significant.

2.3.15 Immunohistochemistry to visualise leukocyte infiltration of the
myocardium and IL-6 expression
H&E and CD68 Immunohistochemistry
Given that 3-days post MI represented the peak of inflammatory cell numbers in the
heart, histology was performed at this time point, and compared with naïve hearts to
visualise the spatial distribution of cells.
H&E stains of whole transverse slices of myocardium (Figure 2.29 (A-B)),
demonstrated significant thinning of the free ventricular wall of the infarcted
myocardium, which was more friable than naïve tissue.
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High-powered zoom (x10) of the H&E stained slides demonstrated, that relative to
both naïve myocardium (Figure 2.29 C) and remote myocardium (Figure 2.29 E),
that the area of thinning was saturated with inflammatory cells (Figure 2.29 D)
which were predominately CD68 positive (Figure 2.29 G), and therefore
mononuclear cells. This corroborated the data obtained by flow cytometry.
IL-6 Immunohistochemistry
Within the naïve myocardium (Figure 2.30 A) there was no appreciable IL-6
staining. However, by 2-hours post MI there was significant staining of myocytes
within the infarct zone (Figure 2.30 B.1). Interestingly, within the border zone there
was strong staining of the non-myocytes (predominately fibroblasts) but not the
myocytes themselves (Figure 2.30 B.2). There was also strong staining of
endothelial cells within the infarct zone (Figure 2.30) but not in the border zone.
This suggests that the early peak in IL-6 observed in myocardium is the result of
release from multiple cell types. By 3-days post MI there was significantly less IL-6
staining, with only myocytes within the very core of the infarct being positive (Figure
2.30 C.1). There was very little non-myocyte and endothelial cell staining (Figure
2.30 C.2,3). However, within the area saturated with inflammatory cells (Figure 2.30
C.4) there was significant staining, suggesting that IL-6 is being predominately
produced by the macrophages at this time point.

108

Figure 2.29: H&E and CD68 Immunohistochemistry in naïve heart and heart 3days post MI.
Hearts from a naïve rat (A,C,F) and a rat 3-days post MI (B, D-E, G-H) were fixed in formalin
and then set in paraffin before being stained with H&E or an anti-CD68 antibody as
described 672.2.11. C-H are x10 zoom. The heart from 3-days post MI shows significant
thinning of the ventricular wall in the infarct zone (B). Cellular infiltration is seen in the infarct
area by H&E stain in the infarct zone (B) but not the remote zone (C). Immunohistochemistry
demonstrates that most of the infiltrating cells are CD68 positive mononuclear phagocytes
(G). No CD68 positive cells are seen in the remote zone (H).
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Figure 2.30: IL-6 Immunohistochemistry in naïve heart and hearts post MI
Hearts from a naïve rat (A) and rats 2-hours (B) and 3-days post MI (C) were fixed in
formalin and then set in paraffin before being stained with an anti-IL-6 antibody. Myocardium
shown at x20 zoom and blood vessels at x10 zoom. Sections from the naïve heart show no
IL-6 staining of the myocardium (A.1) or endothelium (A.2). 2-hours post MI, there was
significant IL-6 staining of myocytes (B.1) and endothelium (B.3) within the infarct zone (B.1)
and non-myocytes (predominately fibroblasts) within the border zone (B.2). Day 3 post MI,
there was some staining of myocytes within the core of the infarct (C.1), but very little
staining in the border zone (C.2) or endothelium (C.3). However, there was significant
staining within the inflammatory infiltrate (C.4).
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2.4

Summary of Findings

Infarct Size


IS/AAR progresses over time, plateauing 1-day post MI at 45%.

Temporal profile of IL-6 and other soluble mediators post MI


In plasma, IL-6 concentration rose rapidly, peaking 2-hours post MI.
However, by 1-day post MI, levels were back to near baseline.



Within the myocardium a biphasic pattern of IL-6 concentration was
seen, with an early peak at 4-hours, followed by a second peak day-3
post MI.



Multiple cell types including myocytes, non-myocytes and endothelial
cells produce IL-6 during the early peak, whereas infiltrating
inflammatory cells (particularly MHC-IIneg / CD163neg macrophage) are
the main source during the second peak.



By day 7, the concentration of IL-6 within the myocardium was near
baseline.



Plasma sIL-6R concentration was elevated 1-day post MI, but was back
to baseline by day 3.



There was no change in plasma sgp130 concentration over time.



Myocardial concentrations of CXCL1, CCL2, IL-1β and TNFα, as well as
NT-proBNP and the acute phase proteins all peaked 3-days post MI.

Temporal profile of leukocytes post MI


Neutrophil and Classical monocyte numbers within the myocardium rose
rapidly, peaking 1-day post MI.



CD11b expression was most significantly upregulated on classical
monocytes within the myocardium, peaking 1-day post MI.
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Cardiac Macrophages


Three macrophage populations were identified in the heart: MHC-IIpos,
MHC-IIneg / CD163pos and MHC-IIneg / CD163neg.



Of these, the MHC-IIneg / CD163neg population increased in greatest
number, peaking 3-days post MI – corresponding with peak IL-6 and
other cytokine levels.



This population also expressed the highest levels of CD11b day-3 post
MI and were the only population to up-regulate IL-6 production.

Sham procedure
The sham procedure resulted in systemic inflammation but not myocardial
inflammation.


Several cytokines were elevated in the plasma post sham, including IL-6
and CXCL1.



The profile of circulating leukocytes was very similar in the MI and sham
groups



However, there were no elevations of soluble mediators or inflammatory
cells in the myocardium post sham procedure.

The key events within the myocardium identified during the characterisation studies
are illustrated in Figure 2.31. For the purposes of understating the effects of IL-6
antagonism on inflammation in the therapeutic interventions studies (Chapter 4) the
following time points are of greatest interest:


4-hours post MI: First peak in myocardial IL-6 concentration.



1-day post MI: Maximal IS/AAR, peak neutrophil and classical monocyte
concentration of the myocardium and peak sIL-6R plasma concentration.
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3-days post MI: Second peak in myocardial IL-6 and peak macrophage
concentration and CD11b expression.



7-days post MI: Myocardial IL-6 concentration back to baseline.

Therefore, these characterisation studies provide a rationale for targeting IL-6
immediately post reperfusion to target the first peak, and up-to 7-days post MI
when IL-6 concentration returns to baseline.

Figure 2.31: Summary of key events within the myocardium post MI
Infarct size (black line) progressed quickly and plateaued 1-day post MI. Neutrophils (blue
line) infiltrated the myocardium rapidly and numbers peaked 1-day post MI. IL-6
concentration (green line), had an initial peak 4-hours post MI and was released by multiple
cell types including myocytes, fibroblasts and endothelial cells. A second peak 3-days post
MI corresponded with a large increase in macrophages (red line), particularly the MHC-IIneg /
CD163neg sub-type which have high CD11b and IL-6 expression. By 7-days post MI the
concentration of IL-6 was near baseline and the numbers of mononuclear cells had fallen
significantly.
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3 Rat Coronary Artery Endothelial Cell Culture

3.1

Introduction and Objectives

The central hypothesis of this thesis is that exclusive IL-6 trans-signalling blockade
will result in a greater reduction in infarct size and improved LVEF relative to pan-IL6 blockade in a rat model of MI with reperfusion. In order to test this hypothesis a
pan anti-rat IL-6 antagonist as well as rat sgp130Fc were required.
Pan-IL-6 blockade can be achieved with antibodies targeting either IL-6 itself or its
receptor. For example in humans, drugs including TCZ which targets IL-6R [33] and
Siltuximab (Janssen, UK) which targets IL-6 [157] are available. For use in mouse
there are well characterised antibodies targeting IL-6 signalling such as that used by
Hartman et al in their study of MI with reperfusion [127]. They employed the
monoclonal antibody ‘MR16-1’ which has been validated both in vitro [158] and in
vivo [159].
However, there are no commercially available anti-rat IL-6 antibodies which have
been characterised and validated in such a manner. The three most commonly used
antibodies for this purpose include an anti-IL-6R rat monoclonal antibody ‘15A7’
(Biolegend, USA) [147,160,161], TCZ [160,162–168] and an anti-IL-6 goat
polyclonal antibody ‘AF506’ (R&D, USA) [169–174].
No peer-reviewed studies could be identified demonstrating anti-IL-6 activity of any
of these antibodies in an in vitro setting (although a figure illustrating the
neutralisation of IL-6 in vitro by AF506 is supplied on the R&D website [175]).
Furthermore, as detailed in Chapter 2, there was no discernible surface binding of
15A7 to rat leukocytes using flow cytometry, and Roche explicitly state that TCZ has
no affinity for rat IL-6R in paperwork submitted to the European Medicines Agency
(EMEA) [176].
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Commercially available rat sgp130Fc is only available from R&D systems (USA).
However, despite extensive mouse literature on sgp130Fc, no studies could be
identified in which it had been used in vivo in the rat.
Therefore, prior to proceeding to in vivo therapeutic experiments it was necessary to
identify an antibody capable of neutralising rat IL-6 and to validate the rat sgp130Fc
supplied by R&D. The objectives of this chapter were as follows:


Develop an assay to assess the IL-6 neutralisation properties of anti-IL-6
and anti-IL-6R antibodies and sgp130Fc.



Select an anti-IL-6/R antibody for use in the in vivo therapeutic studies.



Assess the pharmacokinetics of the selected antibody to guide the dosing
regimen.



Characterise the effect of IL-6 stimulation of the endothelium.
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3.2
3.2.1

Materials and Methods
Rat Coronary Artery Endothelial Cell Culture

To screen a series of potential rat IL-6 neutralising antibodies, a robust,
reproducible and relevant assay was required.
Given that one of the key pro-inflammatory actions of IL-6 is the facilitation of cell
trafficking via endothelial stimulation [83,177] the aim was to establish an assay
based on this aspect of IL-6 biology.
Several studies have demonstrated that IL-6 stimulates endothelial cell CCL2
production [83,178,179] as well as expression of adhesion markers including ICAM1 [83], VCAM-1 and E-selectin [180]. However, the majority of studies have been
conducted on HUVECs. HUVECs do not respond directly to IL-6 and require coincubation with sIL-6R to respond – thus making them primarily a model of transsignalling [58,83,178,179].
More relevant endothelial cells for study in the context of MI are those from the
coronary vasculature, particularly coronary artery endothelial cells (CAECs). Studies
have shown that human CAECs (HCAECs) differ to HUVECs in their responses to
inflammatory stimuli [181,182] and Maekawa et al [183], found that HCAECs
produce CCL2 in response to direct stimulation with IL-6 (in contrast to HUVECS)
suggesting that they express IL-6R. Therefore, to provide a potential model of IL-6
classic signalling rat CAECs (RCAECs) were selected for use in the assay.
3.2.1.1 Cells, Media and consumables
Primary RCAECs were purchased from CellBiologics, USA. The cells were selected
as they had been isolated from rats of the same strain and age as those used in the
characterisation experiments detailed in Chapter 2 (SD rats, 6-8 weeks old). Cells
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were provided cryo-preserved at passage 3 (P3). 0.5x106 cells were supplied in 0.5
ml.
Pre-made rat EC media with and without serum (Cell Applications Inc, USA) were
used throughout and were supplemented with 10 µl/ml Penicillin-Streptomycin
(10,000 U/ml, Gibco, Life Technologies, USA) to prevent bacterial contamination.
When the cells were frozen for storage after the initial expansion this was done in
pre-made ‘freezing media’ (Sigma-Aldrich, UK).
T25 and T75 flasks (Sarstedt, Germany) and 12 and 24-well flat-bottomed cell
culture plates (Corning Costar, USA) were used. All flasks and plates were precoated with a 0.1% gelatine-based ‘Attachment Factor’ before use (ThermoFisher,
USA).
Recombinant rat IL-6 protein (Biolegend, USA) and recombinant rat sIL-6R (Sino
Biological, USA) were used to stimulate the cells.
Cells were grown in a sterile incubator (Galaxy R, Eppendorf, Germany) at 37˚C
with CO2 set to 5%, O2 95%.
All experiments were performed in a tissue culture hood under sterile conditions and
all reagents stored in a dedicated tissue culture fridge and freezer.
3.2.1.2 Initial Culture
RCAEC recovery
The cell recovery protocol was based on literature supplied by the CellBiologics.
The cryovial was removed from liquid nitrogen storage and incubated in a water
bath at 37˚C for approximately 1 minute until a small amount of ice was left in the
vial. The cells were transferred to a 15 ml falcon containing 10 ml of pre-warmed
(37˚C) serum-containing media. The cells were centrifuged at 200xg for 5 minutes.
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The supernatant was aspirated and the cell pellet resuspended in a 6ml of prewarmed media and then added to a T25 flask. The media was changed 1 day later
after flushing with pre-warmed PBS to remove non-adherent cells. The cells took 48
hours to become confluent, at which point they were expanded.
RCAEC Expansion
The media was removed and discarded and cells flushed with pre-warmed PBS. To
remove the adherent cells, they were incubated with warmed 0.05% Trypsin-EDTA
solution (Sigma-Aldrich, UK) for 5 minutes. After checking cells had detached with a
microscope the trypsin was neutralised with 10 ml of warmed 10% FCS (90%
Media). The cells were spun at 200xg for 5 minutes before being resuspended in
12ml media and then split between x2 T25 flasks. Thereafter cells were expanded in
T75 flasks until a total of 6 T75 flasks were at confluence (P7) (Figure 3.1). At this
stage the cells were counted with the Countess automated cell counter
demonstrating approximately 7.5 x106 cells per flask. The cells continued to
demonstrate the expected morphology for endothelial cells at P7; i.e. a monolayer
of cells with a cobblestone appearance and diploid nuclei. Images taken with a light
microscope (Zeiss Vert A1, Germany) are shown in Figure 3.2.

Figure 3.1: Initial cell expansion schematic
Illustration of the initial cell expansion from P3 (as cells supplied) to P7 when the cells were
stored in cryovials for use in future experiments.
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Figure 3.2: Rat coronary artery endothelial cell morphology visualised with
light microscope at P7
Confluent cells at P7 in a T75 flask were imaged with a microscope. Images from x10 and
x20 zoom shown. The cells exhibited the expected cobblestone appearance and diploid
nuclei.

RCAEC freezing and storage
After the RCAECs had been expanded to P7 they were removed from the flasks
with Trypsin-EDTA solution. After being spun at 200xg for 5 minutes the cells from
each flask were resuspended in 1.2 ml ‘freezing media’. 0.4 ml of the resuspended
cells were added to x3 1 ml cryovials (ThermoFisher, USA) and then topped-up with
a further 0.6 ml freezing media. A total of 18 vials were placed in a ‘Mr Frosty’
freezing container (ThermoFisher, USA) and frozen overnight at -80˚C before being
moved to liquid nitrogen storage.
3.2.2

RCAEC experiments

For each experiment, x1 vial of stored cells was thawed and seeded into a T75
flask. Once confluent, cells were split and seeded into x3 cell culture plates (12 or
24 well). Cells were grown in serum-containing media until confluent and were
stimulated when confluent at P8. 24-hours pre-stimulation in certain experiments
(see below) the media was changed to serum-free media. During stimulation either
serum-containing or serum-free media was used (see below).

119

3.2.2.1 CCL2 and ICAM-1 measurement
The response RCAECs to stimulation with IL-6 was assessed in two ways: CCL2
production and ICAM-1 expression. ICAM-1 was chosen over other adhesion
markers that have been shown to be upregulated by IL-6, such as VCAM-1 and Eselectin [180] as it has been shown to be the most resistant to the trypsin used to
dissociate cells from culture plates [184].
CCL2 was measured in the supernatant of cell cultures using an MSD plate. ICAM-1
expression was measured using flow cytometry. An anti-rat ICAM-1 antibody (clone
1A29) conjugated to PE was used (Biolegend, USA). Cells were removed from the
wells using Trypsin-EDTA solution and cell scrapers. After being spun at 650xg for 3
minutes, cells were resuspended in 200 µl of FACS buffer and then transferred to a
FACS plate. After spinning down (650xg, 5 minutes) the cells were resuspended in
100 µl FACS buffer +/- antibodies or ICs and were stained at 4˚C for 30 minutes.
After spinning down (650xg, 5minutes) cells were resuspended in 150 µl PBS and
transferred to small FACS tubes containing 1% formaldhyde. Cells were analysed
by flow cytometry the same day using an LSR Fortessa. Gating for data acquisition
was performed using FACSDiva 8.0.1 and analysed off line using flowJo v10.0.7.
The anti-ICAM-1 antibody was titrated with reference to its IC on unstimulated cells.
The final concentration of antibody used in experiments was 2.5 µg/µl.
3.2.2.2 Optimisation experiments
Three initial experiments were conducted in order to determine the optimal
conditions to test the anti-IL-6 proteins (Final protocol) (Table 3.1).
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Table 3.1: Optimisation experiments
Variables investigated during each experiment highlighted in yellow.
+serum = serum containing media, -serum = serum-free media.
Media
Experiment Culture Stimulation Media 24 h
IL-6 conc
preduring
No.
Plates
Time
stimulation stimulation
1

12-well

4-24 hours

+serum

+serum

-

2

12-well

16 hours

+serum

3

24-well

16 hours

+serum vs
-serum

-serum

1-100ng/ml

Final
Protocol

24-well

16 hours

-serum

-serum

100ng/ml

+serum vs 1-500ng/ml
-serum

sIL-6R
conc

Read-outs

-

CCL2

500ng/ml

CCL2
ICAM

500ng/ml

CCL2
ICAM

+/- 1µg/ml

CCL2
ICAM

(sgp130Fc
only)

Optimisation Experiment 1
The aims of optimisation experiment 1 were to determine the concentrations of
CCL2 produced basally over time and to optimise ICAM-1 staining by titrating the
concentration against it’s IC.
Cells were seeded in a 12-well plate and CCL2 production was measured over four
time points: 4, 8, 16 and 24 hours after fresh serum-containing media was added to
confluent cells.
Following the first optimisation experiment, the 16 hour time point was used. This
proved to be the most practical and gave sufficient time for alterations in CCL2
production to be observed.
Optimisation Experiment 2
The aims of the second experiment was to assess the effect of IL-6 simulation, with
and without the addition of sIL-6R on CCL2 production and ICAM-1 expression. This
was done in both serum-containing and serum-free media to determine which to use
in future experiments.
The initial concentrations of IL-6 used were 1, 10, 100 and 500 ng/ml and sIL-6R
was used at 500 ng/ml.
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Given the observations from the second experiment, cell stimulation in further
experiments was conducted in serum-free media.
Optimisation Experiment 3
The aims of the third optimisation experiment were to use 24-well plates instead of
12 to allow all conditions to be performed in triplicate and to investigate whether
serum starving the cells for 24-hour pre-stimulation would enhance the ability to
discern an effect of IL-6 stimulation on CCL2 production.
Final protocol
The final protocol utilised in the testing of anti-IL-6/R antibodies and sgp130Fc is
outlined in Table 3.1. Once confluent, cells were placed in serum-free media for 24
hours. Cells were then stimulated for 16 hours in serum-free media. For antibodies
blocking IL-6 or IL-6R, cells were stimulated with 100 ng/ml IL-6. sIL-6R was added
for experiments involving sgp130Fc.
3.2.3

Testing anti-IL-6 and anti-IL-6-R antibodies in vitro

All commercially available anti-rat anti-IL-6 (x3) and anti-IL-6R (x3) antibodies were
purchased for testing. These are detailed in Table 3.2 and included antibodies
which had previously been used in the literature for in vivo neutralisation in the rat,
in addition to those which are sold for other applications. Given that the RCAECs
responded directly to IL-6, sIL-6R was not included in these experiments. The
following conditions were used for the anti-IL-6/6R experiments (all N=3 technical
repeats):






Unstimulated
IL-6 100 ng/ml
IL-6 100 ng/ml + Antibody 0.1 µg/ml
IL-6 100 ng/ml + Antibody 1 µg/ml
IL-6 100 ng/ml + Antibody 10 µg/ml
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Anti-IL-6 antibodies were mixed with the media containing IL-6 and incubated for 30
minutes at 37˚C before being used. Similarly, anti-IL-6R antibodies were applied to
the cells for 30 minutes before the IL-6 was added.
After 16 hours, CCL2 was measured in the supernatant and RCAEC ICAM-1
expression was measured with flow cytometry as described.
Table 3.2: Anti-IL-6 and anti-IL-6R antibodies
Antibody
name

Host species
and Isotype

Supplier

Original
target
species

Used for
neutralisation
in the rat?

References

Anti IL-6 Antibodies
AF506

Goat Poly IgG

R&D

Rat

Yes

[169–174]

10E5

Mouse Mono
IgG2

Insight

Rat

No

-

ab9324

Mouse Mono
IgG2

Abcam

Rat

No

-

Anti IL-6 Receptor antibodies
15A7

Rat Mono IgG2

Biolegend

Mouse

Yes

[147,160,161]

(Tocilizumab)

Human/mouse
IgG1

Roche

Human

Yes

[160,162–168]

LS-C2

Rabbit Poly IgG

Source

Rat

No

-

(D7715A7)

TCZ

(LS-C299895)

3.2.3.1 sgp130Fc
Recombinant sgp130Fc was obtained from R&D systems. The protein was mouse
myeloma cell line derived disulphide-linked homodimer. It included x2 rat gp130
molecules (1: Gln23-Glu, 2:Tyr30-Glu618) linked by a mouse IgG2A molecule
(Glu98-Lys330) and had a predicted molecular mass of 105-130 kDa by SDS-PAGE
[185]. Given that sgp130Fc is reported to only antagonise IL-6 in the presence of
sIL-6R [186], it was included in these experiments.
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The following conditions were used for the sgp130Fc experiments (all N=3):




Unstimulated
IL-6 100 ng/ml
sIL-6R 1 µg/ml





sgp130Fc 0.1 µg/ml
sgp130Fc 1 µg/ml
sgp130Fc 10 µg/ml





IL-6 100 ng/ml + sgp130Fc 0.1 µg/ml
IL-6 100 ng/ml + sgp130Fc 1 µg/ml
IL-6 100 ng/ml + sgp130Fc 10 µg/ml





sIL-6R 1 µg/ml + sgp130Fc 0.1 µg/ml
sIL-6R 1 µg/ml + sgp130Fc 1 µg/ml
sIL-6R 1 µg/ml + sgp130Fc 10 µg/ml





IL-6 100 ng/ml + sIL-6R 1 µg/ml + sgp130Fc 0.1 µg/ml
IL-6 100 ng/ml + sIL-6R 1 µg/ml + sgp130Fc 1 µg/ml
IL-6 100 ng/ml + sIL-6R 1 µg/ml + sgp130Fc 10 µg/ml

Sgp130Fc was mixed with the media containing IL-6 +/- sIL-6R and incubated for 30
minutes at 37˚C before being used.
After 16 hours, CCL2 was measured in the supernatant and RCAEC ICAM-1
expression was measured as described.
3.2.3.2 Isotype controls of AF506 and sgp130Fc
As detailed in the results section, the only anti-IL-6 antibody which blocked IL-6 in a
concentration-dependant manner was AF506.
Therefore, ICs for sgp130Fc and AF506 were tested in vitro to assess if any of the
antagonist effects of these proteins were non-specific in nature. The IC for
sgp130Fc was for the IgG2A molecule which bridges the two gp130 molecules.
These IC were tested at 10µg/ml – the concentration at which maximal antagonism
of AF506 and sgp130Fc were observed. ICAM-1 expression was used as the
outcome measure for this experiment.
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3.2.4

In vivo dose selection and frequency of AF506

In the case of sgp130Fc there is extensive mouse and human data to guide dose
selection (see chapter 3), however this is not the case for AF506. The different
dosing regimens utilised in the literature for AF506 are detailed in Table 3.3.
Table 3.3: AF506 dosing regimens in the literature to antagonise IL-6
signalling in vivo
First Author
(ref)

Year

Model

Dose and route

Frequency

Tuna [171]

2002

Stroke

5 µg i.p.

Every 24 hours for 3 doses

Toth [170]

2004

Haemorrhage

16.7 µg/kg i.p.

Once

Xu [169]

2008

Haemorrhage

5 µg i.p.

Once

Farkas [174]

2014

Pulmonary
Hypertension

5 µg i.p.

Every 72 hours for 21 days

Hashmat [173]

2015

Hypertension

4 µg i.p.

Every 24 hours for 11 days

Cheng [172]

2017

(4.15 µg/250g rat)

Cardiopulmoanary 16.7 µg/kg i.p.
bypass
(4.15 µg/250 g rat)

Once

In the in vivo experiments, the intention was to administered a single bolus of AF506
to antagonise IL-6 for the first 7 days post MI (when IL-6 levels in the myocardium
were observed to return to near baseline levels during the characterisation
experiments).
The highest dosing regimen utilised in the literature was 4-5 µg administered i.p
daily. Given this, an initial dose of 0.1 µg/g (20-25 µg/rat) was selected (equivalent
to 5 days administration of 4-5 µg).
Development of anti-goat IgG enzyme immune assay (EIA)
To determine whether a single 0.1 µg/g i.v bolus of AF506 would be sufficient to
antagonise IL-6 for the desired time-period (approximately 7 days) it was necessary
to measure its concentration in vivo over time.
Given that AF506 is a goat polyclonal IgG, to achieve this an anti-goat IgG
competitive inhibition EIA kit was used (MyBioSource, USA). AF506 reconstituted in
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naïve rat plasma was used as the control for the EIA rather than those supplied. Six
serial two-fold dilutions from 10µg to 0.15625µg were performed to produce a
standard curve. These were analysed with the EIA kit according to the
manufacture’s instructions. This experiment demonstrated that the EIA recognised
AF506 with sufficient sensitivity to produce a hyperbolic standard curve with an R2
of 0.994. Therefore this assay could be used to measure the concentration of
AF506 from plasma samples down to (at least) a concentration of 0.15625 µg/ml
(Figure 3.3).

Figure 3.3: AF506 Standards Curve derived from anti-goat IgG EIA
Serial dilutions of AF506 from 10 µg to 0.15625 µg were performed in naive rat plasma. The
samples were analysed with an anti-goat IgG EIA as per manufacturers instructions. Raw
data transformed and analysed using GraphPad Prism 6.0.

Calculation of minimum plasma concentration required for IL-6 antagonism
To determine the dosing frequency a minimum plasma concentration threshold
required for IL-6 anatgonism was calculated. This was based on the
characterisation (Chapter 2) and RCAEC experiments.
In the RCAEC experiments (see Results) a concentration of AF506 x100 greater
than that of IL-6 was necessary to fully antagonise its action.
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The maximum plasma IL-6 concentration observed during the characterisation
experiments was approximately 2.5 ng/ml. Therefore, the minimum plasma
concentration for full IL-6 antagonism was determined to be x100 this i.e. 0.25
µg/ml. This was within the limit of detection of the EIA (Figure 3.3).
The circulating plasma volume of male rats can be estimated as approximately 4-5
ml/100 g [187]. For a 200g rat this equates to 8-10ml. It was therefore calculated
that the selected dose of 0.1 µg/g would result in a maximum plasma concentration
(Cmax) of approximately 2-2.5 µg/ml – i.e x10 the minimum requirement.
Measurement of plasma AF506 concentration over time
Ten rats underwent surgically induced MI with 50 minutes ischaemia before
reperfusion as described in Chapter 2. 0.1 µg/g of AF506 was administered in 1ml
PBS intravenously (internal jugular vein) 1 minute before reperfusion. At 5 minutes
post reperfusion approximately 0.5 ml of blood was drawn from the internal jugular
vein into eppendorffs with 10 µl 0.5 M EDTA. The blood was spun (650 xg, 10
minutes) and the plasma was frozen at -80˚C.
5 rats were sacrificed at 24 hours and the remaining 5 at 72 hours. Both groups had
blood obtained via cardiac puncture which was processed as described above.
Once all samples had been collected, the plasma was analysed with the anti-goat
IgG EIA to determine the concentration over time.
3.2.5

Measurement of cytokines and chemokines produced by IL-6
stimulation of RCAECs

To gain further insight into the effect of IL-6 on the RCAECs, supernatants from
cells which had been unstimulated and those stimulated with 100 ng/ml IL-6 were
tested with the MSD V-Plex Proinflammatory Panel 2 plate including IL-6, IL-1β,
TNFα, IL-10, CXCL1, IFNγ, IL-4, IL-10 and IL-13. To ensure that the effects were IL-
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6 specific, samples from supernatants with IL-6 neutralisation with AF506 (10 µg/ml)
were also included.
3.2.6

sIL-6R shedding by RCAECs

In order to provide evidence that RCAEC stimulation with recombinant IL-6
stimulated the cells through endogenous IL-6R the concentration of shed sIL-6R in
the supernatants of incubated cells was measured with the sIL-6R ELISA. This was
performed given the absence of any IL-6R antibodies which could be used for flowcytometry to quantify surface expression of the receptor (both 15A7 and LS-C2 tried
without success).
3.2.7

Statistical analysis

All statistical analyses were performed with Prism version 6.0. In RCAEC anti-IL-6
experiments, the CCL2 production and ICAM-1 expression was analysed with oneway ANOVA (no pairing), with each condition compared to the cells stimulated with
IL-6. In the Multiplex experiment, cytokine/chemokine production was analysed with
one-way ANOVA (no pairing), with IL-6 stimulated cells compared to both
unstimulated cells and those treated with AF506. Multiplicity adjusted p values <
0.05 were considered significant (with Dunnett’s correction for multiple
comparisons).
The PK data from the in vivo measurements of AF506 was analysed with Prism
version 6.0. Non-linear regression was performed fitting one and two-phase
exponential decay curves to estimate half life (t½).
In all figures levels of significance are depicted as follows:
*

p=0.05-0.01

**

p=0.009-0.001

***

p=0.0009-0.0001

****

p<0.0001
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3.3

Results

3.3.1

CCL2 production by RCAECs over time

RCAECs produced CCL2 over time when cultured in serum-containing media
(Figure 3.4 A). After 4 hours the concentration was 0.43 ng/ml which increased at 8
hours to 1.7 ng/ml and 16 hours to 5.7ng/ml. By 24 hours the concentration was 7.4
ng/ml.
3.3.2

ICAM-1 expression in response to IL-6 stimulation

The anti-ICAM-1 antibody showed good staining with minimal non-specific staining
of the isotype control (Figure 3.4 B). There was a clear concentration-dependant
increase in ICAM-1 expression in response to IL-6 stimulation in the presence or
absence of sIL-6R (Figure 3.4 C). This suggests that RCAECs express the IL-6R
and respond to classic-signalling.
The expression of ICAM-1 on unstimulated cells in serum-free media was gMFI
11733. With IL-6 1 ng/ml there was no increase in expression which was gMFI
11042. However with 10 ng/ml IL-6 the expression increased to gMFI 13,429 and
increased further with 100 ng/ml IL-6 to gMFI 14529. However, the concentrationresponse appeared to plateau thereafter as the expression with 500 ng/ml IL-6 was
gMFI 14298.
Using serum-containing media increased the ICAM-1 expression in all conditions
(Figure 3.4 C). For example at 100 ng/ml IL-6 this increased from gMFI 14529 to
15459.
The addition of sIL-6R also increased ICAM-1 expression across all conditions
(Figure 3.4 C). For example at 100 ng/ml IL-6 in serum-free media, the addition of
sIL-6R increased expression from gMFI 14529 to 17142. However, sIL-6R itself had
no direct effect on ICAM-1 expression.
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3.3.3

CCL2 production in response to IL-6 stimulation

In contrast to ICAM-1 expression, where a concentration-dependant response to IL6 was observed in both the serum-free and serum-containing media, this was not
the case for CCL2 production (Figure 3.4 D). Whereas a concentration-dependant
increase was observed in serum-free media, in serum-containing media, CCL2
production was highly variable and independent of IL-6.
The concentration-dependant increase in CCL2 in response to IL-6 was clearly
observed in the cells co-cultured with sIL-6R in serum-free media. The unstimulated
cells produced 5.7 ng/ml CCL2, which increased to 8.4 ng/ml, 8.7 ng/ml, 9.7 ng/ml
and 11.3 ng/ml with 1, 10, 100 and 500 ng/ml IL-6 respectively. As a result of these
findings, all further stimulations were conducted in serum-free media.
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Figure 3.4: RCAEC optimisation experiments 1 and 2: CCL2 production over
time and CCL2 and ICAM-1 expression in response to IL-6 stimulation
RCAECs were seeded in 12-well plates at P8 and grown until confluent in serum-containing
media. Once confluent, fresh serum-containing or serum-free media +/- IL-6/sIL-6R was
added to a total volume of 1ml. In experiment 1 (A) the basal production of CCL2 over time
was measured in the supernatants with ELISA. In addition, flow-cytometry with an antiICAM-1 antibody was optimised (Unstimulated cells shown stained with 2.5µg/µl of antibody
and IC) (B). In experiment 2 (C,D), cells were stimulated with IL-6 +/- sIL-6R in either serumcontaining (black) or serum-free media (grey) for 16 hours. N=1/condition.
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3.3.4

Effect of serum-starving RCAECs for 24 hours pre-stimulation on
ICAM-1 expression and CCL2 production

ICAM-1 expression
There was a clear concentration-dependant increase in ICAM-1 expression in
response to IL-6 regardless of whether the RCAECs had been serum starved for 24
hours or not (Figure 3.5 A,B). Although the absolute expression of ICAM-1 was
higher if the cells had not been serum starved for 24 hours pre-stimulation, the
relative increase in response to the top concentration of IL-6 +/- sIL-6R was higher
in serum-starved cells (Table 3.4).
Table 3.4: ICAM-1 expression in response to IL-6 +/- sIL-6R with or without
serum starvation for 24 hours pre-stimulation.
Condition

Unstimulated
(US)
IL-6 100ng/ml
IL-6 + sIL-6R
Unstimulated
IL-6 100ng/ml
IL-6 + sIL-6R

ICAM-1 (gMFI) (95% CI)

% Increase from unpaired t-test vs
unstimulated
unstimulated

Serum Starved
8377 (7453-9301)
10687 (9785-11589)
11345 (10334-12357)
Non serum starved
9405 (8284-10525)
11539 (10700-12378)
12235 (10674-13796)

28%
35%

p<0.0001
p<0.0001

23%
30%

p<0.0001
p<0.0001

CCL2 production
Interestingly, in contrast to the ICAM-1 results, CCL2 production was enhanced by
the addition of the 24-hour serum starvation step (Figure 3.5 C,D). The basal
production of CCL2 in the serum-starved cells was 826.8 pg/ml vs 452.7 pg/ml in
those that were not serum-starved (p=0.0032). In addition, the percentage increase
from unstimulated to stimulated with IL-6 was higher in the serum starved cells
(112% vs 72%) (Table 3.5). Therefore, although the differences were small, the
serum-starvation step was used in the final protocol as it yielded greater relative
increases in ICAM-1 and CCL2 from baseline.
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Table 3.5: CCL2 production in response to IL-6 +/- sIL-6R with or without
serum starvation for 24 hours pre-stimulation
Condition

Unstimulated
(US)
IL-6 100ng/ml
IL-6 + sIL-6R
Unstimulated
IL-6 100ng/ml
IL-6 + sIL-6R

CCL2 pg/ml (95% CI)

% Increase from unpaired t-test vs
unstimulated
US

Serum Starved
826.8
(624.1-1030)
1750
(0-3555)
1613
(778.1-2448)
Non serum starved
452.7
(298.4-607)
780.9
(407.8-1154)
957.2
(295.9-1618)

112%
95%

p=0.0236
p=ns

72%
111%

p=0.0275
p=0.0008

Figure 3.5: The effect of 24 hour serum-starvation pre stimulation on ICAM-1
expression and CCL2 production in response to IL-6 +/- sIL-6R stimulation
RCAECs were seeded in 24-well plates at P8 and grown until confluent in serum-containing
media. Once confluent, fresh serum-containing or serum-free media was added for 24
hours. Subsequently the cells were stimulated with IL-6 +/- sIL-6R in serum-free media (to a
total volume of 0.5 ml) for 16 hours. CCL2 was measured in the supernatants with ELISA
and surface ICAM-1 expression was measured by flow cytometry. N=3 (technical repeats),
data shown as mean +SD.
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3.3.5

The effect of anti-IL-6 antibodies on IL-6 stimulation of RCAECs

Of the three anti-IL-6-Abs tested only one: AF506 demonstrated the ability to
neutralise IL-6 (Figure 3.6). Indeed the other two tested (10E5 and ab9) both
stimulated the cells in a concentration-dependant manner.
AF506
The CCL2 production by unstimulated RCAECs was 1268 pg/ml (95% CI: 11581378) which increased with IL-6 stimulation to 1984 pg/ml (1672-2297) (Figure 3.6
A). No change was noted with 0.1 µg/ml AF506, and a non-significant reduction with
1 µg/g (1595 pg/ml), however with 10 µg/ml the CCL2 production was suppressed
to below baseline levels (1013 pg/ml, 95% CI: 889.4-1295, p=0.0006 vs IL-6).
The expression of ICAM-1 in unstimulated cells was gMFI 8145 (95% CI: 78208471) which increased to gMFI 10204 (95% CI: 9978-10430) with IL-6 stimulation
(Figure 3.6 B). There was a concentration-dependant fall in ICAM-1 expression with
AF506. No change was observed with 0.1 µg/ml, however it was reduced with 1
µg/ml to gMFI 9363 (95% CI: 9109-9875, p=0.0004 vs IL-6) and supressed to
below baseline levels with 10 µg/ml to gMFI 8009 (95% CI: 7970-8048, p<0.0001 vs
IL-6).
10E5 and ab9324
In contrast to AF506, both mouse anti-IL-6 monoclonal antibodies stimulated CCL2
production and ICAM-1 expression in a concentration-dependant manner (Figure
3.6 C-F). At the highest concentration used (10 µg/ml) the CCL2 production
increased from 1984 pg/ml to 7135 pg/ml with 10E5 (95% CI: 0-15679, p<0.0001)
and 6776 pg/ml with ab9324 (95% CI: 5481-8071, p<0.0001). ICAM-1 expression
increased from gMFI 10204 to gMFI 18615 with 10E5 (95% CI: 12758-24472,
p<0.0001) and gMFI 12320 with ab9324 (95% CI: 12175-12465, p<0.0001).
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Figure 3.6: The effect of anti-IL-6 antibodies on IL-6 stimulation of RCAECs
RCAECs were seeded in 24-well plates at P8 and grown until confluent in serum-containing
media. The cells were stimulated with 100 ng/ml IL-6 +/- anti-IL-6 antibodies in serum-free
media (to a total volume of 0.5 ml) for 16 hours. CCL2 was measured in the supernatants
with ELISA and surface ICAM-1 expression was measured by flow cytometry. N=3 (technical
repeats), data shown as mean +SD. Statistical significance was tested with ANOVA with
multiple comparisons (comparing each antibody condition with IL-6 stimulated cells).
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3.3.6

The effect of anti-IL-6-R antibodies on IL-6 stimulation of RCAECs

15A7
15A7 had no effect on IL-6 induced CCL2 production, however it marginally
increased ICAM-1 expression above IL-6 alone in a concentration-dependant
manner (Figure 3.7 A,B). ICAM-1 expression at the highest concentration of 15A7
increased from gMFI 10204 to gMFI 10727 (95% CI: 10375-11619, p=0.0006).
Tocilizumab
TCZ had no effect on IL-6 induced CCL2 production or ICAM-1 expression at all
doses used (Figure 3.7 C,D).
LS-C2
The rabbit polyclonal anti-IL-6R antibody non-significantly increased CCL2
production at the concentrations of 0.1 and 1 µg/ml. However, at 10 µg/ml it
neutralised IL-6-induced CCL2 production from 1984 pg/ml to 1055 pg/ml (95% CI:
679.8-1430, p=0.0237) (Figure 3.7 E).
However, it increased ICAM-1 expression at every concentration, with 10 µg/ml
increasing it from gMFI 10204 to gMFI 13046 (95% CI: 10650-15441, p<0.0001)
(Figure 3.7 F).
In conclusion, of the six anti-IL-6 and anti-IL-6R antibodies tested, only one: AF506,
antagonised IL-6 in the in vitro RCAEC assay in a concentration-dependant manner.
Therefore, this antibody was de facto selected for in vivo IL-6 antagonism in the rat
model of MI (Chapter 4).
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Figure 3.7: The effect of anti-IL-6R antibodies on IL-6 stimulation of RCAECs
RCAECs were seeded in 24-well plates at P8 and grown until confluent in serum-containing
media. The cells were stimulated with 100 ng/ml IL-6 +/- anti-IL-6R antibodies in serum-free
media (to a total volume of 0.5 ml) for 16 hours. CCL2 was measured in the supernatants
with ELISA and surface ICAM-1 expression was measured by flow cytometry. N=3 (technical
repeats), data shown as mean +SD. Statistical significance was tested with ANOVA with
multiple comparisons (comparing each antibody condition with IL-6 stimulated cells).
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3.3.7

The effect of sgp130Fc on IL-6 stimulation of RCAECs

In the absence of IL-6 and sIL-6R, sgp130Fc alone had no effect on RCAEC CCL2
production or ICAM-1 expression (Figure 3.8 A,D). Similarly, sgp130Fc did not
antagonise IL-6 induced CCL2 production or ICAM-1 expression at any
concentration used (Figure 3.8 B,E). It also had no effect on RCAECs when used
together with sIL-6R in the absence of IL-6 (data not shown). However, when
sgp130Fc was co-cultured with sIL-6R (1 µg/ml) it neutralised IL-6 in a
concentration-dependant manner (Figure 3.8 C,D).
More specifically, ICAM-1 expression in unstimulated cells was gMFI 11814 (95%
CI: 1110-12517) which increased to gMFI 13692 with IL-6 and sIL-6R stimulation
(95% CI: 13059-15247) (Figure 3.8 C). In the presence of 0.1 µg/ml sgp130Fc
expression reduced to gMFI 12497 (95% CI: 11909-14085, p=0.0073), with 1 µg/ml
it was 11915 (95% CI: 11732-12329, p=0.0002) and with 10 µg/ml it was 11915
(95% CI: 11141-12214, p<0.0001).
The CCL2 production of unstimulated cells was 1107 pg/ml (95% CI: 722 – 1492)
which increased to 1963 pg/ml with IL-6 and sIL-6R stimulation (95% CI: 11592766) (Figure 3.8 F). Although the CCL2 production was reduced by both 0.1 and
1µg/ml sgp130Fc (1464 and 1453 pg/ml respectively) this did not reach statistical
significance. However, at 10 µg/ml sgp130Fc CCL2 production was significantly
reduced to 1308 pg/ml (95% CI: 1004-1612, p=0.0178).
In conclusion, sgp130Fc antagonises IL-6 signalling only in the presence of sIL-6R
and has no direct effect on IL-6.
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Figure 3.8 The effect of sgp130Fc on RCAEC stimulation with IL-6 and sIL-6R
RCAECs were seeded in 24-well plates at P8 and grown until confluent in serum-containing
media. The cells were stimulated with 100 ng/ml IL-6 +/- 1 µg sIL-6R and sgp130Fc in
serum-free media (to a total volume of 0.5 ml) for 16 hours. CCL2 was measured in the
supernatants with ELISA and surface ICAM-1 expression was measured by flow cytometry.
N=3 (technical repeats), data shown as mean +SD. Statistical significance was tested with
ANOVA with multiple comparisons (A,D compared to unstimulated cells, B,E compared to
IL-6, C,F compared to IL-6 + sIL-6R).
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3.3.8

The effect of isotype controls for AF506 and sgp130Fc on RCAECs

IC of AF506
The IC for AF506 did not have an effect on ICAM-1 expression in unstimulated cells
(Figure 3.9 A). In cells stimulated with 100 ng/ml IL-6, ICAM-1 expression was nonsignificantly reduced from gMFI of 9866 (95% CI: 8562-11170) to gMFI 8993 (95%
CI: 9834-10151). In comparison, as previously demonstrated, AF506 blocked IL-6
induced ICAM-1 expression (gMFI 7864, 95% CI: 7439-8289, p=0.0019).
IC of sgp130Fc
In contrast to the AF506 IC, the mouse IgG2A IC independently stimulated the cells
(Figure 3.9 B). ICAM-1 expression increased from gMFI 7543 to gMFI 9119 (95%
CI: 8754-9485, p=0.0004). In the context of co-culture with IL-6 the IC nonsignificantly increased ICAM-1 expression. As previously demonstrated, sgp130Fc
in the absence of sIL-6R had no effect on IL-6 induced ICAM-1 expression.
These results demonstrated that there were no significant IL-6 neutralising
properties of the ICs.
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Figure 3.9: Effect of isotype controls for sgp130Fc and AF506 on ICAM-1
expression on RCAEC
RCAECs were seeded in 24-well plates at P8 and grown until confluent in serum-containing
media. The cells were stimulated in serum-free media (total volume of 0.5ml) for 16 hours.
ICAM-1 expression was measured by flow cytometry. N=3 (technical repeats), data shown
as mean +SD. Statistical significance was tested with ANOVA with multiple comparisons
(Grey bars compared to unstimulated (# = significant), black bars compared to IL-6 100
ng/ml (* = significant)).

3.3.9

Plasma concentration of AF506 post MI after single intravenous dose
of 0.1 µg/g given 1-minute before reperfusion

After AF506 was identified as the antibody to be used for pan-IL-6 antagonism in
vivo, its concentration in the rat model of MI was measured. This was done 5
minutes post administration (Cmax) in 10 rats. Subsequently 5 were sacrificed 1 day
post MI and the remaining 5 3 days post MI.
The concentration of AF506 5 minutes after administration of a dose of 0.1 µg/g i.v
was 1.69 µg/ml (95% CI: 1.26-2.11) (Figure 3.10 A). This was slightly less than
predicted Cmax of 2-2.5 µg/ml. 1 day post MI the concentration was 0.51 µg/ml
(95% CI: 0.38-0.64) and at 72 hours was 0.33 µg/ml (95% CI: 0.25-0.42). One
measurement at 72 hours was below the lower limit of detection (0.1625 µg/ml) and
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was not included. One phase decay linear regression gave a t½ of 8.27 hours with a
plateau at 0.33 µg/ml (72 hours) (Figure 3.10 B). Two-phase decay suggested a
fast phase with a t½ of 0.53 hours representing 58.97% of the decay and a slow
phase with a t½ of 16.38 and a plateau of 0.31 µg/ml (Figure 3.10 C).
These results suggested that a second dose of AF506 would need to be
administered day 3 post MI to ensure adequate plasma concentrations (>0.25
µg/ml) for the desired time period (7 days).

Figure 3.10: AF506 concentration after single dose administered prior to
reperfusion in rat model of MI
Ten rats underwent surgically induced MI with 50 minutes ischaemia before reperfusion.
0.1µg/g of AF506 was administered in 1ml PBS intravenously (internal jugular vein) 1 minute
before reperfusion. Blood was taken 5 minutes post reperfusion and when rats were
sacrificed at 24 (N=5) and 72 hours (N=5) post MI. AF506 concentration was measured with
an anti-goat IgG EIA (A). One (B) and two phase (C) decay curves were fitted by non-linear
regression. Data presented as mean +/- SEM.
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3.3.10 Measurement of cytokines and chemokines produced by RCAECs after
stimulation with IL-6
In order to gain further insights into the action of IL-6 on RCAECs the production of
multiple cytokines and chemokines including IL-6, IL-1β, TNFα, CXCL1, IFNγ, IL-4,
IL-5, IL-10 and IL-13 was measured (Table 3.6, Figure 3.11).
RCAECs produced measureable quantities of all the proteins basally. After CCL2,
the most abundant protein produced by unstimulated cells was IL-6 (116 pg/ml).
Interestingly, IL-6 stimulation of RCAECs resulted increased production of all the
measured proteins (Table 3.6, Figure 3.11). This was reversed by AF506 (10µg/ml)
for all proteins other than CXCL1, suggesting that the increased production of this
protein was unlikely to be related to IL-6 signalling.
The measured amount of IL-6 post IL-6 stimulation was 213 ng/ml – i.e. double the
concentration of IL-6 used in the experiment (100 ng/ml) (Figure 3.11 A). However,
this measurement was significantly above the upper limit of detection for the assay
(13.3 ng/ml) and is therefore unlikely to be accurate.
Although CCL2 is the most abundant protein of those measured, its was
upregulated the least in terms of fold change from baseline (x1.56) (Table 3.6). The
protein that was most significantly upregulated in terms of fold change from baseline
other than IL-6 was IL-1β (x18.8).
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Table 3.6: Measurement of cytokines and chemokine produced by RCAECs in
response to IL-6 stimulation (100ng/ml)
* CCL2 included for reference
** Measured concentration of IL-6 above the upper limit of detection of the assay
*** As 100,000 pg/ml IL-6 this was subtracted prior to calculation of fold change

Protein

Concentration
post IL-6
stimulation
(pg/ml) (95% CI)

Fold
change

Blocked with
AF506?

Significance
(unpaired
student’s t-test)

1268

1984

(1158-1378)

(1672-2297)

1.56

Yes

p=0.0006

977.76***

Yes

p<0.0001

18.8

Yes

p=0.0001

10.62

Yes

p<0.0001

2.23

No

p=0.0043

10.39

Yes

p=0.0089

8.77

Yes

p<0.0001

8.24

Yes

p<0.0001

4.01

Yes

p<0.0001

5.19

Yes

p<0.0001

Unstimulated
conc. (pg/ml)
(95% CI)

CCL2*
IL-6
IL-1β
TNFα
CXCL1
IFNγ
IL-10
IL-4
IL-5
IL-13

116

213,420**

(98.83-133.1)

(177,271-249,570)

7.654

143.8

(6.25-9.06)

(71.67-215.8)

0.5
(0.29-0.71)
56

5.31
(4.15-6.48)
125.1

(35.13-76.87)
2.13

(124.3-138.3)
24.27
(0-51.23)
49.35
(45.29-53.41)
3.71

(1.01-3.24)

5.63
(3.69-7.57)

0.45
(0.38-0.51)
21.94
(13.48-30.41)
1.01
(0.39-1.63)

(2.7-4.71)

87.93
(79.35-96.5)
5.24
(4.3-6.21)

144

Figure 3.11: Measurement of cytokines and chemokine produced by RCAECs
in response to IL-6 stimulation (100ng/ml) +/- AF506 (10µg/ml).
RCAECs were seeded in 24-well plates at P8 and grown until confluent in serum-containing
media. The cells were stimulated in serum-free media for 16 hours with 100 ng/ml IL-6 +/10µg/ml AF506. Proteins were measured with a multiplex ELISA. N=3. Data shown as mean
+SD. Statistical significance was tested with ANOVA with multiple comparisons (IL-6 vs
unstimulated and AF506 vs IL-6). (^Above upper limit of detection of the assay).
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3.3.11 sIL-6R shedding by RCAECs
In order to provide evidence that RCAECs respond directly to IL-6 through
endogenous IL-6R, shed sIL-6R was measured in the supernatants of incubated
cells.
Unstimulated cells produced 22.05 pg/ml sIL-6R (95% CI: 0-63.21). Although this
was increased by the addition of 100ng/ml IL-6 to 30.18 pg/ml, this increase was not
significant. The addition of 10µg/ml A506 reduced the concentration to 24.31 pg/ml,
which was also not significant (Figure 3.12).
These data demonstrated that the RCAECs express and shed IL-6R and that their
response to IL-6 is therefore likely to be IL-6R mediated and not through a nonspecific mechanism.

Figure 3.12: sIL-6R shedding by RCAECs
RCAECs were seeded in 24-well plates at P8 and grown until confluent in serum-containing
media. The cells were stimulated in serum-free media for 16 hours with 100ng/ml IL-6 +/10µg/ml AF506. sIL-6R was measured with ELISA. N=3. Data shown as mean +SD.
Statistical significance was tested with ANOVA with multiple comparisons (IL-6 vs
unstimulated and AF506 vs IL-6).
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3.4

Summary of Findings

RCAECs:


Produce CCL2 and express ICAM-1 basally.



Respond to IL-6 classic signalling via IL-6R (supported by detectable sIL-6R in
culture supernatants).



Increase CCL2 production and ICAM-1 expression in response to IL-6 in a
concentration-dependant manner.



Produce a range of cytokines and chemokines in response to IL-6 signalling
including TNFα and IL-1β.

sgp130Fc:


Antagonises IL-6 in a concentration-dependant manner only in the presence of
sIL-6R.

AF506:


Antagonises IL-6 in a concentration-dependant manner.



A single in vivo dose of 0.1µg/mg results in a Cmax of 1.69 µg/ml and at 3-days
post administration the concentration was 0.33 µg/ml.

These results suggest a second dose of AF506 should be administered at day-3
post MI to ensure adequate antagonism for 7-days as intended.
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4 IL-6 Antagonism in the Rat Model of MI with Reperfusion
4.1

Introduction and Objectives

In the previous two chapters, the necessary tools were developed to test the
hypothesis that exclusive antagonism of IL-6 trans-signalling with sgp130Fc but not
pan-blockade with an anti-IL-6-Ab would reduce infarct size. This chapter covers the
in vivo therapeutic intervention experiments that employed these tools.
In addition to the techniques already described, Cardiac Magnetic Resonance
(CMR) imaging was included in order to measure LVEF and Late Gadolinium
Enhancement (LGE) as were histological measures of apoptosis and scar size.
The objectives of this chapter were to measure the effect of sgp130Fc and the antiIL-6-Ab ‘AF506’ (anti-IL-6-Ab) on a series of outcomes including:


Infarct size: 1-day post MI (histology).



Cleaved caspase-3 expression: 4-hours post MI (immunohistochemistry).



LVEF: 1 and 28-days post MI (CMR).



Late-gadolinium enhancement (LGE): 1 and 28-days post MI (CMR).



Scar size: 28-days post MI (Histology).



Inflammatory cells and mediators in the blood and myocardium: 4hours (blood), 1-day (blood and myocardium), 3-days (blood and
myocardium) and 28-days (blood) post MI (flow cytometry and ELISA).
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4.2

4.2.1

Methods

Rat model of myocardial infarction with reperfusion

The rat model of MI, as described in Chapter 2 was employed during the therapeutic
experiments. There were no modifications to the model, other than the
administration of the anti-IL-6-Ab and sgp130Fc (both referred to as ‘drugs’). Both
drugs were resuspended in 1 ml PBS and 1 ml PBS was used as the vehicle
control. These were administered 1-minute prior to reperfusion intravenously
(internal jugular vein). Valerie Taylor administered the drugs and was blinded to
which was being administered.

4.2.1.1 Drug dose and frequency

On the basis of the experiments detailed in Chapter 3, 0.1 µg/mg of anti-IL-6-Ab
was administered and a second dose (also 0.1 µg/mg) in 0.5 ml PBS was given i.p
day 3 post MI.
sgp130Fc was used at a dose of 0.5 µg/mg and was given once. In an in vivo doseresponse experiment, this dose was found to be the most effective in a murine study
of polymicrobial sepsis [188] and has been shown to be efficacious in multiple other
small animal studies [189–192].
The design of the experiments is detailed in Table 4.1.
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Table 4.1: Design of the therapeutic studies
Three groups of rats (Vehicle, Anti-IL-6-Ab and sgp130Fc) were included at each time-point
in addition to a group of naïves. Coloured boxes represent outcome measures obtained from
the same group of rats.
Time post MI
0 hours (Naïve)

4-hours

1-day

3-days

28-days

Blood/Plasma

Soluble
mediators and
cells

Soluble
mediators and
cells

Soluble
mediators and
cells

Soluble
mediators and
cells

Soluble
mediators and
cells

Heart Digests

Soluble
mediators and
cells

Soluble
mediators and
cells

Soluble
mediators and
cells

Heart
Histology

Cleaved
caspase-3

Imaging
(CMR)

Number of rats

4.2.2

N=10
(6 used for
soluble
mediators)

Infarct Size

Fibrosis
(Histology)

LVEF and LGE

LVEF and LGE

Mediators/Cells:
N=5-8/group
N=5-8/group

LVEF and LGE:
N=7-9/group

N=5-8/group

N=7-9/group

Infarct Size:
N=7-9/group

Infarct size measurement

Infarct size was measured 1-day post MI in the same manner as detailed in Chapter
2.

4.2.3

Cleaved caspase-3 measurement

To investigate the effects of IL-6 antagonism on apoptosis, cleaved caspase-3 (ccaspase-3) was measured by immunohistochemistry in samples 4-hours post MI.
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This time point was selected as multiple animal models have shown markers of
apoptosis to be elevated by 4-hours post MI (reviewed in [193,194]), and secondly,
this was the time-point of the early peak in myocardial IL-6 concentration.
C-capspase-3 was measured in the same manner as CD68 and IL-6 (see Chapter
2). The primary antibody against c-caspase-3 (rabbit polyclonal, cell signalling,
USA) was used at a 1:100 dilution and incubated for 60 minutes. A swine anti rabbit
antibody (Dako, Denmark) was used as the secondary and incubated for 30
minutes.
Apical slices were used to quantify c-caspase-3 expression given the infarcts
predominately affect this region. After staining slides were scanned with LEICA
SCN400F scanner and visualised using Leica software.
Quantification of myocyte c-caspase-3 expression
In myocytes c-caspse-3 is expressed diffusely within the cytoplasm [195,196]. To
quantify this, the slice was analysed as a whole with Image J software (Figure 4.1
A). Firstly, the colour threshold was adjusted so that the area of the slice could be
measured (Figure 4.1 B). Subsequently, the hue was adjusted (Hue 80), so that the
area of positive staining was excluded (Figure 4.1 C). Finally, the area positive for
c-caspase-3 was calculated (Total area – c-caspase-3 negative area) and
expressed as a percentage of the total area.
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Figure 4.1: Quantifying myocyte c-caspase-3 staining 4-hours post MI
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. 4-hours after MI, hearts were excised and fixed in 10% formalin before being
embedded in paraffin. The hearts were sliced and stained with an anti-c-caspase-3 antibody.
The apical slice was used for analysis (A). Myocytes positive (+ve) for c-caspase-3
displayed diffuse cytoplasmic staining (shown at x20 zoom). Myocytes in the remote zone
were negative. The total area (B) and area negative (-ve) for c-caspase-3 staining (C) were
measured with ImageJ. The percentage positive for c-caspase-3 was then calculated.

Quantification of non-myocyte c-caspase-3 expression
Non-myocytes including fibroblasts, endothelial cells, vascular smooth muscle cells,
and leukocytes may also undergo apoptosis post MI and are easily distinguished
from myocytes as being smaller with more concentrated staining [195]. The
expression of c-caspase-3 in non-myocytes was measured within the region of
highest myocyte expression in the apical slice. A trans-mural grid was placed over
the region of interest which contained x100 200 µm2 squares (Total area 4 mm2).
The number of positive cells was manually counted in each square within the grid
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(Figure 4.2) Grid squares were excluded if they did not contain >50% myocardium .
The final number was expressed as cells/mm 2.

Figure 4.2: Quantifying c-caspase-3 staining in non-myocytes 4-hours post MI
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. 4-hours after MI, hearts were excised and fixed in 10% formalin before being
embedded in paraffin. The hearts were sliced and stained with an anti-c-caspase-3 antibody.
A transmural 4 mm2 grid was placed over the area of highest myocyte staining (A, B). Nonmyocytes positive for c-caspase-3 were manually counted (shown at x10 zoom (C)). D:
Example of positive cell under high power zoom (x40).

4.2.4

Measurement of left-ventricular ejection fraction and late-gadolinium
enhancement with cardiac magnetic resonance imaging

CMR scanning and image analysis was performed by collaborators Dr Daniel
Stuckey and Nur Hayati Jasmin at UCL CABI.
4 groups of rats were included in the CMR studies; vehicle, anti-IL-6-Ab, sgp130Fc
and a group of age and weight-matched cage mates that did not undergo MI
(naïves) (N=7-9/group). All rats were scanned twice: 1-day and 28-days post MI.
The naïve rats were scanned alongside their cage mates who underwent MI.
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Rat preparation for CMR scanning
Rats were anesthetised in an infusion chamber under a mixture of isoflurane and
O2. They were then transferred to the CMR scanning bed which incorporates a
rectal thermometer, heated water lines to maintain thermostasis (36.5-37˚C), a
respiration balloon to record respirations, three subcutaneous electrodes for
recording Electricardiography (ECG) signals and a nose cone to deliver the
anaesthetic while the animal is in the scanner. The ECG, respiration and
temperature probes were connected to a physiological monitoring system (SA
Instruments, USA) to allow for image acquisition gating.
CMR image acquisition for measurement of LVEF
A 9.4 Tesla Varian MRI System was employed (Palo Alto, USA) together with a 72
mm volume transmission coil with a 4-channel phased array surface coil for
detection. Electrical resonance of the radiofrequency coil was tuned and matched
for optimal signal detection at the nuclear magnetic frequency of water using and
external Probe Tuning Device (505NV+ Morris Instruments Inc, Canada). The
imaging system was controlled using the Varian VNMRJ software v 3.1 (Agilent,
USA). This program performed imaging, shimming and calibration protocols as well
as basic reconstruction.
Cardiac and respiratory-gated cinematic (cine) CMR imaging was performed in the
true short-axis orientation and covered the whole LV. CMR parameters: 1.5 mm
slice thickness, TE/TR 1.6/5 ms: 15˚pulse; field of view 51.2 x 51.2 mm; matrix size
128 x 128; voxel size 400 x 400 x 1500 µm; 25 tp 35 frames per cardiac cycle, 2
signal averages.
Gadolinium administration and image acquisition
LGE scans were performed immediately after the cine scans at both time-points.
Gadolinium (Magnevist, Bayer, Germany), was injection i.p (500µl, 0.5 mol/l)
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immediately before scanning. Imaging was acquired using a multi-slice inversion
recovery gradient recalled echo sequence with single inversion time point and flip
angle of 90˚. This approach provided the best contrast between healthy and
infarcted myocardium.
10 to 12 short-axis slices were performed to cover the entire heart. CMR
parameters: TE = 3.04, TR = 1.11ms, 90⁰ gradient echo readout pulse, slice
thickness = 1.5 mm FOV = 51.2 x 51.2 mm, and matrix size = 128 x 128.
Cinematic CMR analysis
Images were analysed off-line using the Segment software (v1.8, Medviso,
Sweden). Semi-automatic segmentation of the stack of cine images was carried out
which identifies the left ventricular internal area (by identifying the interface between
the blood pool and myocardium) and the epicardium (Figure 4.3). End-systolic and
end-diastolic areas were measured for each slice, and converted to volumes by
multiplying by slice thickness (1.5 mm).
Stroke volume was calculated as: end-diastolic volume – end systolic volume. LVEF
for each slice was calculated as: (end diastolic volumes - end systolic volume)/enddiastolic volume. Whole heart LVEF was taken as an average of the calculated
LVEFs across each slice. Heart rate (HR) was measured with 3-lead ECG and
used to calculate cardiac output (HR x stroke volume).
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Figure 4.3: Segmenting of cine CMR slices to calculate LV parameters
Slices from a short-axis cine stack analysed in Medviso. Segmentation of the left ventricle
blood pool (red) and epicardium (green) at end-diastole. End-diastolic area is measured for
each slice and then converted to volume (multiplied by slice thickness (1.5 mm)). Total enddiastolic volume is calculated as the sum of all slices. This is repeated at end systole to
enable the calculation of stroke volume and LVEF (Images courtesy of Nur Jasmin).

LV mass and late gadolinium enhancement analysis
LV Mass and LGE images were analysed with ImageJ. LV mass was calculated as
follows: firstly, manual segmentation of the myocardial area was performed.
Secondly, this was converted to volume by multiplying by slice thickness (1.5 mm).
Finally, volume was converted to mass by multiplying by the specific gravity of
myocardium (1.05 g/ml).
LGE measurement was performed by using visual assessment/manual
quantification as previously described [197]. LGE was quantified manually by tracing
around its perimeter. Enhancement on CMR images was presented as a
percentage of the entire left ventricular myocardium.
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4.2.5

Histological measurement of scar size

Masson’s Trichrome stain was used to quantify scar size in rats 28-day post MI (and
naïve controls). This is an established technique for quantification of scar in animal
models [198] and human MI [199]. This approach stains muscle fibres red and
collagen fibres blue/green allowing the delineation of scar tissue from unscarred
myocardium.
Sections were deparaffinised in xylene (2 x 10 minutes) before being hydrated in
100% alcohol (2 x 5 minutes), 95% alcohol (3 minutes), 70% alcohol (3 minutes).
The sections were subsequently rinsed in tap water and then distilled water.
The nuclei were stained with Celestine blue (5 minutes) and then Mayer’s
haematoxylin (5 minutes). After washing they were stained with ponceau-acid
solution (3-5 minutes). The slides were then differentiated in 1% aqueous
phosphotungstic acid until the collagen appeared colourless. After washing the slide
was conterstained in light green. After a final washing step the slice was dehydrated
and mounted on a slide.
After staining slides were scanned with LEICA SCN400F scanner and visualised
using Leica software.
Orientation of slices used for Masson’s Trichrome staining
In the first set of experiments samples were sectioned along the long axis. However,
in later experiments this was switched to the short axis. This was done for two
reasons. Firstly, slicing in the longitudinal direction often appeared to miss the scar
tissue and secondly all the other histological measures and CMR were performed
using the short axis. Consequently, only sections cut in the short axis were included
in the analysis.

157

Analysis of Masson’s Trichrome stained myocardium
The images were analysed with Image J software (Figure 4.4). Three slices from
each heart were analysed: apical, mid and basal. Firstly, the colour threshold was
adjusted so that the area of the slice could be measured (Figure 4.4 D).
Subsequently, the hue was adjusted (Hue 150), so that the area of green collagen
staining was excluded (Figure 4.4 E). Finally, the area of scar tissue was calculated
(Total area – c-caspase-3 negative area) and was expressed as a percentage of the
total area. After the three slices were analysed the total percentage scar area was
calculated.
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Figure 4.4: Quantifying scar size in myocardium stained with Masson’s
Trichrome 28-days post MI
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. 28-days after MI, hearts were excised and fixed in 10% formalin before being
embedded in paraffin. Hearts were sliced and stained with Masson’s Trichrome. Collagen
within the scar tissue was stained green and myocytes red (A: x4 zoom, B: x40 zoom, C:
whole slice). Scar area was measured in 3 slices (apical slice shown). The total area (D) and
unscarred area (E) were measured with Image J. The percentage of scarred myocardium
was then calculated.
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4.2.6

Measurement of inflammatory cells in the blood and myocardium

The concentration of cells in the blood and myocardium were measured by flow
cytometry as detailed in Chapter 2.
The data from all rats which had undergone MI (with administration of vehicle) were
used as the control for the drug groups.
CD11b expression was measured as detailed in Chapter 2.

4.2.7

Measurement of soluble mediators in the plasma and myocardium

The concentration of a series of soluble mediators in the plasma and myocardium
were measured by ELISA as detailed in Chapter 2.
The kits employed in these studies included:


MSD V-Plex proinflmmatory-2 (Plasma and myocardium)



sIL-6R (Plasma)



CCL2 (Plasma and myocardium)



Acute Phase Proteins (α1-acid glycoprotein and α2-macroglobulin) (Plasma)



NT-ProBNP (Plasma)

As detailed in Chapter 2, there were inconsistencies in the measurements of the
cytokines between the first and second set of results. Therefore, only the second set
were used as controls for the therapeutic experiments, as these were processed at
the same time as samples from the anti-IL-6-Ab and sgp130Fc groups.

4.2.8

Statistical analysis

All statistical analyses were performed with Prism version 6.0. In the infarct size, ccapspase-3, LGE, scar-size, leukocyte and soluble mediator experiments the data
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was analysed with one-way ANOVA (no pairing), with the two drug groups
compared to the vehicle control (Including Dunnett’s correction for multiple
comparisons). Multiplicity adjusted p values < 0.05 were considered significant. In
instances where the ANOVA was statistically significant but there were no
differences between each drug group and control, a further ANOVA was conducted
which included a comparison between the two drug groups.
In the CMR-cine studies, all MI groups (vehicle, anti-IL-6-Ab and sgp130Fc) were
compared to the naïve controls with one-way ANOVA at both time points. Paired
student’s t-tests were performed to compare parameters within groups between the
two time-points.
Outlying data was managed as detailed in Chapter 2.
Depiction of statistical significance in figures
In all figures levels of significance are depicted as follows:
*

p=0.05-0.01

**

p=0.009-0.001

***

p=0.0009-0.0001

****

p<0.0001
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4.3

4.3.1

Results

Number of rats and mortality

A total of 112 rats were used in the therapeutic experiments including 15 that were
used as naïve controls, 35 used as vehicle controls, 30 that received sgp130Fc and
32 that received anti-IL-6-Ab. 4 rats died during these studies due to non-procedure
related causes, 1 in the vehicle group, 1 in the sgp130Fc group and 2 in the anti-IL6-Ab group. Several other rats died due to direct complications of the procedure
(bleeding, punctured lung) and these were excluded.

4.3.2

Infarct size 1-day post MI in rats administered anti-IL-6-Ab and
sgp130Fc

The AAR as a percentage of the LV in the vehicle group was 59.97% (95% CI:
53.13-66.81) (Figure 4.5 A). This was not significantly different in either the anti-IL6-Ab or the sgp130Fc group where it was 53.68% (95% CI: 43.72-63.65) and
56.74% (95% CI: 51.8-61.68) respectively (Figure 4.5 A).
Infarct size as a percentage of the LV in the vehicle group was 25.19% (95% CI:
21.28-29.10) which was not significantly different in the anti-IL-6-Ab group where its
was 23.87% (95% CI: 20.31-27.43) (Figure 4.5 B). However in the sgp130Fc group,
IS was 15.87% (95% CI: 13.08-18.66) which was significantly reduced relative to
the vehicle group (p=0.0005) (Figure 4.5 B).
Infarct size as a percentage of AAR in the vehicle group was 42.74% (95% CI:
34.76-50.71) which was also not significantly different in the anti-IL-6-Ab group
where it was 45.43% (95% CI: 37.82-53.04) (Figure 4.5 C). However in the
sgp130Fc group it was significantly reduced to 28.39% (95% CI: 22.14-34.63,
p=0.0077) (Figure 4.5 C).
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Figure 4.5: Infarct size 1-day post MI in rats administered anti-IL-6Ab and
sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=7-9/group). Hearts were
excised 1-day post MI. Area at risk (A) and infarct size (B) were measured histologically by
staining with TTC and Evans Blue and analysed with ImageJ. IS was expressed as a
percentage of AAR (C). Statistical significance was tested with ANOVA with multiple
comparisons (comparing the drug groups to vehicle). Data presented as mean +/- SEM.
Multiplicity adjusted p value <0.05 was considered significant.

4.3.3

Cleaved caspase-3 expression within the myocardium 4-hours post MI
in rats administered anti-IL-6-Ab and sgp130Fc

Myocyte c-caspase-3 expression in the vehicle group was present in 10.26% (95%
CI:5-15.53) of apical myocardium (Figure 4.6 A). There was a non-significant
increase in both the anti-IL-6-Ab (12.85%, 95% CI: 5.9-19.8) and the sgp130Fc
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groups (16.02%, 95% CI: 6.3-25.75). There was minimal expression of c-capase-3
in the sham group (0.62%).
The number of c-caspase-3 positive non-myocytes within the myocardium of the
vehicle group was 15.93 cells/mm 2 (95% CI: 3.27-28.59) (Figure 4.6 B). This was
non-significantly increased to 29.2 cells/mm 2 in the anti-IL-6-Ab group (95% CI:
13.97-44.43) and significantly increased to 39.72 cells/mm 2 in the sgp130Fc group
(95% CI: 13.97-44.43, p=0.0187 vs vehicle) (Figure 4.6 B). In the sham group there
were 2.08 positive cells/mm 2.

Figure 4.6: Cleaved caspase-3 expression in myocytes and non-myocytes 4hours post myocardial infarctions in rats administered anti-IL-6-Ab and
sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-7/group). Hearts were
excised 4-hours post MI and stained with an anti-c-caspase-3 antibody. The apical slice was
used for analysis. The area of positive myocyte staining was measured as a percentage of
the myocardium using ImageJ (A). Non-myocytes positive for c-caspase-3 were manually
counted in a 4mm2 trans-mural grid sited over the area of c-caspase-3 positive myocytes
(B). Statistical significance was tested with ANOVA with multiple comparisons (comparing
each drug group with vehicle). Data presented as mean +/- SEM. Multiplicity adjusted p
value <0.05 considered significant.
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4.3.4

CMR-cine Imaging 1 and 28-days post MI in rats administered anti-IL-6Ab and sgp130Fc

The results from the CMR-cine imaging detailed in Table 4.2.
Table 4.2: CMR-cine results from scans 1 and 28-days post MI in rats
administered anti-IL-6-Ab and sgp130Fc
Parameters from scans performed 1-day post MI in black, 28-days in red. Paired student’s
t-test performed within each group between the two time-points. 1-way ANOVA with multiple
comparisons set to the naïve group performed at each time-point. Multiplicty adjusted pvalue presented in the ‘Significance vs naïve’ column.

Cardiac function over time in the naïve group
EDV and ESV at baseline in the naïve rats were 330.4 µl and 105.6 µl respectively
(Figure 4.7 A), resulting in a stroke volume of 224.8 µl and LVEF of 68.51% (Figure
4.8 A). The mean heart rate was 403.1 bpm and therefore cardiac output was 90.3
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ml/min (Figure 4.9 A). At day 28 there was a significant increase in EDV to 430.4 µl
(p=0.001) and a non-significant rise in ESV to 117.8 µl (Figure 4.7 B) which
resulted in an increased stroke volume of 312.6 µl (p=0.0009) and LVEF of 72.94%
(p=0.0328) (Figure 4.8 B). However, owing to a drop in the heart rate to 325.1 bpm
(p=0.0096) there was no significant change in cardiac output which was 101.7
ml/min (Figure 4.9 B).
Effect of vehicle, anti-IL-6-Ab and sgp130Fc administration on cardiac
function
Interestingly, in group administered anti-IL-6-Ab there was a significant reduction in
stroke volume 1-day post MI relative to naïves from 224.8 µl to 163.1 µl (p = 0.01)
(Figure 4.8 A). However, there was no significant difference in the vehicle or
sgp130Fc groups where it was 188.7 µl and 190.2 µl respectively (Figure 4.8 A).
Furthermore, relative to the naïves, LVEF and cardiac output were only significantly
reduced in the anti-IL-6-Ab group which were 68.51% vs 58.6% (p=0.0147) and
90.3 ml/min vs 63.7 ml/min (p=0.0053) respectively (Figure 4.8 A, Figure 4.9 A).
28-days post MI, ESV was significantly higher in the vehicle group relative to the
naïve controls at 181.3 µl vs 117.8 µl (p = 0.0129) whereas there were nonsignificant increases in the other two groups (Figure 4.7 B).
Relative to naïves whose LVEF at 28-days was 72.94%, LVEF was significantly
reduced in the vehicle group at 62.58% (p=0.0042) and the anti-IL-6-Ab group
where it was 63.34% (p=0.0105) (Figure 4.8 B). However, in the sgp130Fc,
although mean LVEF was reduced relative to the naïve control group at 67.91% this
was not significant (Figure 4.8 B).
The paired data from 1 and 28-days revealed that while there was an increase in
EDV over time in all groups (Figure 4.7 C-F), the increase in ESV was only
observed in the three groups subjected to MI (Figure 4.8 I-L). Stroke volume
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increased in all groups (Figure 4.8 C-F), however LVEF only increased in the naïve
and anti-IL-6-Ab groups (Figure 4.8 I-L). Finally, whereas heart rate decreased in
all groups (Figure 4.9 C-F), cardiac output was significantly higher at day-28 in all
the MI groups, but not in the naïve controls (Figure 4.9 I-L).
In summary, the key findings were that only the administration of anti-IL-6-Ab was
associated with a reduction in LVEF 1-day post MI and that 28-days post MI,
sgp130Fc but not the anti-IL-6-Ab preserved LVEF relative to naïve controls.
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Figure 4.7: End diastolic and end systolic volumes 1 and 28-days post MI in
rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=7-9/group). 1 and 28-days
post MI rats underwent ECG-gated CMR-cine scanning. Images were analysed with ImageJ
to derive values for EDV (A-F) and ESV (G-L). Statistical significance between groups at
both time-points (A,B,G,H) was tested with ANOVA with multiple comparisons (each MI
group compared to naïve controls). Data presented as mean +/- SEM and multiplicity
adjusted p-values <0.05 considered significant. Paired student’s t-tests were also performed
to compare means from the two time points within each group (C-F,I-L).
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Figure 4.8: Stroke volume and left ventricular ejection fraction 1 and 28-days
post MI in rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=7-9/group). 1 and 28-days
post MI rats underwent ECG-gated CMR-cine scanning. Stroke volume (EDV-ESV) (A-F)
and LVEF ((Stroke volume/EDV)*100 (G-L)) were calculated. Statistical significance
between groups at both time-points (A,B,G,H) was tested with ANOVA with multiple
comparisons (each MI group compared to naïve controls). Data presented as mean +/- SEM
and multiplicity adjusted p-values <0.05 considered significant. Paired student’s t-tests were
also performed to compare means from the two time points within each group (C-F,I-L).
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Figure 4.9: Heart rate and cardiac output 1 and 28-days post MI in rats
administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=7-9/group). 1 and 28-days
post MI rats underwent ECG-gated CMR-cine scanning. Heart rate was measured with ECG
(A-F). Cardiac output was calculated (Stroke volume x HR (G-L)). Statistical significance
between groups at both time-points (A,B,G,H) was tested with ANOVA with multiple
comparisons (each MI group compared to naïve controls). Data presented as mean +/- SEM
and multiplicity adjusted p-values <0.05 considered significant. Paired student’s t-tests were
also performed to compare means from the two time points within each group (C-F,I-L).
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4.3.4.1 Left ventricular mass 1 and 28-days post MI in rats administered antiIL-6-Ab and sgp130Fc

LV mass in the naïve group at baseline was 352.9 mg (95% CI: 316.5-389.3) which
increased at 28-days to 513.2 mg (95% CI: 447.1-579.3, p=0.0018) (Figure 4.10 C).
At both 1 and 28-days post MI, there was no significant difference in LV mass in any
of the MI groups relative to the naïve group (Figure 4.10 A,B), however in all
groups the increase in LV mass over time was significant (Figure 4.10 C-F).

4.3.4.2 Late gadolinium enhancement 1 and 28-days post MI in rats
administered anti-IL-6-Ab and sgp130Fc

For LGE analysis the two drug groups were compared to the vehicle control. In the
vehicle group 1-day after MI, LGE was 27.12% of the LV (95% CI 16.87-37.37)
(Figure 4.10 G). There was no significant difference in the anti-IL-6-Ab or sgp130Fc
group where LGE was 25.7% (95% CI 8.59-42.81) and 26.40% (95% CI: 16.4536.34) respectively. 28-days post MI there was a trend towards reduced LGE in
both drug groups but this was not significant in either (Figure 4.10 H). In the vehicle
group LGE was 29.35% (95% CI: 17.14-41.55), in the anti-IL-6-Ab group it was
16.15% (95% CI: 5.852-36.44) and in the sgp130Fc group it was 17.98% (95% CI:
11.78-24.18).
Interestingly however, whereas the difference in LGE between days 1 and 28 was
not significant in the vehicle or anti-IL-6-Ab groups, there was a significant reduction
in LGE in the sgp130Fc group (p=0.0221) (Figure 4.10 I-K).
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Figure 4.10: LV mass and late gadolinium enhancement 1 and 28-days post MI
in rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=7-9/group). 1 and 28-days
post MI rats underwent CMR scanning with administration of gadolinium. LV mass (A-F) and
LGE (G-K) were analysed with ImageJ. Statistical significance between groups at both timepoints (A,B,G,H) was tested with ANOVA with multiple comparisons (MI groups compared to
naïve for LV mass and drugs compared to vehicle for LGE). Data presented as mean +/SEM and multiplicity adjusted p-values <0.05 considered significant. Paired student’s t-tests
were performed to compare means from the two time points within each group (C-F,I-K).
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4.3.5

Scar size 28-days post MI in rats administered anti-IL-6-Ab and
sgp130Fc

The scar size in the vehicle group was 5.26% of the myocardium (95% CI: 0-12.62)
(Figure 4.11). There was no significant difference in the anti-IL-6-Ab or sgp130Fc
group where the scar size was 7.1% (95% CI: 0.2-13.99) and 3.14% (95% CI: 06.35) respectively.

Figure 4.11: Scar size 28-days post MI in rats administered anti-IL-6 Ab and
sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=4-7/group). 28-days post MI,
hearts were excised and stained with Masson’s Trichrome and analysed with ImageJ.
Statistical significance between groups was tested with ANOVA with multiple comparisons
(drug groups compared to vehicle). Data presented as mean +/- SEM and multiplicity
adjusted p-values <0.05 considered significant.

173

4.3.6

Neutrophils, Monocytes and Lymphocyte concentrations in blood and
myocardium post MI in rats administered anti-IL-6-Ab and sgp130Fc

Neutrophils
The concentration of neutrophils in the blood was not altered by the administration
of either drug at any of the time points (Figure 4.12 A). However, within the
myocardium there were significantly fewer neutrophils 1-day post MI in the
sgp130Fc group relative to the vehicle group (Figure 4.12 B). Day 1 post MI the
concentration of neutrophils in the vehicle group was 1062 cells/mg myocardium
(95% CI: 793.7-1330), in the anti-IL-6-Ab group this was 728.1 cells/mg (95% CI:
456.6-999.6 p=ns) and in the sgp130Fc group it was 628.8 (95% CI:188.9-1069,
p=0.0467) (Figure 4.12 B). By day-3 post MI, there was no significant difference in
the myocardial neutrophil concentration.
Classical Monocytes
As observed with neutrophils, there was no significant difference in the blood
concentration of classical monocytes between groups (Figure 4.12 C). However,
within the myocardium 1-day post MI, the ANOVA across the three groups was
significant (p=0.0364) but there were no significant differences between either drug
group and the vehicle control (Figure 4.12 D). Therefore, the ANOVA was repeated
to include a comparison between the anti-IL-6-Ab and sgp130Fc groups which
revealed significantly more in the anti-IL-6-Ab group (p=0.0288). The concentration
of classical monocytes 1-day post MI in the vehicle group was 884.8 cells/mg (95%
CI: 457.8-1312). In the anti-IL-6-Ab group it was 1317 cells/mg (95% CI: 690.31943) and in the sgp130Fc group it was 406.5 cells/mg (95% CI: 0-992.2).
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Non-classical Monocytes
There were no significant differences observed in the concentration of non-classical
monocytes between groups in blood or myocardium at any time-point (Figure 4.12
E,F).
Lymphocytes
There were no significant differences observed in the concentration of lymphocytes
between groups in blood (Figure 4.12 G). However, within the myocardium the
concentration was reduced in both drug groups 1-day post MI (Figure 4.12 H). In
the vehicle group the concentration of lymphocytes 1-day post MI was 1007
cells/mg (95% CI: 830.4-1183) and in the anti-IL-6-Ab and sgp130Fc groups it was
670 cells/mg (95% CI: 830.4-1183, p=0.0072) and 599.5 cells/mg (95% CI: 391.5807.6, p=0.0017).
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Figure 4.12: Neutrophils, Monocytes and Lymphocyte concentrations in blood
and myocardium post MI in rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-6 in drug groups and 8-9 in
vehicle groups). The concentrations of neutrophils (A,B), classical Mϕ (C,D), non-classical
Mϕ (E,F) and lymphocytes (G,H) in blood and digested myocardium were measured by flow
cytometry. Statistical significance was tested with ANOVA with multiple comparisons
(comparing drug groups with vehicle). Data presented as mean +/- SEM. †ANOVA p value
<0.05. *multiplicity adjusted p value <0.05.

4.3.7

Macrophage concentrations post MI in rats administered anti-IL-6-Ab
and sgp130Fc

While there were no significant differences in monocyte or macrophage numbers 1day post MI in either drug group relative to vehicle, when the concentrations of all
cells of the mononuclear phagocyte lineage were pooled, there was a significant
difference observed between the vehicle and sgp130Fc groups (Figure 4.13 A).
The total mononuclear phagocyte count in the vehicle group was 2762 cells/mg
(95% CI: 2063-3460) which was very similar to that in the anti-IL-6-Ab group which
was 2665 cells/mg (95% CI: 1595-3735) but significantly higher than the sgp130Fc
group where it was 1576 cells/mg (95% CI: 884.8-2267, p=0.0319).
3-days post MI the concentration of MHC-IIneg macrophages in the vehicle group
was 3581 cells/mg (95% CI: 2844-4318) (Figure 4.13 B). Whereas this was not
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significantly different in the anti-IL-6-Ab group being 2937 cells/mg (95% CI: 12334643), the concentration in the sgp130Fc group was significantly lower at 2147
cells/mg (95% CI: 1101-3192, p=0.0482). The relative drop in MHC-IIneg
macrophages in the sgp130Fc group observed day 3 post MI was predominately
due to fewer CD163neg macrophages (Figure 4.13 D,E). There were no significant
differences in the concentrations of MHC-IIpos macrophages between groups
(Figure 4.13 C).
Collectively the results from the cell experiments demonstrate that sgp130Fc has a
greater anti-inflammatory effect than the anti-IL-6-Ab characterised by reduced
neutrophil, classical monocyte and total mononuclear phagocyte concentration
within the myocardium at day-1 and reduced MHC-IIneg macrophages at day-3 post
MI.
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Figure 4.13: Macrophage concentrations post MI in rats administered anti-IL6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-6 in drug groups and 8-9 in
vehicle groups (other than CD163 measurement N=5)). The concentrations of total
mononuclear phagocytes (A) and individual Mφ subsets (B-E) in blood and digested
myocardium were measured by flow cytometry. Statistical significance was tested with
ANOVA with multiple comparisons (comparing drug groups with vehicle). Data presented as
mean +/- SEM. †ANOVA p value <0.05. *multiplicity adjusted p value <0.05.
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4.3.8

CD11b expression on leukocytes in blood and myocardium post MI in
rats administered anti-IL-6-Ab and sgp130Fc

Neutrophils
In neutrophils, CD11b expression was reduced in both the blood and myocardium
by anti-IL-6-Ab but not by sgp130Fc.
In the blood, this reduction was observed 3-days post MI (Figure 4.14 A). The
expression in the naïve group at this time point was gMFI 3196 (95% CI: 25843809), in the sgp130Fc was gMFI 2367 (95% CI: 1038-3695) while in the anti-IL-6Ab group was 1673 (95% CI: 945.9-2401, p=0.0043).
In the myocardium the expression in the anti-IL-6-Ab group was lower at both 1 and
3-days post MI, but only reached significance at day 1 (corresponding to peak
neutrophil concentration) (Figure 4.14 B). The expression at this time point in the
naïve group was gMFI 12753 (95% CI: 8325-17181), in the sgp130Fc group was
very similar being gMFI 11988 (95% CI: 10310-13665) whereas in the anti-IL-6-Ab
group was gMFI 9162 (95% CI: 8046-10278, p=0.02).
Monocytes
In contrast to neutrophils the anti-IL-6-Ab had no significant effects on monocyte
CD11b expression in either tissue (Figure 4.14 C-F). And while sgp130Fc had no
effect on CD11b expression of monocytes in the myocardium, in the blood,
expression on both classical and non-classical Monocytes was significantly
modulated. In both cell types CD11b expression was increased relative to vehicle
day 1 post MI and subsequently reduced on day 3.
Blood classical monocyte CD11b expression day 1 post MI was gMFI 449.1 (95%
CI 0-1005), in the anti-IL-6-Ab group was gMFI 1347 (95% CI: 1030-1665) and in
the sgp130Fc group was gMFI 1586 (95% CI:0-3439, p=0.0426) (Figure 4.14 C). 3180

days post MI the expression in the vehicle group had risen to gMFI 1207 (95% CI:
1002-1413) and was lower in both the anti-IL-6-Ab and sgp130Fc groups being
gMFI 990.6 (95% CI: 632.5-1349) and gMFI 742.8 (95% CI: 153.9-1332)
respectively, however the difference was only significant in the sgp130Fc group
(p=0.036).
Non-classical monocytes in the blood of the vehicle group expressed CD11b with a
gMFI of 1151 (95% CI 575.9-1726) which was very similar to that in the anti-IL-6-Ab
group which was gMFI 998.8 (95% CI: 730.4-1267) (Figure 4.14 E). However in the
sgp130Fc group the expression was significantly elevated to gMFI 2246 (95% CI:
1332-3160, p=0.0094). 3-days post MI the expression in the sgp130Fc group was
less than that in the vehicle group but this did not reach statistical significance.
Macrophages
In the MHC-IIpos macrophage population, CD11b expression was reduced by the
anti-IL-6-Ab 3-days post MI (Figure 4.13 A). In the vehicle group at this time point
the expression was gMFI 5554 (95% CI: 3987-7121) and in the sgp130Fc group
was very similar at gMFI 4897 (95% CI: 3696-6099). Whereas in the anti-IL-6-Ab it
was gMFI 3227 (95% CI: 2585-3869, p=0.0046).
Similarly, there was a significant reduction in the expression of the CD163 pos MHCIIneg macrophage population in the anti-IL-6-Ab group day-3 post MI (Figure 4.15 C).
gMFI in the vehicle group was 10923 (95% CI: 9326-12519) which was similar in the
sgp130Fc group being gMFI 9914 (95% CI: 8004-11823) but was gMFI 5994 in the
anti-IL-6-Ab group (95% CI: 3695-8293, p=0.0011).
In contrast to the other two macrophage subtypes, CD11b expression in the MHCIIneg / CD163neg macrophage population was lowered by the anti-IL-6-Ab 1-day post
MI, but was not significantly different at day 3 (Figure 4.15 D). In the vehicle group
1-day post MI the expression was gMFI 22214 (95% CI: 11410-33018) which was
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unchanged in the sgp130Fc group being 22069 (95% CI: 12436-31703) but was
significantly lower in the anti-IL-6-Ab group at gMFI 7862 (95% CI: 53.29-15671,
p=0.0198).
Collectively, these results demonstrate that the drugs have significantly different
effects on CD11b expression in the leukocyte sub-sets. Most strikingly, the effects
on neutrophils and macrophages were very similar: CD11b was significantly
reduced by the anti-IL-6-Ab but not by sgp130Fc.
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Figure 4.14: CD11b expression on neutrophils and monocytes in blood and
myocardium post MI in rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-6/group). The expression of
CD11b on neutrophils (A,B), classical Mϕ (C,D) and non-classical Mϕ (E,F) in blood and
myocardium was measured by flow cytometry. Statistical significance was tested with
ANOVA with multiple comparisons (comparing drug groups with vehicle). Data presented as
mean +/- SEM. †ANOVA p value <0.05. *multiplicity adjusted p value <0.05.
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Figure 4.15: CD11b expression on macrophages post MI in rats administered
anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-6/group). The expression of
CD11b on Mφ subsets (A-D) was measured by flow cytometry. Statistical significance was
tested with ANOVA with multiple comparisons (comparing drug groups with vehicle). Data
presented as mean +/- SEM. †ANOVA p value <0.05. *multiplicity adjusted p value <0.05.
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4.3.9

Plasma acute phase proteins concentration post MI in rats
administered anti-IL-6-Ab and sgp130Fc

Anti-IL-6-Ab and sgp130Fc had no significant effect on the plasma concentrations of
the acute phase proteins (Figure 4.16). However, there was a trend towards α2macroglobulin being reduced by both drugs 3-days post MI (Figure 4.16 B).

Figure 4.16: Plasma concentrations of α1-acid glycoprotein and α2macroglobulin post MI in rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-7/group). Plasma α1-acid
glycoprotein (A) and α2-macroglobulin (B) levels were measured with ELISA. Statistical
significance was tested with ANOVA with multiple comparisons (comparing drug groups with
vehicle). Data presented as mean +/- SEM.

4.3.10 Plasma NT-pro-BNP concentration post MI in rats administered anti-IL6-Ab and sgp130Fc

Plasma NT-proBNP concentration was significantly reduced in both drug groups
relative to the vehicle group 3-days post MI (Figure 4.17). In the vehicle group the
concentration at this time point was 876.6 pg/ml (95% CI: 237.7-573.6) whereas in
the anti-IL-6-Ab group it was 737 pg/ml (95% CI: 436.8-1037, p=0.0356) and in the
sgp130Fc group it was 666 pg/ml (95% CI: 440.1-891.9, p=0.122).
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28-days post MI, the concentration of plasma NT-proBNP was also reduced in both
drug groups relative to vehicle, but this did not reach statistical significance.

Figure 4.17: Plasma concentration of NT-proBNP post MI in rats administered
anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-9/group). Plasma NTproBNP levels were measured with ELISA. Statistical significance was tested with ANOVA
with multiple comparisons (comparing drug groups with vehicle). Data presented as mean
+/- SEM.

4.3.11 Cytokine and chemokine concentrations in plasma and myocardium
post MI in rats administered anti-IL-6-Ab and sgp130Fc

Interleukin-6
Anti-IL-6-Ab significantly reduced the concentration of IL-6 in both plasma and the
myocardium whereas sgp130Fc did not (Figure 4.18 A,B). 4-hours post MI the
plasma concentration in the vehicle group was 2.3 ng/ml (95% CI: 1.33-3.26)
(Figure 4.18 A). In the sgp130Fc group this was 1.83 ng/ml (95% CI: 1.17-2.5)
whereas in the anti-IL-6-Ab group it was 0.69 ng/ml (95% CI: 0.21-1.18 ng/ml,
p=0.0035).
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Similarly, 1-day post MI, anti-IL-6-Ab reduced the plasma IL-6 concentration relative
to the vehicle group, whereas sgp130Fc did not (Figure 4.18 A). The concentration
in the vehicle group was 0.83 ng/ml (95% CI: 0.37-1.29 ng/ml) and in the sgp130Fc
group was 0.62 ng/ml (95% CI: 0.42-0.81), while in the anti-IL-6-Ab group it was 0.4
ng/ml (95% CI: 0.24-0.55, p=0.0269). From day-3 post MI, there was no significant
difference between the groups in the plasma.
In the myocardium 1-day post MI, the concentration of IL-6 was significantly
reduced by anti-IL-6-Ab but not by sgp130Fc (Figure 4.18 B). In the myocardium of
the vehicle group the concentration was 4.09 pg/mg (95% CI: 2.94-5.25), in the
sgp130Fc group it was 3.42 pg/mg (95% CI: 1.96-4.89) whereas in the anti-IL-6-Ab
group it was 2.62 pg/mg (95% CI: 2.24-3, p=0.0398). Day 3 post MI, the
concentration of IL-6 in the myocardium was less (approximately half) in both
groups but this did not reach statistical significance.

Interlukin-1β and Tumour Necrosis Factor-α
Up to 3-days post MI no significant differences in the plasma or myocardial IL-1β
and TNFα concentrations were observed in the drug groups relative to vehicle
(Figure 4.18 C-F), However interestingly, the concentration of IL-1β was
significantly elevated 28-days post MI in the plasma of the anti-IL-6-Ab group. The
concentration in the vehicle group at this time point was 12.1 pg/ml (95% CI: 9.6414.56) and in the sgp130Fc group was 16.53 pg/ml (95% CI: 8.55-24.51), whereas
in the anti-IL-6-Ab group was 25.35 pg/ml (95% CI: 20.84-29.87, p=0.0007). This
finding was particularly interesting given that the plasma concentrations of several
other cytokines were also elevated in the anti-IL6-Ab group at this time point,
including CCL2 (Figure 4.20 C), IL-4 (Figure 4.21 C) and IFNγ (Figure 4.21 E).
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Figure 4.18: IL-6, IL-1β and TNFα concentrations in plasma and myocardium
post MI in rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-9/group). Cytokines were
measured with ELISA. Statistical significance was tested with ANOVA with multiple
comparisons (comparing drug groups with vehicle). Data presented as mean +/- SEM.
†
ANOVA p value <0.05. *multiplicity adjusted p value <0.05.
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Plasma sIL-6R post MI in rats administered anti-IL-6-Ab and sgp130Fc
Although the plasma concentration of sIL-6R was lower in both drug groups 1-day
post MI, this did not reach statistical significance (Figure 4.19). Neither were there
any observed differences at the other time points.

Figure 4.19: Plasma sIL-6R concentration post MI in rats administered anti-IL6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-9/group). sIL-6R was
measured with ELISA. Statistical significance was tested with ANOVA with multiple
comparisons (comparing drug groups with vehicle). Data presented as mean +/- SEM.

CXCL1 and CCL2 concentration in plasma and myocardium post MI in rats
administered anti-IL-6-Ab and sgp130Fc

Interestingly, the plasma concentration of CXCL1 was significantly elevated 4-hours
post MI in the anti-IL-6-Ab group relative to vehicle but was unchanged in the
sgp130Fc group (Figure 4.20 A).
The concentration in the vehicle group was 432 pg/ml (95% CI: 266.3-597.7) and in
the sgp130Fc group was 501.9 pg/ml (95% CI: 178-825.8), whereas the
concentration in the anti-IL-6-Ab group was 929.6 pg/ml (95% CI: 556.4-1303,
p=0.0125). At the other time points the concentration in the plasma was not
significantly different between groups.
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In the myocardium, there was no significant difference in concentration at any time
point, however the mean concentration in both drug groups day 3 post MI was less
than half that in the vehicle group (3 pg/mg vs 1.22 pg/mg in the anti-IL-6Ab group
and 1.35 pg/mg in the sgp130Fc group).
No significant differences in CCL2 concentration between groups was observed in
either plasma or myocardium before 3-days post MI (Figure 4.20 C,D). However,
day 3 post MI the concentration was less in both the plasma and myocardium in the
anti-IL-6-Ab group and in the myocardium of the sgp130Fc group.
The plasma concentration day 3 post MI in the vehicle group was 4.4ng/ml (95% CI:
1.32-7.47) and in the sgp130Fc group was 2.6 ng/ml (95% CI: 1.21-3.98 ng/ml),
whereas in the anti-IL-6-Ab group was 1.8 ng/ml (95% CI: 1.44-2.15, p=0.0412)
(Figure 4.20 C).
Within the myocardium the concentration in the vehicle group day 3 post MI was
2.96 pg/mg (95% CI: 1.36-4.57) whereas in the anti-IL-6-Ab and sgp130Fc groups it
was 1.39 pg/mg (95% CI: 0.17-2.6, p=0.0481) and 1.31 pg/mg (95% CI: 0.64-1.98,
p=0.0387) respectively (Figure 4.20 D).
Startlingly, after the concentration of CCL2 had fallen day 3 post MI in the anti-IL-6Ab, it was subsequently extremely elevated 28-days post MI – surpassing the peak
concentration seen on day 1 (Figure 4.20 C). This finding was not seen in the
vehicle or sgp130Fc groups. The concentration in the vehicle group was 1.52 ng/ml
(95% CI: 0.99-2.05) and the sgp130Fc group was 1.32 ng/ml (95% CI: 1.13-1.51),
whereas in the anti-IL-6-Ab group it was 7.72 ng/ml (95% CI: 5.39-10.05, p<0.0001).
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Figure 4.20: CXCL1 and CCL2 concentrations in plasma and myocardium post
MI in rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-9/group). Chemokines were
measured with ELISA. Statistical significance was tested with ANOVA with multiple
comparisons (comparing drug groups with vehicle). Data presented as mean +/- SEM.
†
ANOVA p value <0.05. *multiplicity adjusted p value <0.05.
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The concentration of other cytokines in plasma and myocardium post MI in
rats administered anti-IL-6-Ab and sgp130Fc

There was no significant difference in the concentrations of IL-10 (Figure 4.21 A,B),
IL-5 or IL-13 (data not shown) in either tissue between the drug groups and vehicle
at any time point.
Plasma IL-4 concentrations were unaltered by the administration of the drugs
between 4-hours and 3-days post MI, however as was seen with CCL2, levels were
extremely high 28-days post MI in the anti-IL-6-Ab group (Figure 4.21 C). At this
time point the concentration in the vehicle group was 0.17 pg/ml (95% CI: 0.1-0.23)
and in the sgp130Fc group was 0.18 pg/ml (95% CI: 0.03-0.32), while in the anti-IL6-Ab it was 1.58 pg/ml (95% CI: 1.06-2.11, p<0.0001).
In the myocardium, the concentration of IL-4 was very low (<10 fg/mg) but elevated
in the sgp130Fc group day 3 post MI (Figure 4.21 D). In the vehicle group the
concentration was 3.85 fg/mg (95% CI: 3.6-4.1), in the anti-IL-6-Ab group was 5.06
fg/mg (95% CI: 3.81-6.3) and in the sgp130Fc group was 5.3 fg/mg (95% CI: 4.246.36, p=0.0213).
IFNγ levels in the plasma were approximately 1-2 pg/ml and 50 fg/mg within the
myocardium with no significant differences over time or between groups. The
exception to this was in the anti-IL-6-Ab group 28-days post MI (Figure 4.21 E). At
this time point the concentration in the vehicle group was 1.8 pg/ml (95% CI: 0.572.2) and in the sgp130Fc group was 1.24 pg/ml (95% CI: 0.21-2.27), however in the
anti-IL-6-Ab group it was 17.29 pg/ml (95% CI: 11.9-22.68, p<0.0001).
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Figure 4.21: IL-10, IL-4 and IFNγ concentrations in plasma and myocardium
post MI in rats administered anti-IL-6-Ab and sgp130Fc
Rats were subjected to surgical myocardial infarction with 50 minutes ischaemia prior to
reperfusion. Vehicle (PBS), anti-IL-6-Ab (0.1µg/mg) or sgp130Fc (0.5µg/mg) were
administered i.v. in 1 ml PBS, 1-minute prior to reperfusion (N=5-9/group). Cytokines were
measured with ELISA. Statistical significance was tested with ANOVA with multiple
comparisons (comparing drug groups with vehicle). Data presented as mean +/- SEM.
†
ANOVA p value <0.05. *multiplicity adjusted p value <0.05.
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In summary, there were some similarities but also significant differences in the
profile of cytokines and chemokines in the two drug groups post MI. Whereas
neither drug had an effect on several cytokines including IL-1β, TNFα, sIL-6R, IL-10
and IL-4 in the first 3-days post MI, both significantly reduced CCL2 concentration
within the myocardium 3-days post MI. The anti-IL-6-Ab was the only drug to reduce
IL-6 concentration but conversely increased the plasma concentration of CXCL1 at
4-hours and several other cytokines 28-days post MI including IL-1β, CCL2, IL4 and
IFNγ.

4.4

Summary of Findings

Infarct size and apoptosis


sgp130Fc but not the anti-IL-6-Ab reduced IS/AAR relative to vehicle controls 1day post MI. IS/AAR was reduced by 33.6%.



There was no significant change in myocyte apoptosis in either drug group 4hours post MI but non-myocyte apoptosis increased in the sgp130Fc group but
not the anti-IL-6-Ab group.

Cardiac function, late gadolinium enhancement and scar size


28-days post MI LVEF reduced in the vehicle and anti-IL-6-Ab groups relative to
the naïve controls but not in the sgp130Fc group.



LGE between 1 and 28-days post MI reduced in the sgp130Fc group but not the
vehicle or anti-IL-6-Ab groups.



Scar size measured histologically 28-days post MI was not significantly different
between groups.

Inflammatory cells


Sgp130Fc reduced myocardial neutrophil and total mononuclear phagocyte
concentration 1-day post MI and MHC-IIneg macrophage concentration 3-days
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post MI. The anti-IL-6-Ab had no significant effects on the myocardial
concentration of innate cells post MI.


The anti-IL-6-Ab but not sgp130Fc significantly reduced neutrophil and
macrophage CD11b expression 1 and 3-days post MI.

Acute Phase proteins and NT-pro-BNP


Neither drug had a significant effect on the acute phase proteins. Both reduced
plasma NT-proBNP concentration 3-days post MI but not at 28-days.

Cytokine and chemokines


The anti-IL-6-Ab but not sgp130Fc significantly reduced IL-6 plasma and
myocardial concentrations in the first day post MI.



Neither drug had a significant effect on the plasma or myocardial concentrations
of IL-1β, TNFα, sIL-6R, IL-10 and IL-4 in the first 3-days post MI.



The anti-IL-6-Ab increased the plasma concentration of CXCL1 4-hours post MI.



Both drugs significantly reduced the myocardial concentration of CCL2 3-days
post MI and in the anti-IL-6-Ab group plasma concentration was also reduced at
this time-point.



Interestingly, whereas sgp130Fc had no effect on plasma cytokine
concentrations 28-days post MI, several were significantly elevated in the antiIL-6-Ab group including IL-1β, CCL2, IL4 and IFNγ.

The results of the therapeutic intervention studies are summarised in Table 4.3.
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Table 4.3: Summary of the effects of anti-IL-6-Ab and sgp130Fc in the rat
model of MI with reperfusion.
Arrows refer to statistically significant differences versus the vehicle control unless otherwise
stated. Colours represent proposed impact of finding (see discussion): White = neutral,
Green = beneficial, Red = detrimental, Orange = unclear.
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5 Discussion
MI is the leading cause of death worldwide [1] and the main cause of the syndrome
of heart failure, which is increasing in prevalence [3].Therefore there is the pressing
need to develop new therapeutics that can both improve the immediate outcomes
post MI and reduce the incidence of this debilitating condition. Inflammation, and in
particular IL-6 has been considered a therapeutic target in MI given its association
with adverse outcomes including heart failure [34,200]. However, IL-6 is a complex
target with both pro- and anti-inflammatory effects [110,201,202] and animal models
of IL-6 antagonism in MI have had yielded conflicting results [126,127].
The pro-inflammatory aspects of IL-6 signalling are mediated mainly by its transsignalling pathway, whereas anti-inflammatory and other protective effects are
mediated by classic signalling [110,201,202]. I therefore hypothesised that exclusive
antagonism of IL-6 trans-signalling would reduce infarct size and improve cardiac
function in MI with reperfusion, whereas pan-IL-6 blockade would not achieve these
beneficial outcomes. By employing the specific trans-signalling antagonist sgp130Fc
and an anti-IL-6 antibody in a rat model of MI I have provided evidence to support
this hypothesis. Furthermore, the data has provided several important mechanistic
insights into the differential effects of the two approaches to IL-6 antagonism.
Before considering the implications of the results and the future direction of my
research, in this chapter, the data generated across the three sets of experiments
(characterisation, cell culture, therapeutic studies) are discussed.
5.1

Characterisation of the rat model of MI with reperfusion

The rat model of MI with reperfusion had previously been established by my
collaborators at UCL CABI [134]. However, for the purposes of my PhD it was
thoroughly characterised by employing several novel techniques in order to dissect
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the post-MI inflammatory response. The results from the characterisation
experiments also helped to inform the design of the therapeutic studies.
5.1.1

Infarct size progression over time

Employing the established histological technique involving Evans Blue and TTC
dyes [123,125,126], infarct size was demonstrated to progress over time and
plateau 1-day post MI. At 4-hours post MI, the IS/AAR was 31.81% and by 24 hours
was 44.65%. A further increase at 48 hours to 49.39% was not statistically
significant. The infarct size at 24-48 hours is similar to that previously reported in rat
models of MI with reperfusion [144,203]. Many prior studies examined the effect of
therapies in MI models by measuring infarct size within the first 4 hours post
reperfusion [204–206]. However, the time-course experiment demonstrated that
while the majority of the infarct was established by 4-hours, there was still
approximately 30% of the infarct size that progressed thereafter. Hence, the 24-hour
time-point was selected for use in the therapeutic intervention studies.
5.1.2

Flow cytometry of leukocytes in blood and myocardium

While the method for measuring infarct size and cytokines post MI was established,
the technique for identifying and numerating cells with flow cytometry in the rat heart
was not. Although this technique has been used in the mouse and human heart
[104,142,143], flow cytometry in the rat is an underdeveloped field and many
markers that are used to identify leukocyte populations in these species are not
available. Therefore, a novel panel of markers was required to achieve this.
Inflammatory cells in the blood
The focus of the flow cytometry panel was the identification of cells of the innate
immune system, principally neutrophils, monocytes and macrophages.
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Thus, in the blood, CD172α was used to identify myeloid cells (with lymphocytes,
identified as CD172α negative), MHC-II identified DCs [150] and the markers CD43
and HIS48 were used together with side scatter to identify neutrophils (HIS48Int,
CD43pos, SSCHi), classical monocytes (HIS48Hi, CD43neg, SSCLow) and non-classical
monocytes (HIS48Low-Int, CD43pos, SSCLow). This approach was validated by
employing the GFP-CD68 rats (which confirmed that the monocytes were CD68
positive) and cell sorting and cytospins which confirmed the populations had the
expected morphology. The gating strategy is similar to that employed by BarnettVanes et al [137] who also used CD43, HIS48 and SSC to differentiate these cells.
The weaknesses of the panel are a lack of positive markers of lymphocytes (e.g.
CD3, CD4), further markers for DCs and specific markers for other granulocytes
such as eosinophils.
Inflammatory cells in the myocardium
Within the myocardium the same approach was used to identify neutrophil and
monocytes, however populations of cardiac macrophages were also identified. The
majority of previous studies in the rat have employed the pan-mononuclear
phagocyte marker CD68 in immunohistochemistry to quantify cardiac
‘macrophages’ [144]. However, flow cytometry was used instead in order to
distinguish monocytes from macrophages and to identify sub-populations.
The initial characterisation experiments identified populations of mononuclear
phagocytes (CD172αpos / CD68pos), which were distinguished from circulating
monocytes as being negative for both HIS48 and CD43 with higher SSC and
autoflorescence. These were therefore identified as macrophages. 60% of these
cells were MHC-IIpos and the remaining 40% were MHC-IIneg. Epelman et al in the
naïve mouse heart also identified two main macrophage populations using flow
cytometry which were distinguished on the basis of MHC-II expression, with the
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MHC-IIpos population also predominating [143]. These populations can be broadly
considered classically activated/M1 (MHC-IIpos) and alternatively activated/M2
(MHC-IIneg) [207,208]. In keeping with these broad phenotypes, Epelman found the
MHC-IIneg population to be CD206hi whereas the MHC-IIpos cells were CD206int [143].
CD206, the mannose receptor, is considered a classic marker of M2 macrophages
[209].
After the characterisation experiments revealed that the MHC-IIneg macrophage
population were the most abundant leukocyte population 3-days post MI, an
additional marker was added to the panel to determine if these represented true M2like macrophages. Since CD206 was not available for rat flow-cytometry CD163
was used instead. CD163, the scavenger receptor for the haemoglobin-haptoglobin
complex is also a well-described marker of M2 macrophage polarisation that coexpresses with CD206 [208].
At baseline, the addition of this marker revealed that approximately 90% of MHCIIneg macrophages were CD163 positive. However, at the peak of inflammation, the
vast majority were negative for this marker (approximately 75% at day-3 post MI).
Therefore, the predominate MHC-IIneg macrophage sub-type were not M2 in
phenotype.
The MHC-IIneg / CD163neg population that accounted for the increase in mononuclear
phagocytes day-3 post MI were therefore considered to represent undifferentiated
classical monocyte derived macrophages. The only surface marker that
differentiated them form classical monocytes was the lack of HIS48, however they
also had higher SSC and CD11b expression. These cells most likely represent the
rat-equivalent of CCR2pos macrophages which have been described in the human
and mouse hearts to be classical monocyte-derived and pro-inflammatory in nature
[142,143]. However, it was not possible to test this assumption, as no CCR2
antibody is available for rat flow cytometry. It has also previously been shown that
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post MI, these cells give rise to all the macrophage subtypes taking cues from the
inflammatory milieu to determine their phenotype [143]. The proposed relationship
between the different populations of mononuclear phagocytes is therefore illustrated
in Figure 5.1.
Although, the panel identified several sub-types of myeloid cells, as within the blood
the panel lacked specific markers for different granulocytes as well as DC markers.
As a result, the small population of cardiac DCs would have been included in the
MHC-IIpos gate.
In summary, the flow-cytometry panel was uniquely able to identify neutrophils, both
monocyte subsets and three macrophage subsets in the rat heart. This technique
enabled the detailed characterisation of the inflammatory response post MI as well
as the ability to observe the effects of IL-6 antagonism on the concentration and
CD11b expression of specific cells types in the heart.
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Figure 5.1: Proposed relationship between mononuclear phagocytes post MI.
Non-classical monocytes (NCMϕ - CD43pos) interact with the endothelium but do not
trans-migrate into the myocardium. Classical Monocytes (CMϕ - HIS48pos)
transmigrate into the myocardium post MI and give rise to undifferentiated
inflammatory macrophages (HIS48neg, MHC-IIneg,CD163neg) with high expression of
CD11b and IL-6. The concentration of these macrophages peaks day-3 post MI and
subsequently they may egress/die or give rise to MHC-IIpos (M1) or CD163pos (M2)
macrophages.

5.1.3

Temporal profile of cytokines and chemokines after myocardial
infarction

Interleukin-6
The characterisation studies provided a clear description of the inflammatory
process post MI and identified key time-points and events involving IL-6.
One of the most novel findings was the discovery of the biphasic nature of IL-6
expression. The concentration of IL-6 had an early peak in the blood and
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myocardium at 2-4 hours, and a second peak within the myocardium 3-days post
MI.
In human studies of MI, circulating IL-6 has been shown to rise rapidly after the
onset of chest pain, being elevated in the first 5-24 hours, and returning to baseline
between 1-5 days after the start of symptoms [63–68][64][63].
In animal models, Jong et al showed that myocardial IL-6 levels peaked 3-hours
post MI with reperfusion, before falling at 24 hours. However, these investigators did
not examine later time-points [126].
Whereas the first peak within the myocardium was associated with a substantial rise
in myocardium plasma IL-6 concentration, the second day-3 peak was not,
suggesting that the sources of the cytokine are different at these two time-points.
The early peak is almost certainly due to passive release from necrotic myocytes.
Berghe et al found that necrotic myocytes release significant amounts of IL-6 [71] a
finding supported by human studies showing rapid elevation of IL-6 after myocardial
necrosis caused by TASH [42]. The IL-6 immunohistochemistry from 2-hours post
MI showed marked staining of myocytes throughout the infarct area, demonstrating
they significantly contribute to IL-6 release at this early time-point.
In addition to release from necrotic cells, reperfusion rapidly increases transcription
of IL-6 mRNA [74], particularly in the viable border zone [75][74][73–75]. Wang et al
demonstrated that IL-6 mRNA is upregulated in viable cardiomyocytes, ECs and
fibroblasts in response to hypoxia [210]. This is in keeping with the IL-6
immunohistochemistry finding 2-hours post MI which also showed significant
staining within ECs and fibroblasts, in addition to myocytes.
The second peak in IL-6 occurring 3-days post MI was exclusively seen in the
myocardium with no corresponding increase in the plasma. At this time point, the
immunohistochemistry showed far less myocyte staining as well as minimal staining
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within fibroblasts and ECs. However, there was a significant CD68-positive
inflammatory infiltrate with many of these cells being strongly positive for IL-6. The
intracellular IL-6 flow-cytometry experiments showed that while all leukocytes
produce IL-6, macrophages produce the greatest amount. Therefore, these data
suggest that the second peak in IL-6 is largely due to the infiltration of leukocytes.
Soluble Interleukin-6 receptor and soluble gp130
In contrast to IL-6, the sIL-6R had a single peak in plasma and the myocardium 1day post MI, with plasma concentrations increasing approximately 5-fold at this
time-point. This elevation in sIL-6R corresponds with peak myocardial neutrophil
concentration and is in keeping with previous reports that identified neutrophils as
the main source of sIL-6R at sites of inflammation [110,177,211]. sIL-6R is shed by
neutrophils in response to multiple stimuli including the CXC chemokines CXCL8
and CXCL1 [110], as well as apoptosis [54]. Therefore, sIL-6R is a marker of acute
inflammation reflecting neutrophil activity and is independently associated with
adverse outcomes after STEMI [200].
The plasma concentration of sgp130 was unaltered during the first 7-days post MI.
This is in keeping with clinical studies which showed no difference in concentration
between MI and control patients [212].
Other cytokines and chemokines
The temporal pattern of other cytokines and chemokines also suggested two distinct
phases to the inflammatory response post MI. For instance, there were early (2-4
hours post MI) peaks in the plasma concentrations of CXCL1, IL-1β and TNFα and
myocardial peaks day-3 post MI in all three proteins. Interestingly, the plasma CCL2
response was monophasic with peak plasma concentration observed at day-1 with
persistent elevation at day-3 post MI.
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As with IL-6, peak plasma concentrations of CXCL1 and CCL2 were in the ng/ml
range, whereas levels of TNFα and IL-1β were far lower (<20pg/ml).
All these mediators have been extensively investigated and found to play a role in
orchestrating the inflammatory response post MI [213–216]. They have also been
considered potential therapeutic targets with phase 2 clinical trials of MI conducted
with both anti-TNFα [217] and anti-IL-1β [21] agents.
The relationship of these proteins to IL-6 is complex. TNFα and IL-1β are generally
considered ‘up-stream’ of IL-6 [218] and they both stimulate its release from a
variety of cell types, including ECs [219,220]. In a negative-feedback loop, IL-6
classic signalling directly down-regulates their expression in mononuclear cells
[112,113,202] and increases the release of antagonistic soluble receptors [111]. IL-6
classic signalling also negatively regulates CXCL1 production during inflammation
[115–117]. CCL2 on the other hand, is upregulated by IL-6 in a predominately transsignalling dependant manner [110,211]. Therefore there is a complex network of
interactions between IL-6 and all the other mediators which were rapidly elevated
post MI.
The other cytokines that were measured including IFNγ, IL-4, IL-5, IL-10 and IL-13
were not found to be significantly altered by MI (other than a transient increase in IL13 1-day post MI in the myocardium). While several of these mediators may play a
role orchestrating the inflammatory response post MI, the techniques employed
were unable to provide information about their temporal expression post MI.
5.1.4

Temporal profile of inflammatory cells post MI

4-hours post MI, neutrophils were the cell type which were most significantly
elevated within the myocardium, with a corresponding increase in the blood.
Neutrophil myocardial concentration peaked 1-day post MI, before falling back to
baseline by day 5. This pattern is well described [80,221]. This rapid influx
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corresponded with both infarct progression and the early peak in chemokines and
cytokines, which play a role in their accumulation at sites of inflammation. In
particular, CXCL1 which is a neutrophil chemoattractant [118] and IL-6 which was
the most abundant cytokine 4-hours post MI and contributes to neutrophil trafficking
via upregulation of endothelial adhesion markers including ICAM-1, VCAM-1 and Eselectin [75,83].
Although classical monocytes did not accumulate as rapidly as neutrophils, by 1-day
post MI there were as abundant within the myocardium. Their early influx is also
mediated in part by CXCL1 [119] in addition to CCL2 [222]. However, while
neutrophil numbers fell after the first day post MI, classical monocyte-derived
macrophages continued to accumulate. sIL-6R shed from apoptotic neutrophils
promotes IL-6 trans-signalling and stimulates the endothelium to produce further
CCL2 to drive this sustained influx of monocytes [54,110]. In contrast, there was no
increase in myocardial non-classical monocytes which is in agreement with
published studies [104].
The peak in undifferentiated monocyte-derived macrophages (MHC-IIneg / CD163neg
), day-3 post MI is in keeping with mouse models of MI [104]. This corresponded
with the second peak of myocardial IL-6, further highlighting day-3 as a key timepoint in the inflammatory response post MI.
Therefore in summary, the temporal dynamics of leukocytes in the myocardium
reflect those of IL-6 and sIL-6R providing evidence of their central role in
orchestrating the inflammatory response post MI.
5.1.5

CD11b expression on inflammatory cells

CD11b is part of the Mac-1 intergrin along with CD18. It plays an important role in
inflammation binding multiple ligands including the adhesion molecule ICAM-1 to
facilitate trafficking into inflamed tissues [153]. It also triggers cytotoxic functions
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including phagocytosis, oxidative burst and degranulation as well as promotes
effector responses of other receptors such as Fcγ receptors [153].
CD11b has previously been shown to be upregulated on neutrophils and monocytes
during MI [223] and human models of inflammation [224] and it was therefore used
as a marker of activation. However, interestingly, whereas there was a nonsignificant rise in neutrophil CD11b expression in the myocardium, expression
dropped in the circulation 1-day post MI. This perhaps reflects immature neutrophils
that had been released as a result of emergency haematopoiesis to replenish those
within the myocardium.
Unlike non-classical monocytes, classical monocytes in the heart (on day 1) and
blood (on day 3) significantly upregulated CD11b. This reflects their respective roles
in inflammation, with classical monocytes trans-migrating into sites of inflammation
[104] while non-classicals orchestrate inflammation via interactions with the
endothelium (see section 5.3.2) [202].
3-days post MI, CD11b was most significantly upregulated on the MHC-IIneg /
CD163neg macrophages. Given that this cell type was also the most abundant and
had the highest IL-6 expression at this time-point it suggests that, they have the
most pro-inflammatory phenotype and play a central role in the inflammatory
response post MI.
5.1.6

Acute phase proteins and NT-pro-BNP

Reflecting the inflammatory response within the myocardium, there were significant
increases in the concentrations of both α2-macroglobulin and α1-acid glycoprotein
1-day post MI, that was sustained at day-3. Similarly, NT-proBNP was significantly
elevated 3-days post MI, corresponding with the second peak of myocardial
inflammation. BNP is primarily released in response to stretch [225], although its
release may also be stimulated by hypoxia [226], as well as certain hormones
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including catecholamines and angiotensin II [227]. In the context of MI, acutely
elevated NT-proBNP is a strong prognostic indicator and is independently
associated with ongoing myocardial damage and mortality [228]. Therefore, its
elevation day-3 post MI is evidence of myocardial dysfunction and ongoing
ischaemia at this time-point.
5.1.7

Effect of the sham procedure on inflammation

The sham procedure involved anaesthesia, thoracotomy and exposure of the heart
for 50 minutes but not ligation of the LAD, and therefore no MI. This procedure was
associated with a systemic inflammatory response. This was characterised by an
early rise in certain cytokines including IL-6, and most strikingly, CXCL1. In the case
of the later, the plasma concentration at 4-hours post procedure was not
significantly different to that in the MI group. However, despite the elevation in these
specific cytokines, there were no significant changes in the acute phase proteins,
suggesting the systemic inflammation associated with the sham procedure was
transient. Furthermore, there were no elevations in cytokines or cells detected in the
myocardium, demonstrating that the primary driver of the inflammatory response in
the model was the infarction, rather than the surgical procedure.
5.1.8

Summary of characterisation experiments

In summary, the characterisation experiments revealed a hitherto un-appreciated
biphasic IL-6 response post MI. An early peak in the plasma and myocardium 2-4
hours post MI due largely to passive release from necrotic cells is associated with
myocardial cell death, a rapid influx of neutrophils and increases in other
inflammatory mediators including CXCL1.
A second peak 3-days post MI is due to a massive influx of pro-inflammatory
monocyte-derived macrophages which produce IL-6 and is associated with an
increase in NT-proBNP and acute phase proteins.
208

Between these two time-points, at 1-day post MI, there is a large increase in sIL-6R
associated with peak myocardial neutrophil concentration, which drives the
monocytic phase of inflammation through upregulating the production of CCL2. IL-6
levels remained elevated in the myocardium until day-7 post MI. This time-course
therefore provides a rationale for targeting IL-6 immediately post reperfusion and for
the first 7 days post MI.
5.1.9

Technical issues encountered during the characterisation experiments

As detailed in Chapter 2, there was a significant technical issue with the
measurement of inflammatory cytokines with the MSD V-plex kit between the two
plates used. The first plate included samples from the original characterisation
experiments and the second included additional vehicle controls, shams and
samples from the therapeutic experiments. The intention had been to pool all the
vehicle control data to increase statistical power. However, it was apparent that the
measurements for many of the analytes were significantly different between the two
plates. As a result, the data was not pooled as originally intended. The two plates
were run over one year apart and were from different batches. In retrospect there
were two key differences in how the samples were treated that may have affected
the outcome. In the first instance, the samples were thawed before being re-frozen
at -80˚C, then on the morning that the plate was run, they were thawed to room
temperature and used immediately. In the second instance, the samples were
thawed the night before on ice, kept at 4˚C overnight and used the next morning.
The concentrations measured in the second run were generally higher than the first.
Therefore, the differences were an extra freeze-thaw sample, and more rapid
thawing in the case of the first run. Given that freeze-thaw cycles are known to
affect protein stability [229,230], this may account for the differences between the
two sets of measurements.
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5.2

Rat Coronary Artery Endothelial Cell culture and anti-IL-6 drugs

The endothelium is a key tissue which controls leukocyte trafficking during
inflammation [231]. The RCAEC assay was primarily developed in order to select
and validate the drugs used for the in vivo therapeutic intervention experiments.
However, it also provided insights into the role of IL-6 in orchestrating inflammation.
5.2.1

The effect of IL-6 stimulation of RCAECs

In contrast to venous ECs which have been reported to respond primarily to IL-6
trans-signalling [58,83,178,179], the RCAECs responded directly to IL-6 with little
additional response when co-cultured with sIL-6R. Thus they were a model of IL-6
classic signalling. Human coronary artery ECs have also been reported to respond
directly to IL-6, but in contrast to the RCAECs, greater responses were achieved
with the addition of sIL-6R, suggesting some inter-species variability [183].
As expected, the RCAECs respond to IL-6 by upregulating ICAM-1 and CCL2 which
are well-described responses [58,83,178,179]. However, unexpectedly, IL-6 also
increased RCAEC production of all other measured chemokines and cytokines,
other than CXCL1. This effect has not previously been described and broadens the
potential role of IL-6 in orchestrating the inflammatory response post MI.
The RCAECs also shed the sIL-6R, suggesting they may also play a role in driving
trans-signalling within the coronary circulation.
Collectively these data suggest that classic signalling may play a pro-inflammatory
role in promoting leukocyte trans-migration through coronary arteries in the rat.
However, given that the vast majority of leukocyte trafficking occurs in the postcapillary venules rather than in the arterial circulation [231] and that venous ECs
respond most significantly to IL-6 trans-signalling [58,177,180], trans-signalling is
the predominate pathway which controls the infiltration of inflammatory cells.
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5.2.2

Selection of a pan-IL-6 antagonist

In order to select an antibody that blocked pan-IL-6 signalling, six antibodies were
assessed. These were all the commercially available anti-rat IL-6/R antibodies and
three had previously been used in the literature: the goat polyclonal anti-IL-6 Ab
‘AF506’ [169–174], the rat monoclonal anti-IL-6R Ab ‘15A7’ [147,160,161] and the
humanised monoclonal Ab anti-IL-6R Ab ‘TCZ’ [160,162–168].
However, of these six antibodies only one, AF506, antagonised IL-6 in a dosedependant manner.
The results for 15A7 and TCZ were particularly surprising given their extensive use
in the literature. 15A7 was originally raised against mouse IL-6R but is reported to
cross-react with the rat receptor [147,160,161]. However, in addition to failing to
antagonise IL-6 in vitro, it also failed to work for flow-cytometry of rat leukocytes (x2
different manufacturers) and no reports of it inhibiting IL-6 in vitro could be found.
TCZ, which is used clinically, is expressly stated to not cross-react with rat IL-6R by
the manufacturer Roche [176] which supports the finding that it failed to antagonise
rat IL-6. These results therefore call into question the studies that have employed
these two antibodies in the rat.
The other antibodies, including 10E5, ab9324 and LS-C2 are not sold for IL-6
blockade and therefore it was less surprising that they did not work for this
application.
Interestingly, several of the antibodies stimulated RCAEC expression of ICAM-1 and
CCL2. The cause of this was not investigated, but may include additives such as
sodium azide and may have been mediated by non-specific biding of antibodies to
Fcγ receptors which have been reported to be expressed on the endothelium [232].
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5.2.3

In vivo validation of sgp130Fc

In contrast to the anti-IL-6-Abs, only one manufacturer produces rat sgp130Fc and
therefore the RCAEC assay was used to validate this recombinant fusion protein.
The data demonstrated that sgp130Fc antagonises IL-6 in the presence of sIL-6R,
with no effect on free IL-6, confirming its mechanism of action as a specific inhibitor
of IL-6-sIL-6R complexes.
5.2.4

Dose selection and frequency of sgp130Fc and anti-IL-6-Ab

As described, the dose (0.1 µg/mg) and frequency of administration of the anti-IL-6Ab was based on both literature and experimental data. Although the intention had
been to administer a single dose at reperfusion, a rapid drop in the concentration of
the antibody between administration and day-1 post MI, necessitated a second dose
on day 3. This drop likely due to its binding to the large quantities of IL-6 released
during the first few hours post MI.
Sgp130Fc was used at a dose of 0.5 µg/mg, as this dose has been used
extensively in the literature [188–192]. Data from the investigative brochure for the
Phase 2 human studies of sgp130Fc suggest a plasma concentration of 1 µg/ml
sgp130Fc is required to fully antagonise IL-6 trans-signalling [133]. Given the
estimated plasma volume of a 250 g rat is 10 ml, a dose of 125 µg (0.5 µg/mg) will
result in Cmax of approximately 12.5 µg/ml – i.e. >x10 the minimum required
plasma concentration.
Unlike the anti-IL-6-Ab, sgp130Fc was only given once and its concentration in vivo
was not measured. The half-life of sgp130Fc in humans is reported to be
approximately 4.7 days [133]. In vivo data regarding the pharmacokinetics of
sgp130Fc in animals is lacking, however, given this reported half-life a single dose
was felt to be sufficient to block IL-6 trans-signalling over the intended period of 7
days post MI.
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5.2.5

Differential effects of sgp130Fc and anti-IL-6-Ab on IL-6 classic
signalling

The anti-IL-6-Ab and sgp130Fc were used to test the hypothesis that exclusive IL-6
trans-signalling antagonism will have benefits over pan-IL-6 blockade in a model of
MI. This approach assumes that sgp130Fc does not block IL-6 classic signalling.
However, in the RCAEC experiments, sgp130Fc fully antagonised IL-6 signalling,
suggesting that all IL-6 molecules were trapped in IL-6-sIL-6R-sgp130Fc
complexes. Indeed, the capacity of sgp130Fc to indirectly block IL-6 classic
signalling by removing free IL-6 has been reported previously [233]. However, in the
in vivo setting this capacity has been shown to be dose-dependant with the dose
employed in the therapeutic intervention experiments having little or no effect on
free IL-6 [188,233].
The results support the assertion that the dose of sgp130Fc used in the in vivo
therapeutic experiments did not block IL-6 classic signalling. Firstly, while the early
peak in plasma IL-6 levels was significantly reduced by the anti-IL-6-Ab it was
unaffected by sgp130Fc. Therefore, sgp130Fc did not reduce the proportion of free
IL-6. Secondly, whereas treatment with the anti-IL-6-Ab led to significant reductions
in CD11b expression on macrophages, sgp130Fc did not have this effect. Since
macrophages express high levels of membrane IL-6R [114], this is evidence of
classic signalling antagonism by the anti-IL-6-Ab and preservation of this signalling
pathway by sgp130Fc.
A further consideration is whether sgp130Fc has the capacity to antagonise the
signalling of other IL-6 family cytokines or is specific to IL-6. Such cytokines include
ciliary neurotrophic factor (CNTF), LIF, oncostatin M (OSM), CT-1, cardiotrophin like
cytokine (CLC), IL-27 and IL-11. All IL-6 family cytokines are characterised by their
use of gp130 as the β subunit of their receptors [234]. However, unlike IL-6 which
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binds to a dimer of gp130-IL-6R complexes all the other IL-6 cytokines (with the
exception of IL-11) bind a singular complex of gp130 with their respective receptors
[201]. Therefore, the affinity of these cytokines to the dimeric sgp130Fc protein is
much lower than to their specific membrane-bound receptor complexes and therefore
it has little or no inhibitory activity on their signalling [235].
The exception to this may be IL-11. IL-11 and its receptor are expressed specifically
in fibroblasts and mediate fibrogenic protein synthesis [236]. Like IL-6R, the IL-11R
associates with a dimer of gp130 [237] and it has recently been reported that in the
same manner as the IL-6R, IL-11R can be shed from membranes and that the sIL11R can effect trans-signalling [237]. Importantly sgp130Fc antagonises this pathway
and therefore any effects of sgp130Fc may in part be due to IL-11 trans-signalling
antagonism [237]. However, there have been no reports of measureable amounts of
the sIL-11R in the plasma of humans or mice [201] and therefore the importance of
this pathway in vivo is likely to be minimal.
In summary, the differences observed between sgp130Fc and the anti-IL-6-Ab were
consistent with differential effects on IL-6 classic signalling as intended, with
sgp130Fc having negligible off-target effects on other IL-6 family cytokines.
5.3

IL-6 antagonism in the rat model of myocardial infarction with
reperfusion

5.3.1

The effect of anti-IL-6-Ab and sgp130Fc on infarct size

This study is the first to demonstrate that pharmacological antagonism of IL-6 in an
animal model of MI with reperfusion reduces infarct size. This effect was achieved
with exclusive trans-signalling blockade with sgp130Fc but not with pan-IL-6
blockade with an anti-IL-6-Ab. This supports my original hypothesis and suggests
that while IL-6 trans-signalling plays a role in driving infarct progression, classicsignalling is protective.
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The lack of a reduction in infarct size with pan-IL-6 blockade reflects that of Hartman
et al, who subjected mice to 45 minutes of left coronary artery ligation and
administered an anti-IL-6R-Ab 5-minutes prior to reperfusion and found no effect on
scar size [127]. In contrast, Jong et al [126], employed IL-6 KO mice in an MI model
with reperfusion and found infarct size was reduced 1-day post MI compared to
wild-type controls. However, this model is difficult to compare to pharmacological
blockade as other groups have reported that IL-6 KO mice upregulate other IL-6
family cytokines which compensate for its loss during MI [124].
The human study of pan-IL-6 blockade with TCZ in NSTEMI included serum highsensitivity Troponin T as a measure of myocardial damage and found that this was
reduced in the treatment group (median area under the curve during hospitalisation
234 vs 159 ng/L/h P=0.007) [33]. However, NSTEMI is significantly different from
STEMI in terms of both pathophysiology and treatment. Whereas STEMI occurs in
as a consequence of a fully occluded coronary artery, and the treatment is
emergency revascularisation with PCI (as modelled in this study), NSTEMI occurs in
the context of a partially occluded vessel and interventional treatment is less urgent
[238]. In the Oslo NSTEMI TCZ trial, patients were enrolled on average 2 days after
symptoms onset [33]. Thus, this clinical trial suggests some benefit in NSTEMI but
is not directly applicable to the STEMI model employed in this thesis.
5.3.2

The effect of sgp130Fc and anti-IL-6-Ab on the acute phase of
inflammation (up to 1-day post MI)

The difference in the effect on infarct size observed between the two different
approaches to IL-6 antagonism may be related to the greater anti-inflammatory
effects achieved by sgp130Fc in the first 24-hours post MI.
In rats treated with sgp130Fc there was a significant reduction in myocardial
neutrophil and total mononuclear phagocyte concentration observed day-1 post MI.
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There were also significantly more classical monocytes within the myocardium in
those treated with anti-IL-6-Ab compared with sgp130Fc. Neutrophils and classical
monocytes have been implicated in driving myocyte death through the release of
ROS and proteolytic enzymes [18,74,239] as well as contributing to microvascular
obstruction and the ‘no-reflow’ syndrome [90,240,241]. Thus, this reduction in innate
inflammatory cells may have contributed to the smaller infarct size in the sgp130Fc
group.
Interestingly, there was a significant reduction in lymphocytes within the
myocardium 1-day post MI in both drugs groups; however, it is not possible to say
which lymphocyte sub-type accounted for this reduction. In recent years, the role of
adaptive immunity in MI has been elucidated. For example, MI has been shown to
activate cardiac-specific T-cells which recognise cardiac self-antigen α-myosin
[242], which may lead to persistent myocardial inflammation [243]. Although the role
of IL-6 in lymphocyte biology is complex, IL-6 trans-signalling has been shown to
play a key role in lymphocyte trafficking, via up regulation of L-selectin [244,245].
Thus, the reduction in lymphocytes in the first 24-hours post MI is evidence for the
role of IL-6 trans-signalling in their trafficking and may have also contributed to the
therapeutic benefit by reducing inflammatory reactions to cardiac self-antigens.
The effects of sgp130Fc and anti-IL-6-Ab on soluble mediators in first day
post MI
Despite the reduction in neutrophils and mononuclear phagocytes in the sgp130Fc
group day-1 post MI, there were no significant reductions in cytokines or
chemokines to account for this finding. In the Oslo TCZ NSTEMI trial, there were
also no reductions in circulating cytokines in patients treated with TCZ [128].
However, since IL-6 stimulated RCAECs produced a range of cytokines, including
IL-1β and TNFα it is possible the drugs had an effect reducing cytokine expression
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at the local level that was not detected in the systemic circulation or in the heart
digests.
IL-6 regulation of adhesion molecule expression
A potential mechanism to account for the reduction in myocardial inflammatory cells
observed in the sgp130Fc group is the downregulation of endothelial adhesion
molecules including ICAM-1.
ICAM-1 is upregulated on ECs and myocytes in a predominately IL-6 transsignalling dependant manner facilitating both leukocyte trafficking [58,177,180] and
neutrophil-mediated myocyte necrosis [6,74,75,87]. In animal models of MI, ICAM-1
antagonism results in reduced leukocyte recruitment [246] and infarct size [247].
Therefore, although not directly assessed in the in vivo experiments, this is a
reasonable hypothesis to account for the anti-inflammatory effects of IL-6 transsignalling blockade (Figure 5.2). However, since both sgp130Fc and the anti-IL-6Ab block IL-6 trans-signalling the differences observed between the two groups is
due to the preservation of several anti-inflammatory effects of IL-6 classic signalling
in the sgp130Fc group. These include effects on CXCL1 expression and monocyteendothelium cross talk.
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Figure 5.2: IL-6 trans-signalling upregulates adhesion markers to facilitate
leukocyte trafficking
A: Trans-signalling mediated by IL-6 + sIL-6R upregulates adhesion molecules including
ICAM-1 in post-capillary venules to facilitate leukocyte trafficking. B: Blockade of transsignalling with sgp130Fc or anti-IL-6-Ab reduces cell trafficking by reducing the expression
of adhesion molecules.

IL-6 regulation of CXCL1 production
CXCL1 is crucially involved in both neutrophil [118] and classical monocyte
trafficking [119] and is negatively regulated by IL-6 [115–117]. This antiinflammatory effect is mediated by IL-6 classic signalling-induced suppression of
mast cells and macrophages, which have been implicated as the main producers of
this chemokine during the early stages of inflammation post MI [118,248] (Illustrated
in Figure 5.3).
This mechanism therefore likely explains the increase in plasma CXCL1
concentration 4-hours post MI in the anti-IL-6-Ab group. That pan-IL-6 antagonism
can increased CXCL family cytokines is supported by data from the Oslo NSTEMI
TCZ trial. In a follow-up paper the group examined the effect of TCZ treatment on a
series of cytokines and chemokines [128]. Although they did not include CXCL1 in
their measurements, the related CXCL chemokines CXCL8 (IL-8) and CXCL10 (IP10) were both elevated in the TCZ group [128].
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Therefore, the increase in CXCL1 due to classic-signalling antagonism in the antiIL-6-Ab group may have negated the anti-inflammatory effects of trans-signalling
blockade.

Figure 5.3: IL-6 classic signalling negatively regulates CXCL1 production
A: CXCL1 produced by macrophages and mast cells during acute inflammation drives
trafficking of neutrophils and classical monocytes. B: IL-6 supresses the production of
CXCL1 by monocytes and macrophages in a classic-signalling dependant manner, reducing
cell trafficking.

IL-6 regulation of monocyte–endothelium cross-talk
A second potential explanation for the differences in inflammatory cell numbers is
based on the work of Chimen et al on monocyte–endothelium cross talk [202] and is
illustrated in Figure 5.4. In a series of coculture experiments they demonstrated that
non-classical monocytes patrolling the endothelium facilitate neutrophil trafficking by
the production of TNFα which in turn stimulates endothelial expression of adhesion
molecules [202]. However, IL-6 produced by classical monocytes (among other cell
types) supresses the TNFα production of non-classicals and thereby reduces
neutrophil trafficking [202]. Supporting this, they showed that IL-6 antagonism
increased neutrophil trans-migration [202], a finding also reported by others [111].
The reduction in endothelial activation would also be expected to impact on
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classical monocytes trafficking. Crucially this effect of IL-6 is classic-signalling
dependant and therefore sgp130Fc would also maintain this anti-inflammatory effect
whereas the anti-IL-6-Ab would not.
Although, there were no differences in TNFα concentration in plasma or
myocardium observed in the experiments to directly support this hypothesis, this
may be because of the time-points examined (e.g no 4-hour myocardial
measurements) or because TNFα is produced locally at low concentrations making
differences difficult to detect in plasma. However, since TNFα also stimulates
endothelial CXCL1 production [115], this is another possible explanation for the
increase in this chemokine in the anti-IL-6-Ab group.
Support for the hypothesis that pan-IL-6 blockade can actually increase the
expression of endothelial adhesion molecules comes from another study based on
samples form the Oslo NSTEMI TCZ trial. Holte et al measured soluble VCAM-1
and ICAM-1 levels in 117 patients from the trial [129]. They found that not only did
TCZ fail to reduce sICAM-1 levels, but it significantly increased sVCAM-1 levels
[129].
Therefore in summary, failure of the anti-IL-6-Ab to reduce inflammation and infarct
size in the same manner as sgp130Fc may be due to the loss of several important
anti-inflammatory mechanisms including suppression of CXCL1 and ICAM-1
expression, which mitigate the benefits of trans-signalling blockade.
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Figure 5.4: IL-6 regulates monocyte-endothelium cross talk to supress
leukocyte trafficking
A: Non-classical monocytes produce TNFα which stimulates endothelial adhesion molecule
expression and production of chemokines including CXCL1. This in turn drive transmigration of classical monocytes and neutrophils. B: IL-6, partly produced by classical
monocytes supresses the TNFα production of non-classical monocytes, reducing leukocyte
trafficking.

5.3.3

Non-inflammatory mechanisms of myocyte death

Although not examined in this study, another possible mechanism contributing to
the different effects on infarct size in the two treatment groups is Ca2+-dependant
contraction-band necrosis. Smart et al demonstrated that IL-6 protects against this
mode of myocyte death via a classic-signalling dependant mechanism [93].
Therefore, blockade of this protective mechanism in the anti-IL-6-Ab group may
have increased myocyte loss due to contract-band necrosis and contributed to its
lack of efficacy.
In addition to necrosis, apoptosis is another main mechanism of myocyte death in
MI. However, there are conflicting data regarding the role of IL-6 in driving apoptosis
post MI [98,172,210,249,250]. Caspase-3 is the terminal caspase, acting as nexus
point of the both the extrinsic and intrinsic apoptotic pathways [193]. C-caspase-3,
triggers caspase-activated DNase which subsequently cleaves DNA leading to cell
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death [193]. Therefore, to investigate the effects of IL-6 antagonism on apoptosis, ccaspase-3 was measured in heart tissue by immunohistochemistry. This is regarded
a more specific means of measuring apoptosis compared with the terminal
transferase-mediated DNA nick-end labelling (TUNEL) technique which labels cells
with DNA strand breaks, as this process may occur under other pathological
circumstances such as necrosis [195].
Interestingly, although neither drug had a significant effect on myocyte c-caspase-3
expression, sgp130Fc significantly increased apoptosis of non-myocytes, whereas
the anti-IL-6-Ab had no significant effect. IL-6 has been shown to have antiapoptotic effects mediated by both PI3K/AKT [93,95] and STAT3 pathways [96,251],
and therefore this may explain this finding. However, it is unclear why the effect was
more pronounced in the sgp130Fc group. One potential explanation is that if
necrosis of cells is reduced to a greater extent by sgp130Fc, there are more
salvaged cells capable of undergoing apoptosis. If this were indeed the case,
apoptosis would be the preferred mechanism of cell death since cells undergoing
apoptosis do not produce pro-inflammatory DAMPs and cytokines [252]. Although
the precise cause and consequence of this finding are uncertain, the net effect of
sgp130Fc in the first 24 hours post MI is beneficial with reduced infarct size and
inflammation.
5.3.4

The effect of sgp130Fc and anti-IL-6-Ab on cardiac function

In addition to a reduction in infarct size, this is also the first study to demonstrate a
functional benefit of IL-6 antagonism in an MI model with reperfusion. This benefit
was observed at day 28 post MI and was achieved with sgp130Fc but not the antiIL-6-Ab.
Interestingly, 1-day post MI LVEF was reduced in the anti-IL-6-Ab group but not in
the vehicle or sgp130Fc groups. Since infarct size and LGE were very similar

222

compared with the vehicle control group, this acute reduction in LVEF can not be
explained in terms of the area of myocyte damage.
Furthermore, IL-6 decreases myocyte contractility via an iNOS-dependant
mechanism [93,251,253] and in the context of trauma-haemorrhage, pan-IL-6
antagonism improved cardiac function [254]. Therefore, a direct effect of IL-6
antagonism on myocyte contractility appears to be an unlikely cause of this finding.
Speculatively, the effect may therefore be a result of increased inflammation
characterised by higher CXCL1 and classical monocytes concentrations as well as
possible loss of IL-6 mediated protection against hypercontracture in early phase
post-reperfusion.
LVEF 28-days post MI was significantly reduced in both the vehicle and anti-IL-6-Ab
groups compared with the aged-matched naïve controls. However, in the group that
received sgp130Fc LVEF did not significantly drop, demonstrating a protective
effect of this therapy on cardiac function.
The lack of a beneficial effect of pan-IL-6 blockade on LVEF, is in agreement with
the results of Hartman et al who found that weekly injections of an anti-IL-6R-Ab for
28 days did not improve LVEF [127]. Indeed they found that it reduced LVEF in
mice relative to controls (28% vs 35%) [127]. Similarly, the Oslo NSTEMI TCZ trial
found no improvement in LVEF the treatment group (although the study was no
powered for this) [128].
5.3.5

The effect of sgp130Fc and anti-IL-6-Ab on late gadolinium
enhancement and scar size

Although there were no significant differences in LGE between groups at either 1 or
28-days post MI, there was a trend towards reduced LGE in both drugs groups and
a significant reduction in LGE over time in the sgp130Fc group.
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Chronically (i.e. 28-days post MI), LGE is an established marker which is very
closely linked to histological measurement of scar formation [255]. However, in the
acute phase (i.e. 1-day post MI) what LGE represents is less certain [256]. It does
not represent fibrosis or scar tissue given that this takes weeks to develop and LGE
can be positive as early as 1-hour post MI [197]. Nor is it likely to accurately
represent infarct size, given that the correlation between acute and chronic LGE is
very poor and acutely positive areas of LGE can fully regain function [256,257].
Accordingly, It has been proposed that acute LGE represents ‘reversibly injured
myocardium’ [256,258]. The LGE results can therefore be interpreted as showing
that administration of sgp130Fc, but not the anti-IL-6-Ab salvages ‘at-risk’
myocardium.
Although LGE 28-days post MI did not differ significantly between the groups there
was a trend towards a reduction in both treatment groups. The gold-standard for
measuring scar size post MI is histology. Unfortunately, accurate histological
measurement of scar size with Masson’s Trichrome was hampered by significant
technical difficulties. This included variation in the quality of staining (possibly the
result differences in fixation times) and a decision to change the orientation of slices
during the experiments. As a result, not all the samples could be included in the
analysis and only 4 samples were included from the vehicle and sgp130Fc groups.
This therefore limits the power to detect differences between groups.
The mechanisms underpinning the preservation of LVEF and reduction in LGE in
the sgp130Fc group likely include both the attenuated infarct size achieved in the
first day post MI in addition to effects on inflammation and remodelling beyond the
first 24 hours. First, the effects of both drugs day-3 post MI will be explored, before
those observed at 28 days.
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5.3.6

The effects of sgp130Fc and anti-IL-6-Ab on inflammation day-3 post MI

The most significant effect of sgp130Fc on inflammation day-3 post MI was the
reduction in MHC-IIneg macrophages. Within this subset of macrophages, the
reduction was predominately due to a fall in the CD163 neg population, which
displayed the most pro-inflammatory phenotype.
Classical monocyte derived, pro-inflammatory macrophages play a significant role in
the infarcted myocardium, releasing inflammatory mediators, ROS and proteases,
phagocytosing apoptotic and necrotic cells and debris, promote angiogenesis and
stimulate myofibroblasts to synthesise collagen [239].
Although these functions are essential to the reparative process post infarction, the
excessive expansion of inflammatory macrophage numbers observed after MI with
reperfusion can result in delayed resolution of inflammation, increased fibrosis and
reduced LVEF [8]. Therefore, a reduction in the number of pro-inflammatory
macrophages would have contributed to the beneficial effect of sgp130Fc on
cardiac function post MI.
CCL2 is one of the main chemokines responsible for monocyte infiltration to sites of
inflammation [222]. Myocardial CCL2 concentration was reduced by >50% in both
drug groups day-3 post MI. However, a reduction in macrophage numbers was only
observed in the sgp130Fc group (Figure 5.5). This difference may have been due
to the increase in myocardial classical monocytes in the first 24 hours post MI in
those that received the anti-IL-6-Ab (Possibly due to increased CXCL1).
In addition to its role in monocyte chemotaxis, CCL2 also has direct effects on
mononuclear cells stimulating respiratory burst [259] and production of IL-6 and IL1β [109]. CCL2 has therefore been considered to be a potential therapeutic target in
MI [213]. However, although genetic or pharmacological CCL2 blockade
significantly reduces macrophage numbers and fibrosis in the heart post MI, it has
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no effect on infarct size or neutrophil numbers and results in poor wound healing
with delayed granulation tissue [106].
Thus targeting IL-6 trans-signalling rather than CCL2 directly has several distinct
advantages. Firstly, it reduces neutrophil influx as well as infarct size and secondly,
it attenuates rather than fully ablates CCL2 which may ameliorate the
disadvantages associated with its antagonism.

Figure 5.5: IL-6 trans-signalling upregulates endothelial CCL2 production to
facilitate classical monocyte trafficking.
A: Trans-signalling mediated by IL-6 + sIL-6R upregulates CCL2 production from postcapillary venules to facilitate classical monocyte trafficking. B: Blockade of trans-signalling
with sgp130Fc or anti-IL-6-Ab reduces endothelial CCL2 production in addition to ICAM-1
expression, reducing monocyte trafficking.

The effect of sgp130Fc and anti-IL-6-Ab on circulating cell concentrations
Interestingly, neither drug had a significant effect on the numbers of circulating cells
over time. In the Oslo NSTEMI TCZ trial, the administration of TCZ was associated
with a significant neutropenia [33]. Indeed this is a well recognised effect of TCZ,
however the mechanism is not fully understood [260]. The difference between the
administration of TCZ and the anti-IL-6-Ab may be due to drug or species specific
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effects and the implications of this difference are unclear. However, in the absence
of any significant effects on cytokines, it has been suggested that TCZ-induced
neutropenia may be a primary mechanism underpinning its effectiveness at
reducing Troponin in NSTEMI [128]. Therefore the lack of this effect in rats that
received the anti-IL-6-Ab in this study may account for its lack of efficacy.
The effect of sgp130Fc and anti-IL-6-Ab on NT-proBNP and acute phase
proteins
NT-proBNP was reduced in both drug groups 3-days post MI suggesting possible
benefit at this time-point given that its acute elevation is stimulated by stretch [225],
and hypoxia [226]. However, there was no change 28-days post MI.
Neither drug had a significant effect on the two acute phase proteins, however there
was a trend to reduction in α2-macroglobulin in both groups at day-3 post MI. The
lack of a significant effect was unexpected, particularly for pan-IL-6 blockade given
that IL-6 is known to drive the acute phase response [261]. Indeed in the Oslo TCZ
NSTEMI trial, the primary outcome was reduction in CRP which was achieved [128].
α2-macroglobulin and α1-acid glycoprotein were chosen as acute phase proteins
above other such as CRP as they are reported to be the most significantly
upregulated during inflammation in the rat [262].
However, the lack of a significant reduction in these proteins with anti-IL-6-Ab
suggests that IL-6 may not be the main driver of their production in the rat post MI,
and that IL-1β, which is another key regulator of the acute phase response [261]
may play a more significant role.
5.3.7

The effect of sgp130Fc and anti-IL-6-Ab on inflammation day-28 post MI

One of the most striking and unexpected findings was the significant increase in the
plasma concentration of several cytokines and chemokines 28-days post MI in the
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anti-IL-6-Ab group but not in those that received vehicle or sgp130Fc. This included
IL-1β, CCL2, IL4 and IFNγ. The CCL2 result was particularly remarkable, with the
concentration of 7.72 ng/ml exceeding the peak concentration seen day-3 post MI in
the vehicle group (4.4 ng/ml).
These data demonstrate that a chronic inflammatory process was the consequence
of IL-6 classic signalling antagonism during the acute phase of inflammation.
This is a unique finding in the context of MI studies. Hartman et al did not measure
cytokines in their study [127] and the measurement of cytokines in the Oslo cohort
did not include time-points beyond day 3 [128].
Although further experiments are required to understand the underlying mechanism,
it signals the importance of IL-6 classic signalling in the resolution of inflammation.
The role of IL-6 as natural ‘brake’ on inflammation was proposed in a paper by Luig
et al [114]. In their study of murine nephrotoxic nephritis (NTN), they found that panIL-6 antagonism increased macrophage accumulation in the kidney and worsened
renal function, whereas treatment with sgp130Fc did not [114]. By employing mice
specifically lacking membrane-bound IL-6R on cells of the myeloid lineage, they
showed that classic IL-6 stimulation of myeloid cells is required to dampen down the
acute inflammatory response [114].
Other studies have shown that IL-6 skews macrophages towards an M2-like
phenotype which produce the anti-inflammatory cytokine IL-10 [120–122].
Supporting this role of IL-6, Luig et al in their study of NTN found that treatment with
an anti-IL-6R-Ab led to a predominance of M1-type macrophages [114].
That the anti-IL-6-Ab, but not sgp130Fc interfered with the effects of IL-6 on
macrophages is supported by the pattern of CD11b expression, which was only
reduced by pan-IL-6-blockade.
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Speculatively, these studies suggest that the reason for the increased plasma
cytokines 28-days post MI in the anti-IL-6-Ab group, may be due to an increase in
the activity and/or number of pro-inflammatory ‘M1’ macrophages in the
myocardium between day 3 and day 28 post MI. Furthermore, this chronic
inflammation may have contributed to the lack of efficacy in the anti-IL-6-Ab group.
5.3.8

Summary of findings

In summary, sgp130Fc but not the anti-IL-6-Ab reduced infarct size, preserved
ejection fraction and reduced LGE in a rat model of MI with reperfusion, supporting
the hypothesis that exclusive IL-6 trans-signalling blockade but not pan-IL-6
blockade would be of benefit post MI with reperfusion.
Sgp130Fc but not the anti-IL-6-Ab was associated with reduced infiltration of
neutrophils and mononuclear phagocytes in the first day post MI. This is likely due
differential effects on the key inflammatory mediators including CXCL1 and ICAM-1.
In addition, sgp130Fc, but not the anti-IL-6-Ab was associated with a significant
reduction in macrophages day-3 post MI. However, both drugs reduced CCL2 and
NT-proBNP concentrations at this time-point.
Despite some potential benefits of pan-IL-6 blockade, including the reduction in
CCL2 and NT-proBNP and a trend towards reduced LGE 28-days post MI, these
effects did not translate to any benefit in terms of LVEF. This may be due to the lack
of an effect on infarct size in the first 24 hours as well as a marked inflammatory
response 28-days post MI.
In conclusion, this is the first study to show benefits of exclusive IL-6 trans-signalling
blockade in MI and suggests that sgp130Fc may be a novel therapeutic agent to
improve cardiac function after STEMI.
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5.4

Study strengths and limitations

The in vivo therapeutic intervention studies employed an appropriate animal model
of STEMI, including a period of ischaemia followed by reperfusion to mimic
treatment with PCI. The drugs were administered at reperfusion, which is a clinically
relevant time-point and addresses one of the criticisms of animal models in which
therapeutics are often given pre-infarction [24]. Drugs that were used in vivo, were
first validated in vitro with a bespoke cell-culture assay, which avoided reliance on
erroneous literature to guide antibody selection [147,160,161].
The primary outcome measures of infarct size and LVEF are clinically relevant and
the use of CMR enabled the in vivo measurement of tissue damage by LGE over
time, which would not have been possible histologically. The time-points used to
measure the effect of the drugs on inflammation were selected after a through
characterisation of the model and the use of flow-cytometry to quantify leukocytes in
the heart had never been performed previously in the rat and provided key
mechanistic insights.
However, the study was not without its limitations. Primarily, the use of an animal
model has inherent caveats, which may limit the translatability of the findings.
Firstly, there may be significant inter-species biological variability in the key
pathways examined. For example, while pan-IL-6 blockade in the Oslo TCZ
NSTEMI clinical trial caused neutropenia, this effect was not seen in the rat.
Secondly, the mechanism of inducing MI – surgical ligation of the LAD, does not
accurately recapitulate the pathophysiology in humans i.e. atherosclerotic plaque
rapture and the subsequent formation of thrombosis [25]. Plaque rupture is a
complex process involving multiple inflammatory pathways including IL-6 [263].
Therefore IL-6 antagonism may have different results in this context (although there
may also be additional benefit in stabilising plaque [264]). Thirdly, the model
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employed young animals, with no co-morbidities and included no concomitant
drugs. Co-morbidities such as obesity, hypertension [265] and diabetes [266] are all
associated with elevated levels of IL-6, and therefore antagonism may have
different results in these contexts. Furthermore, common drugs which are used in
cardiovascular disease including statins and angiotensin receptor blockers have
been shown to down-regulate IL-6 [267,268] and therefore further specific blockade
may have more limited effects in patients co-administered these drugs.
In addition to the aforementioned issues with the poor reproducibility of the cytokine
ELISAs and the Masson’s Trichrome staining, other more specific limitations of the
study were as follows:
In the therapeutic experiments the hearts from animals sacrificed at 4-hours and 28days were used for immunohistochemistry. This was done to measure apoptosis
and fibrosis at these time points but meant that the effects on inflammatory cells and
mediators within the myocardium could not be measured at these time-points. In
retrospect, additional groups to examine these outcomes would have been very
useful, particularly to understand if the cause of the systemic inflammatory response
in the anti-IL-6-Ab group at day-28 was due to increased macrophages or skewed
polarisation.
The inclusion of measurements of ICAM-1 expression in vivo may have helped
answer the question whether it’s down-regulation plays a role in mediating the antiinflammatory effects of IL-6 blockade.
The acute phase proteins that were measured were not altered by IL-6 antagonism,
therefore the inclusion of CRP as an outcome measure may have provided useful
insights given that it was reduced by TCZ in the clinical trial [33].
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In summary, despite the inherent caveats associated with animal models of MI and
specific technical issues, the experiments were conducting in an appropriate
manner to yield robust data concerning the effects of IL-6 antagonism in MI.
5.5

Study implications and future work

There is significant interest in targeting inflammation as both an acute treatment for
MI, as well as in the primary and secondary prevention of coronary vascular
disease. However, to date no therapy directly targeting inflammation has entered
clinical practice. Drugs targeting Interlukin-6 therefore have the opportunity to be the
first to translate from bench to bedside.
The group that conducted the Oslo NSETMI TCZ trial is currently recruiting for a
further Phase II in STEMI called ASSAIL-MI with an estimated completion date of
November 2019 [130].
The primary outcome of this trial is the myocardial salvage index, measured in the
acute phase by CMR with LGE. Secondary end-points include several other CMR
measures including the extent of microvascular obstruction, final infarct size and left
ventricular size [130].
However, the results of this thesis suggest that a greater clinical benefit is likely to
be achieved with exclusive IL-6 trans-signalling blockade and provide a strong
rationale for a clinical trial of sgp130Fc in STEMI, regardless of the results of the
ASSAIL-MI trial.
This would be possible, given that sgp130Fc, under the brand name of Olamkicept,
is currently undergoing Phase-II clinical trials in inflammatory bowel disease, which
is also due to be completed this year [133].
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Thus, the results of this thesis are timely and translatable and the thrust of my future
work will aim towards conducting a clinical trial of sgp130Fc in STEMI.
An additional consideration of future trials of IL-6 blockade in STEMI, is whether to
administer a single dose of the antagonist at reperfusion as done in this study and
the ongoing clinical trial [130], aimed at reducing inflammation-induced myocardial
injury and therefore the development of heart failure or to give repeated doses to
also target atherosclerosis and reduce recurrent events. This approach is supported
by the genetic relationship between IL-6 and coronary disease [43] as well as a
mouse model of atherosclerosis in which the repeated administration of sgp130Fc
led to significant regression of advanced plaques [189]. Targeting IL-6 for secondary
prevention is also be supported by the results of the Phase III CANTOS trial, in
which IL-1β antagonism led to a reduction in coronary events as well as significantly
reduced IL-6 [269].
Finally, further basic work to understand the role of IL-6 signalling pathways in the
inflammatory process post MI is required. In particular, understanding the cause and
implications of the inflammatory response seen 28-days post MI with pan-IL-6
blockade.
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