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Abstract

Introduction

Monocytes play important roles in inflammation, thrombosis, angiogenesis and tissue
repair and may contribute to the pathophysiology of heart failure (HF). Functional
diversity is likely to stem from the presence of three distinct monocyte subsets, defined
by flow cytometry (FC) as CD14++CD16-CCR2+ (Monl), CD14++CD16+CCR2+
(Mon2) and CD14+CD16++CCR2- (Mon3). The aims of this thesis were to study the
following parameters in patients with ischaemic HF: 1) monocyte subset numbers, 2)
monocyte subset expression of surface receptors for inflammation, angiogenesis, cell
adhesion molecules (CAM) and tissue repair, 3) cross-talk between monocytes and
platelets in the formation of monocyte-platelet aggregates (MPAS).

Methods

Monocyte subsets were analysed by FC on venous blood samples at baseline in 51
patients admitted with acute HF (AHF), 42 with stable HF (SHF), 44 with stable
coronary artery disease (CAD) without HF and 40 healthy controls (HC). Plasma levels
of inflammatory cytokines were also measured by flow cytometric bead array
technology. In AHF, additional longitudinal samples were taken at discharge and 3
months.

Results

Compared to CAD controls, patients with SHF had higher counts of Mon2 and MPAs
associated with Mon2, alongside increased expression of inflammatory markers and
CAM receptors on Mon2. Compared to SHF, those with AHF had higher counts of
Monl, Mon2 and MPAs associated with Monl and Mon2. Patients with AHF also had
increased expression of angiogenic receptors on Monl and increased expression of
angiogenic receptors, scavenger receptors and CAM receptors on Mon2. After adjusting
for confounders, counts of Mon2, MPAs associated with Mon2 and expression of
VCAM-1R on Mon2 were associated with clinical outcomes in AHF.

Conclusions

Differences in monocyte subset numbers and cell surface receptor expression are seen
in patients with HF. Mon2 appears to have a prognostic role in patients with AHF,
however larger studies are required to confirm these findings.
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1.1 Introduction to heart failure

1.1.1 Epidemiology of Heart Failure

Heart failure (HF) is a general term to describe insufficient cardiac output to meet the
requirements of vital organs, or to only do so with elevated cardiac filling pressures.
Approximately 900, 000 people in the United Kingdom (UK) have HF, with 1 in 15 of
the population aged 75-84 years affected.(1) The incidence is likely to rise due to the
combination of an ageing population, improved survival from acute myocardial
infarction (MI) and the development of more effective HF therapy, including drugs,
cardiac resynchronisation and implantable defibrillators. Unfortunately the mortality
rates are still high and one third of newly diagnosed patients will die within the first
year and over 50% within 5 years from diagnosis.(2-4) This puts HF at a similar
mortality rate as those patients with colon cancer and even worse than those with breast

cancer.(5)

The financial impact on the health care system is understandably considerable, and
approximately 2% of the National Health Service (NHS) budget is spent on HF.(6)
Much of this burden arises from frequent hospital admissions, with an estimated 5% of
acute admissions relating to HF and one third of these are re-admitted within 90 days of

initial discharge.

1.1.2 Signs and symptoms of heart failure

HF can be sub-categorised in numerous ways, depending on the cardiac chambers
involved (right or left HF), chronicity (acute or chronic) and impairment of either
systolic or diastolic ventricular function. Historically, HF was regarded as systolic

impairment of cardiac function, although more recent data suggest that up to half of all
16



patients with symptoms of HF have normal ventricular ejection fraction, with the

primary problem being abnormal diastolic performance.(7)

Patients with HF typically present with breathlessness, which can be classified

according to the New York Heart Association (NYHA) functional class.(8) (Table 1.1)

Table 1.1 New York Heart Association classification

Class Patient Symptoms

Class | (Mild) No limitation of physical activity. Ordinary physical activity
does not cause undue fatigue, palpitation, or dyspnoea.

Class Il (Mild) Slight limitation of physical activity. Comfortable at rest, but

ordinary physical activity results in fatigue, palpitation, or

dyspnoea.

Class Il (Moderate)

Marked limitation of physical activity. Comfortable at rest,
but less than ordinary activity causes fatigue, palpitation, or

dyspnoea.

Class IV (Severe)

Unable to carry out any physical activity without discomfort.
Symptoms of cardiac insufficiency at rest. If any physical

activity is undertaken, discomfort is increased.

Other common symptoms include orthopnoea, paroxysmal nocturnal dyspnoea, fatigue

and peripheral oedema. Clinical assessment of these patients may demonstrate an array

of signs, including widespread respiratory crackles, elevated jugular venous pressure,

oedema, heart murmurs and additional heart sounds.

17




1.1.3 Diagnosing heart failure

Several diagnostic tests can be used in the assessment of patients with HF. Chest X-rays
may show cardiomegaly and interstitial oedema and 12-lead electrocardiograms
commonly reveal abnormalities, including the presence of bundle branch block, left
ventricular (LV) hypertrophy, atrial arrhythmias and changes suggestive of previous
MI. Biomarkers may also be used to confirm the diagnosis of HF, with brain natriuretic
peptide (BNP) being the most commonly used. BNP is released from the cardiac
ventricles during pressure or volume overload and is recognised as an independent
prognostic marker in HF, with levels directly correlating with the severity of disease.(9)
However, echocardiography is arguably the most important investigation for diagnosing
HF. This ultrasound examination can quantify the ejection fraction (EF), which is the
fraction of the end-diastolic volume of blood ejected with each contraction of the
ventricle and is reduced in patients with systolic HF. Echocardiography can also
identify underlying valvular abnormalities, as well as evidence of underlying ischaemic
heart disease. Coronary angiography and ventriculography are also frequently used in
the assessment of patients with HF, particularly if there is associated angina and

coronary revascularisation is being considered.

1.1.4 Management and prognosis

The immediate management of acute HF (AHF) is aimed at reducing pulmonary
oedema, improving oxygenation and re-establishing tissue-organ perfusion. Drug
treatment usually consists of vasodilators, diuretics and opiates and if improvements are
not made, inotropes and positive pressure ventilation may also be considered. The
chronic management of stable HF (SHF) involves angiotensin-converting enzyme

(ACE) inhibitors, beta blockers, diuretics and aldosterone receptor antagonists. Patients

18



with evidence of dyssynchronous ventricular contraction may also benefit from
biventricular pacing as well as implantable cardioverter defibrillators. Ultimately, some

patients continue to deteriorate and may be considered for cardiac transplantation.

Patients with HF tend to follow a pattern of disease, with periods of relative stability
periodically interrupted by episodes of acute decompensation, often requiring hospital
admissions (Figure 1.1). Three-quarters of patients with AHF are known to have
chronic SHF, with the remaining quarter presenting acutely with a new diagnosis of
HF.(10) Triggers for acute decompensation and hospital admission include myocardial
ischaemia, poor compliance with medications or failure to adhere to salt and water
restriction, arrhythmias and intercurrent infections. A general progressive deterioration
in myocardial performance can also lead to admissions. Such disease progression
highlights the current limitations in treatment strategies and emphasises the continuing

need to develop new approaches to HF therapy.
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Figure 1.1 The natural history of heart failure

Health

Time

AHF: acute heart failure, SHF: stable heart failure, ESHF: end-stage heart

failure

1.1.5 The aetiology of heart failure

Coronary artery disease (CAD) is the most common underlying aetiology of HF in
Western countries. In a large Italian registry of unselected outpatients with HF, the
underlying cardiac diagnoses were CAD (40%), dilated cardiomyopathy (32%),
valvular heart disease (12%) and hypertensive heart disease (11%). The remaining 5%
comprise of infiltrative disorders such as amyloidosis, connective tissue diseases,

pharmaceutical drugs (e.g. some chemotherapies) and arrhythmias.(11)

It is now well recognised that HF is not simply a disorder affecting the myocardium, but
rather a complex systemic syndrome with interplay between the metabolic,

neuroendocrine and immune systems leading to impaired contractility and considerable
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patient morbidity and mortality.(12,13) There is growing evidence to support an
important role of inflammation in the underlying pathophysiology of HF, underpinned
by both animal and human research.(14) Fundamental to the orchestration of
inflammation are monocytes, which play a pivotal role in the coordination of the
inflammatory cascade and are considered the largest pool of circulating progenitor cells,
with the ability to differentiate into dendritic cells and macrophages. Monocytes have
characteristics that may make them both beneficial and detrimental to the myocardium,
largely due to the existence of diverse monocyte subsets with unique phenotype and
function.(15-18) However, scarce data are available on the characteristics of monocyte

subsets in HF, and this will be the focus of the work in this thesis.

1.2 Heart failure and the inflammatory paradigm

1.2.1 The role of monocyte-derived cytokines

There is growing evidence to implicate the immune system in the pathophysiology of
HF. Markers of inflammation have prognostic significance and in a study of patients
following M, those who developed cardiac pump failure or LV aneurysms had higher
peak monocyte counts than in those free of such complications.(19) Monocyte levels
were also an independent determinant of readmission with HF, recurrent M1 and cardiac
death. However, rather than simply representing a marker of myocardial tissue
inflammation, monocytes directly influence the disease process. Activated monocytes
and macrophages are the major source of cytokines and the increased presence of these
inflammatory proteins have formed the basis of the HF inflammatory paradigm.(20)
Cytokines are a group of biological protein molecules that serve as intercellular
messengers. They are essential for the regulation of target cell proliferation,

differentiation and migration as well as controlling further cytokine secretion by such
21



cells. The most important and well-studied monocyte-derived cytokines implicated in

HF are tumour necrosis factor (TNF) and interleukin (IL)-6.

1.2.1.1 Tumour necrosis factor

TNF exerts its biological activity via TNF receptors type 1 (TNFR1) and 2 (TNFR2),
with  TNFR1 mediating the main effects of initiating cytotoxic and apoptotic
responses.(21) Cleavage of pro-TNF (the membrane anchored precursor) with TNF
converting enzyme gives rise to the soluble form of TNF which stabilizes the TNF
molecule thereby potentiating its activity. TNF is hardly detectable in the normal
myocardium and an association between HF and TNF was first made by Levine and
colleagues in 1990.(22) They demonstrated elevated circulating levels of TNF in
chronic HF patients and numerous animal and human studies have since followed

(Table 1.2).

TNF levels correlate with NYHA class in chronic HF (23, 24) and appear to be elevated
earlier during the process of the disease as compared to classical neurohormones (such
as N-type natriuretic peptide) which tend to be elevated only in severe disease.(20, 23)
Results from the Vesnarinone trial (VEST), which aimed to assess the immune-
inflammatory process in HF (1200 patients with NYHA 111/1V), showed that TNF,
soluble TNFR1 and TNFR2 were significant predictors of mortality in the study
population.(25) The receptors were the most powerful predictors of mortality, perhaps
indicating less variability than TNF itself, which only has a half-life of about 30
minutes.(26) Although TNF is also produced by other cells (e.g. neutrophils) monocytes

are a major source of the cytokine production.(27) Moreover, monocyte TNF
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production (both unstimulated and stimulated with lipopolysaccharide, LPS) parallels

the severity of HF, increasing with disease progression.(28)

Table 1.2 The role of TNF in heart failure

Study

Outcome

Animal Studies

Pagani FD et al(29)

Animal: TNF infusion
Direct infusion resulted in impaired systolic and diastolic

LV function

Buzkurt B (30)

Animal : TNF infusion
Resulted in time dependent depression in LV function
which was partially reversible by stopping infusion and

giving TNF antagonist

Yokoyama T (31)

Animal: Cultured cardiac myocytes stimulated by TNF

Resulted in hypertrophic growth response

Comstock KL, Krown

KA (32, 33)

Animal: TNF induced apoptosis in cardiac myocytes

Bryant D (34)

Animal: transgenic mice with over-expression of
myocyte TNF

Developed biventricular dilatation and reduced ejection
fraction. Pathological examination revealed myocyte

apoptosis and ventricular fibrosis

Sivasubramanian(35)

Animal: transgenic mice with over-expression of TNF

LV remodelling and increased MMP activity
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Human Studies

Levine B (22) Observational study: circulating levels of TNF increased

in CHF and were highest in the most advanced disease

Torre-Amione G (23) Analysis of pro-inflammatory cytokines in the SOLVD
trial. Increased TNF and IL-6 levels correlated with
deteriorating functional class. Other than atrial natriuretic

factor, no associated with neurohormonal levels seen

Comini L (36) Serum from HF patients downregulated eNOS expression
and increases apoptosis which is linked to the activation

of the TNF system.

Deswai A (25) Largest analysis of cytokines in HF: TNF and IL-6
independent predictors of mortality in advanced heart

failure

TNF: Tumour Necrosis Factor; LV: Left Ventricular; MMP: Matrix
Metalloproteinase; SOLVD: Study of Left Ventricular Dysfunction; IL:Interleukin;
NOS: Nitric Oxide Synthase

Increased cytokine production in HF is not restricted to the peripheral circulation.
Examining hearts explanted at the time of transplantation showed that the failing
myocardium produces high quantities of TNF and its receptors.(23) In patients with
acute myocarditis, the presence of virus in the myocardium triggers recruitment of
monocytes, alongside B and T cells, all of which are capable of producing
cytokines.(37) TNF has also been shown to have a direct negative impact on the
myocardium and has been implicated in LV dysfunction, remodelling, myocyte
apoptosis, endothelial function and activation of inducible form of nitric oxide synthase

(iNOS).(38) In a canine model, TNF infusion resulted in impaired LV function (29) and
24



studies in transgenic mice with over-expression of TNF showed an association with
reduced LVEF.(39, 40) As well as directly impairing systolic function, TNF has also
been implicated in LV remodelling. TNF stimulates growth and hypertrophy of cultured
myocytes (31) and progressive LV dilatation is seen in transgenic mice with over-
expression of TNF.(40) A possible mechanism for such dilatation may be due to its
effects on myocardial activity of matrix metalloproteinases (MMPs). This family of
enzymes are able to degrade matrix proteins and are upregulated in the failing
myocardium, as demonstrated by a study using transgenic mice (with selective over
expression of TNF in the myocardium) showing an increase in MMP during the phase

of LV remodeling.(35)

The precise mechanism of TNF action on the myocardium is unclear, but it may exert a
biological effect by impairing coupling of the beta-adrenoceptors-G-protein-adenyl-
cyclase complex, which has a negative inotropic effect (41, 42) and it also stimulates
nitric oxide (NO) production, again causing a negative inotropic effect.(43) Activation
of the sphingomyelinase pathway and NO-mediated attenuation of beta-adrenergic
signalling have also been suggested.(42, 44) A better understanding of the role of

monocyte-derived TNF in HF is therefore needed.

1.2.1.2 Interleukin 6

Elevated levels of IL-6 have also been seen in HF and associates with a poor
prognosis.(45, 46) IL-6 has pleiotropic effects stimulating B-cell differentiation (47),
activation of thymocytes and T cell differentiation (48), activation of macrophages (49)

and natural killer (NK) cells as well as stimulating hepatocytes to produce acute phase
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proteins (e.g. C-reactive protein, CRP). (50) IL-6 can also cause myocyte hypertrophy,

myocardial dysfunction and cachexia, but also inhibits cardiomyocyte apoptosis.(51)

In an analysis from the Prospective Randomised Amlodipine Survival Evaluation
(PRAISE) trial, there was a significant trend for higher rates of adverse outcomes in
chronic HF with higher levels of IL-6.(52) Analogous with TNF, IL-6 is not just a
marker of inflammation and it also exerts direct deleterious effects on the myocardium.
Indeed, subcutaneous infusion of IL-6 in rats resulted in cardiac dilatation, reduced end
systolic pressure and reduced contractility.(53) Monocytes are an important source of
IL-6 and a possible mechanism for IL-6 expression is via stimulation by cardiotrophin-1
(CT-1), which is a member of the IL-6 family of cytokines.(54) In contrast, some have
shown that IL-6 induction by CT-1 could be beneficial, with rat infarct model showing
reduced infarct size and myocyte apoptosis if IL-6/soluble IL-6R complex was given
before coronary artery ligation.(55) These findings highlight the complexity of the HF
cytokine theory and provide some understanding as to why previous attempts to

influence levels of TNF and IL-6 have had mixed results in clinical trials.(56)

1.2.2 Therapeutic approaches to modify inflammation in HF

In contrast to preclinical research, therapeutic modulation of the cytokine system in
clinical trials has been unsuccessful in humans in general and largely disappointing in
patients with HF. Much of the work has focused on targeting TNF, either by using
recombinant TNF receptors that bind TNF and prevent it from binding to target cell
receptors or using monoclonal antibodies to bind to cytokines in the circulation.
Etanercept is an example of a drug that acts as a soluble TNF receptor and has been

used in two clinical trials for patients with HF.(57) Unfortunately, both trials were
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discontinued early as they were unlikely to show a difference in the primary end points
of mortality and hospitalization for HF. The anti-TNF Therapy Against Congestive
Heart Failure (ATTACH) trial used infliximab (humanised mouse monoclonal antibody
against TNF) in patients with moderate to severe symptoms and in fact showed a dose-
related increase in death and HF hospitalisations with infliximab compared with
placebo.(58) Numerous hypotheses have been proposed to explain why TNF
modulation has failed to have any benefit in these clinical trials.(14) One such
explanation is that infliximab is toxic to cells expressing TNF, especially at high plasma
levels seen in clinical trials.(59) This toxicity may be beneficial in conditions such as
rheumatoid arthritis (RA) or Crohn’s disease, but may in fact prove deleterious to
cardiac myocytes. Another explanation may be that monoclonal antibodies have been
shown to have the potential to act as partial agonists for cytokines, thereby potentiating
their actions.(60) Finally, low levels of TNF may be (in part) beneficial to the
myocardium in such processes as tissue repair and remodeling and blocking its effects
may result in worsening HF due to the loss of such benefit. Further attempts to
influence the immune system in HF have included immunoglobulin therapy, where
some improvement in LV function has been observed. (61, 62) However, only small
studies have been performed to date and further data are needed to elucidate the

potential risks and benefits of such treatment.

Rather simplistic attempts to suppress the immune system have not been
overwhelmingly successful and what emerges following these clinical trials is an
appreciation of the complexity of HF and a need for a better understanding of the role of

inflammation and the cells involved.
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1.3 Monocytes

1.3.1 Monocyte Heterogeneity
Monocytes are pro-inflammatory cells involved in the immune response. They originate
from a common myeloid progenitor and account for 3-8% of leukocytes in the

peripheral blood.(63) (Figure 1.2)

Figure 1.2 The origins of monocytes in humans
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Once they leave the bone marrow, monocytes typically circulate or patrol blood vessels
for several days before entering tissues and differentiating into macrophages or
inflammatory dendritic cells.(64-66) An exception to this are monocytes that reside
within the splenic red pulp. In the case of the ischaemic myocardium, this group of
monocytes are released into the circulation and account for 40-75% of the monocytes

within the myocardium.(67) Under steady state, monocytes do not proliferate but in
28



response to injury and infection, they rapidly migrate to sites of inflammation under the
influence of chemokine receptors and pattern recognition proteins.(68, 69) They have
far-reaching functions, including the production of both pro and anti-inflammatory
cytokines, MMPs, growth factors, phagocytosis and the regulation of extracellular
matrix turnover.(16) Such diverse functionality may arise due to the presence of distinct

monocyte subsets.

1.3.1.1 Monocyte subsets in mice

Monocytes are highly diverse cells and the relative expression of surface markers
measured by flow cytometry (FC) allows differentiation into distinct subsets. In mice,
subsets can be divided into Ly-6C™ and Ly-6C', which display differing functional
characteristics.(70) Ly-6C™ monocytes express inflammatory cytokines and proteolytic
mediators and are rapidly recruited to sites of inflammation.(71) Ly-6C' monocytes
appear to have anti-inflammatory properties and are involved in granulation tissue
formation, collagen deposition and healing.(72, 73) Evidence of their diverse functional
characteristics comes from the work done by Nahrendorf et al.(74) Using a model of
myocardial ischaemic injury in mice, they found that Ly-6C™ monocytes were rapidly
recruited to the infarcted myocardium and exhibited phagocytic, proteolytic and
inflammatory functions (phase 1). Later on, Ly-6C' monocytes were recruited to the
myocardium to attenuate the inflammatory processes and promote healing by increasing
myofibroblast activity, angiogenesis and deposition of collagen (phase 2, between 4 and
7 days post infarction). In the same study, the investigators depleted circulating
monocytes during stages 1 and 2 and examined the myocardial response. They found
that attenuating phase 1 monocyte recruitment resulted in larger areas of necrotic tissue

whereas attenuating monocytes during stage 2 resulted in reduced deposition of
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collagen. Whilst Ly-6C"monocyte infiltration into the myocardium appears to initially
confer benefit, there is evidence that continued presence of this subset may produce
deleterious effects. In a further mouse study, persistently high levels of Ly-6C"
monocytes within infarct were associated with impaired infarct healing and delayed
onset of phase 2 activity.(75) This was associated with greater than three-fold higher
myeloperoxidase transcription levels on day 5 post infarct, suggesting hampered
transition from an inflammatory to a healing response. These data therefore suggest a
need for both subsets to be recruited to the myocardium following cardiac insult, but the
timing, extent and duration of involvement is crucial, highlighting the perils of

oversimplifying monocyte subsets as being either ‘good’ or ‘bad’.

1.3.1.2 Monocyte subsets in humans

Human subsets were first described by Ziegler-Heitbrock et al in 1988 based on two-
colour fluorescence.(18) Initially, the cell-surface marker CD14 (LPS receptor) was
used on FC to identify monocytes but for the last 20 years a CD16+ (Fc gamma Il
receptor) subset has been recognised.(17) Using FC to measure the relative expression
of CD14 and CD16, a major subset (~85%) of large-density CD14+CD16- monocytes
(equivalent to mouseLy-6C" subset) and a minor (<15%) subset of smaller, less dense
CD14+CD16++ (equivalent to mouseLy-6C" subset) monocytes were defined. The
major set have also been called ‘classical’ monocytes,(27) and the latterly discovered

CD16+ monocytes have been termed ‘nonclassical’.(76)

More recently, a further monocyte subset has been recognised by the Nomenclature

Committee of the International Union of Immunological Societies, in 2010.(77) This so-
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called ‘intermediate’ subset is denoted by CDI14++CDI16+. The + sign represents

expression that is 10 fold above the isotype control and ++ is 100 fold above.

The contemporary nomenclature of monocytes is therefore:
e Classical CD14++CD16-
e Intermediate CD14++CD16+

e Nonclassical CD14+CD16++

For the purposes of this thesis, the following abbreviations will be used (Figure 1.3):
e Classical = Monl
e Intermediate = Mon2

e Nonclassical = Mon3

Figure 1.3 Monocyte subsets defined by the relative expression of CD14 and CD16

on flow cytometry
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Recognising these subsets as separate entities is important because they differ not only
in their phenotype but also in functionality (Table 1.3). However, much of the previous
work into monocytes have not applied this further subdivision of CD16+ monocytes and
this has the potential to affect results when looking at the functionality of these
subsets.(78)

CD16- monocytes are inflammatory in that they express C-C chemokine receptor type 2
(CCR2) and can also release myeloperoxidase.(79, 80) Interestingly, CD16+ monocytes
may also be considered inflammatory, in that they produce TNF and are increased in

several inflammatory conditions.

As shown in Table 1.3, monocyte subsets express varying surface marker receptors and
have differing functionality. It should be noted that whilst the minor subset in murine
models is regarded as anti-inflammatory, this cannot necessarily be said for its human
counterpart. Mon2 (CD14++CD16+) produce more of the anti-inflammatory cytokine
IL-10 than other subsets and yet also produce similar levels of TNF in response to LPS
stimulation. (77, 81-83) In many inflammatory conditions, the CD16+ monocytes are
up-regulated and this has led to the widespread acceptance of these monocytes being
pro-inflammatory (Table 1.4). However, it should again be emphasised that the vast
majority of previous studies make reference to only two monocyte subsets
(CD14+CD16- and CD14+CD16+) without further subdivision of CD16+ cells and

careful interpretation of such data are needed.
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Table 1.3 Functions of monocyte subsets

CD14++CD16- (Monl)

CD14++CD16+ (Mon2)

CD14+CD16++ (Mon3)

Primary role Phagocytosis, scavenge necrotic | Angiogenesis Collagen deposition, healing, anti-
debris, release of MMP for | Anti-inflammatory cytokine | inflammatory effects
remodelling ECM, cytokine | production (IL-10)
production, release of reactive
oxygen species
Maturity Less mature Data not available More mature: reduced CD33
(based on resemblance expression
to surface  marker
expression on tissue IL-10 can induce CD16
macrophages) expression on monocytes in vivo
with  CD33  downregulation
suggesting that this cytokine
drives maturation
Phagocytic activity High High Low
LPS stimulated | Potent producers of TNF and I1L6 Similar production of TNF to Monl | No effect on cytokine production

cytokine production

Increased production of 1L10

Low expression of I1L10
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Surface expression of

angiogenic receptors
(VEGFR1, VEGFR2,
CXCR4, Tie 2)

Low

High

Low

Adhesion molecules

Medium expression of ICAM-1 and
VCAM-1

High  expression of ICAM-1
receptor.
High  expression of adhesion

molecules and increased monocyte
endothelial adherence

High expression of VCAM-1
receptor

Chemokine receptor Mobilisation (via CCR2 receptor) | Mobilisation (via CX3CR1) to | Data not available
to MCP-1 ligand fractalkine

Scavenger receptors

CD163 (scavenger

receptor binding | Medium High Low

haemoglobin-

haptoglobin complex)

CD204 (class A | Low Medium High

scavenger receptor)

IL: Interleukin, LPS:lipopolysaccharideTNF:Tumour Necrosis Factor; VEGF:Vascular Endothelial Growth Factor; CXCR4.C-X-C
Chemokine Receptor Type 4; ICAM:Intercellular Adhesion Molecule; VCAM:Vascular Cell Adhesion Molecule; MCP:Monocyte
Chemoattractant Protein, CCR2: C-C Chemokine receptor type 2, CD: cluster of differentiation, Mon: Monocyte, MMP: Matrix
Metalloproteinases, ECM: Extra cellular Matrix




Table 1.4 Monocvte subsets in common inflammatoryv disorders

CD16- CD16+ Conclusion

MI (78) Peak day 3 Peak day 5 Peak levels of CD14+CD16-negatively associated with extent of
myocardial salvage on MRI and with recovery of LV function
after Ml

Stroke (84) No change Increased Peak levels of CD14+CD16- positively correlated with mortality.

acutely Peak levels of CD14+CD16+ inversely correlate with mortality

Sepsis (85-87) Proportional decrease Increased Conflicting data on the role of CD14+CD16+ subset:
pulmonary TB associated with increased CD16+ monocytes
associating with increased levels of TNF (proinflammatory).
However another study of erysipelas (beta haemolytic strep
infection), showed that increased numbers of CD16+ associated
with lower intracellular TNF production

RA (88, 89) Increased Increased CD14+CD16+ correlated with ESR and CRP and
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reduce in response to therapy-e.g. glucocorticoids may selectively

deplete this subset

HIV (90)

Increased

Haemodialysis (91)

Increased

AMI: acute myocardial infarction, MI: myocardial infarction,, MRI:Magnetic Resonance Imaging; LV: Left Ventricular; TB:
Tuberculosis; TNF: Tumour Necrosis Factor; ESR: Erythrocyte Sedimentation Rate; CRP: C-Reactive Protein; RA: rheumatoid arthritis,

HIV:Human Immunodeficiency Virus
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1.3.2 Monocyte subsets in HF

Increased monocyte counts are predictive of all-cause mortality in patients admitted to
hospital with HF and are associated with a reduced LVEF following MI.(19, 92) At the
time of commencing this thesis, there were very few data on monocyte subsets in HF
and no data using the contemporary nomenclature of 3 subsets. However, in 2010, one
small study was published looking at 3 monocyte subsets in patients with SHF (n=30)
compared to healthy controls (n=26).(93) In this study, the CD14++CD16+ (Mon2)
subset was increased in patients with SHF compared to healthy controls and this
reflected disease severity, measured by LVEF and BNP. Conversely, the
CD14+CD16++ (Mon3) subset appeared to be depleted in HF patients. A criticism of
this study is that HF failure patients were compared to healthy individuals, thus raising
the possibility that the findings may be attributable, at least in part, to the co-morbidities
common to HF patients rather than to HF per se. Furthermore, Mon2 and Mon3 were
not separated accurately in the FC analysis which is something that the methodology of
this thesis overcame. (See chapter 2, Methods) Nevertheless, the central role of
monocytes in the inflammatory process is likely to make these cells important in HF

pathophysiology (93) and this concept formed the basis of this thesis.

1.4 Monocyte Activation

The loss of myocardium seen in HF is multifactorial and whilst ischaemic heart disease
(IHD) is the most common underlying aetiology, other causes such as viral infection,
hypertension or muscle defects play a role. Evidence for monocyte activation in HF has
been demonstrated by finding increased plasma levels of neopterin, which is a
metabolite of guanosine triphosphate and a specific marker of monocyte activation. (24,

94) Of interest, neopterin levels correlate with plasma TNF levels and monocytes are
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therefore likely to be activated as a consequence of multiple, interacting

mechanisms.(24) (Figure 1.4)

Figure 1.4 Monocyte activation: mechanism and effects (16)
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HF is associated with high LV filling pressures, shear stress forces and LV wall
distension and alongside hypoxia and tissue ischaemia, they provide various stimuli for
monocyte activation.(95) These processes may be important in triggering localised
cytokine release within the myocardium itself. Indeed, experimental models have shown
a direct association between the degree of LV cavity distension and local TNF
production.(21) As the myocardium fails, tissue perfusion is reduced, not only at the
myocardial level but also in peripheral tissues (e.g. muscles). Tissue hypoxia is a strong
stimulus for pro-inflammatory cytokine production, and also promotes skeletal muscle

apoptosis, thereby creating a self-perpetuating cycle.(96)

As well as being a major cellular source of cytokines, monocytes are also one of the
main cellular targets of pro-inflammatory cytokines. In HF patients, TNF induces
monocyte expression of inducible nitric oxide synthase (iNOS) (36) and macrophages in
vivo induce apoptosis via NOS induction.(44, 97) Regardless of whether the initial
release of cytokines arises from the myocardium or from peripheral monocytes, a
cascade of further monocyte activation and hence recruitment to the failing myocardium

creates a vicious cycle.(24)

1.4.1 CD14 activation: bacterial translocation theory

Monocyte activity relies on pattern recognition receptors such as toll-like receptors
(TLRs), CD14 and scavenger receptors.(98) One of the most powerful stimuli for
monocyte cytokine production is the interaction between CD14 and its ligand LPS.(99)
Levels of soluble CD14, monocyte-derived TNF and endotoxin are higher in patients
with oedema and moderate-to-severe HF compared to those with mild disease and

absence of oedema and these levels reduce after a period of diuretic.(99) This suggests
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that increased CD14 expression may play an immunological role in advanced HF.(28,
100)

LPS is the cell wall component of gram negative bacteria which has led researchers to
investigate the possible role of bacteria in monocyte activation in HF and has resulted in
the endotoxin-cytokine hypothesis. A potential mechanism involves an increased
mesenteric pressure from venous congestion causing increased bowel permeability and
subsequent bacterial translocation, accompanied by the release of endotoxins into the
circulation.(99) Additionally, the process of bacterial adherence to intestinal epithelium
may induce mucosal cytokine release which subsequently disrupts the epithelial
barrier.(101) Another mechanism resulting in endotoxin translocation relates to the
increased sympathetic activity seen in HF, which redistributes blood flow away from
the splanchnic circulation causing intestinal ischaemia and increased intestinal mucosal
permeability.(102) The gut has abnormal morphology and function in patients with HF
and one study showed a 35% increase in intestinal permeability in such patients.(103) In
the same study, bowel wall thickness was also significantly greater than matched

controls which correlated with blood concentration of leukocytes.

1.4.2 Toll-like receptor 4 and monocyte activation

TLRs are a class of pattern recognition receptors important in innate immunity.(104)
TLR4 is expressed in the heart and other organs but is highest in peripheral leukocytes,
particularly monocytes.(105) Monocyte TLR4 expression is significantly increased in
patients with HF and relates to the severity of disease.(106) One study found enhanced
TLR4 staining in the myocardium undergoing remodeling, thus indicating accelerated
monocyte recruitment into areas of remodeling within the failing myocardium.(107)

Furthermore, a study looking at the significance of TLR4 expression on leukocytes
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compared with expression on myocytes showed that only TLR4 expression on
leukocytes was associated with myocyte impairment during stimulation with LPS (even
if TLR4 was expressed on myocytes).(108) Therefore TLR4 is essential in the
monocyte cellular response to bacterial LPS and indeed TLR4-deficient mice have
lower tissue inflammation following an ischaemic insult than in those with TLR4.(109,

110)

TLR4 may be activated on monocytes via various mechanisms. It is a co-receptor for
CD14 and therefore plays an important role in the CD14-LPS mediated cytokine
cascade. Additionally, monocytes can be activated via endogenous stimuli such as heat
shock protein 70 (HSP70).(111) HSP70 is a potent activator of the immune system and
is a major ligand for the TLR pathway.(112, 113) HSP70 is released by the heart
following myocardial ischaemic injury(114) and plasma levels correlate with levels of
TNF and IL-6 as well as monocyte TLR4 expression and the degree of subsequent LV

impairment.(111)

1.4.3 CRP-Mediated Monocyte Activation

CRP is an acute phase protein secreted by hepatocytes and is elevated in numerous
inflammatory conditions. CRP levels are raised in patients with HF and are independent
predictors of future adverse events.(115, 116) A difficulty with using standard CRP is
that levels in HF often return to those seen in healthy population and high sensitivity
CRP (hsCRP) is therefore a better measurement and is increased with severity of
disease. Alongside LVEF, hsCRP is an independent predictor for adverse

outcomes.(117)
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CRP activates monocytes and stimulates their production of inflammatory cytokines in
a dose-dependent manner.(118) This enhanced cytokine production is significantly
higher in those patients with ongoing myocardial damage (defined by raised cardiac
Troponin T) than in those without and is associated with a risk of future cardiac
events.(119) Additionally, CRP also plays a regulatory role in the clearance of CRP-
opsonized particles by direct binding to fc-gamma receptors and enhancing
phagocytosis via complement receptors. This may suggest a moderated need for CRP
which becomes harmful to the myocardium if produced in great quantities, perhaps by
enhancing monocyte activity. CRP also attenuates production of NO, which is important
in endothelial function, promoting angiogenesis and inhibiting apoptosis.(120, 121)
Finally, CRP induces expression of MCP-1 by human endothelial cells, a mechanism
important for the migration of monocytes to the myocardium which will be discussed in

detail below in section 1.5.(122)

1.5 Monocyte recruitment to the myocardium: the role of

Monocyte chemoattractant protein-1

Activated monocytes are able to exert some of their effects on the myocardium by
producing pro-inflammatory cytokines in the peripheral circulation, but an increased
expression of chemokines by the failing myocardium suggests that they also migrate to
the site of inflammation.(123) Chemokines are small peptides capable of mobilizing
leucocytes from the bone marrow(124) and are divided into 4 groups depending on the
positioning of their cysteine residues in the amino acid sequence.(125) Many
chemokines have been implicated in HF and the CXC-chemokines IL-8, growth-

regulated oncogene alpha and epithelial neutrophil activating peptide are elevated in
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serum of patients with stable HF and are related to the disease severity.(126) MCP-1 has

emerged as the most important chemokine responsible for monocyte mobilisation and

recruitment to sites of inflammation.(126-128) MCP-1 mediates its effects via the

CCR2 receptor(129, 130) and as shown in Table 1.5, may have both beneficial and

detrimental consequences for the myocardium.

Table 1.5. The role of MCP-1 in heart failure

Beneficial role of MCP-1

Delayed wound repair if MCP-1 blocked (131)

MCP-1 shifts balance towards release of anti-inflammatory cytokines in mouse

model of sepsis (132)

MCP gene disruption in mice results in delayed macrophage infiltration into

healing myocardium and prolonged inflammation (133)

Detrimental role of MCP-1

Activation of MCP pathway leads to increased adhesion molecules, inflammatory

cytokines and MMP (134, 135)

Mice expressing MCP-1 in myocardium results in increased monocyte infiltration,

ventricular hypertrophy, dilatation, fibrosis and impaired contractility (136)

MCP-1 directly leads to enhanced generation of ROS in monocytes and LV

dysfunction (137)

MCP-1 enhances synthesis of MMP in human fibroblasts (135)

MCP-1 enhances production of inflammatory cytokines (138)

MCP:Monocyte Chemoattractant Protein; MMP:Matrix Metalloproteinase;
ROS:Reactive Oxygen Species; LV:Left Ventricular
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Monl monocytes express CCR2 receptors and therefore migrate in response to MCP-
1.(139, 140) This is in contrast with the Mon3 subset which lacks the CCR2 receptor
but expresses CX3CR1 and preferentially responds to the chemokine fractalkine
(CX3CL1).(139) Increased expression of MCP-1 has been seen in experimental Ml
within ischaemic segments of the myocardium and reduced and delayed macrophage
infiltration into the healing infarct was seen in mouse models where the MCP gene was
disrupted.(133, 141) Despite delayed phagocytic removal of dead cardiomyocytes, the
MCP deficient mice had attenuated LV remodeling and had a more prolonged
inflammatory phase and delayed replacement of injured cardiomyocytes. Circulating
levels of MCP-1 inversely correlate with LVEF and are highest in those patients with
NYHA IV symptoms.(137) Moreover, the increased MCP-1 levels correlate with
increased monocyte activity defined by oxygen- generation by monocytes. Monocytes
in particular release high amounts of MCP-1 in HF patients compared to healthy
controls and there is enhanced expression of CCR2 in the myocardium.(142-144) A
study using macrophage inflammatory protein-1 knock-out mice showed reduced
recruitment of activated monocytes in the myocardium, which was associated with

reduced cardiac lesions following coxsackie B infection.(145)

MCP-1 may contribute indirectly to HF by recruiting activated monocytes to the
myocardium. However, it may also directly lead to LV dysfunction via other
mechanisms. For example, MCP-1 may directly act on myocytes which show increased
expression of CCR2 in HF.(137) Additionally monocytes of patients with HF generate
more reactive oxygen species (ROS) compared to controls and MCP-1 has been

implicated in this process.(137) MCP-1 also stimulates the release of inflammatory
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cytokines such as IL-1 beta and IL-6 in rat models and has also been implicated in

enhancing gene expression and synthesis of MMPs in human fibroblasts. (138, 135)

Finally, hypoxic tissue may provide a stimulus for monocyte recruitment to the failing
myocardium and CCR2 has been implicated, although this has not been investigated in
HF to date. Exposure to hypoxia causes down-regulation of CCR2 on monocytes,
thereby reducing the responsiveness of monocytes to MCP-1 once they are within the
hypoxic tissue.(146) Essentially, monocytes become ‘trapped’ within the hypoxic tissue
and are able to differentiate into tissue macrophages and dendritic cells which then exert

their biological effects.

1.6 Monocyte-endothelial adhesion

Once monocytes have been attracted towards the failing myocardium down the
chemotactic gradient, they must then attach and migrate across the endothelial barrier
into the myocardial tissue itself. The expression of cell adhesion molecules (CAMS) is
crucial to monocyte recruitment and homing and involves inter-cellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1).(124) Soluble
isoforms of CAMs are elevated in patients with HF and reflect enhanced cell surface
expression of these molecules.(147, 148) The levels of soluble CAMs increase with
severity of disease and are related to clinical outcomes.(147-149) In a study of
adhesiveness of peripheral blood mononuclear cells (PBMC) to cultured human arterial
endothelial cells, PBMCs from patients with severe HF had greater adhesiveness
compared to patients with mild HF and both healthy and disease controls.(150) This
suggests that endothelial monocyte adhesiveness may serve as an index of cell activity

and increases with severity of HF and has a predictive value for a combined endpoint of
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death, transplant and HF readmission. A possible mechanism for endothelial CAM
expression is by cytokine activation, once again raising the possibility of monocyte

involvement in this pathway.(151, 152)

As discussed previously, fractalkine is a unique cytokine which can function as a
chemokine in its soluble form (to enhance migration of Mon3 monocyte subset) but it is
also an adhesion molecule in the full-length membrane-bound form.(153) Like its
counterpart CCR2, fractalkine is increased in the failing human myocardium and is

likely to be important in monocyte subset migration.

1.7 Monocytes and angiogenesis: potential mechanism of

tissue repair

Despite the potentially deleterious effects of monocytes on the myocardium, available
data indicate a potential role for monocytes in tissue repair, which is clearly important
in maintaining LV function. A depletion of macrophages leads to impaired wound
healing after myocardial injury with a propensity towards adverse remodeling and
increased mortality.(154) In hypertensive rats, a depletion of macrophages leads to an
earlier development of myocardial dysfunction.(155) A potential mechanism for tissue
repair is angiogenesis, which involves the growth of new blood vessels from pre-
existing ones.(19) Vascular endothelial growth factor (VEGF) is a pro-angiogenic
growth factor and increased levels have been observed in patients with HF, potentially
carrying prognostic significance.(156) Signal transducer and activation of transcription
3 (STAT-3) upregulates VEGF expression(157) and STAT-3 deficiency in mice

associates with increased myocardial fibrosis and dilated cardiomyopathy.(158) There
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are no data directly implicating monocytes with angiogenesis in HF, but macrophage
numbers following MI have positively correlated with the degree of angiogenesis in an
animal model.(159) If indeed angiogenesis does occur in HF, this may be a mechanism
whereby activated monocytes can infiltrate the myocardium to exact their phagocytic

and reparative roles previously discussed.(160)

1.8 Thrombosis in heart failure: formation of monocyte-

platelet aggregates

Patients with HF have increased risk of thromboembolism which may contribute to the
high morbidity and mortality seen in this condition.(161) Indeed the risk has been
quoted at 17.4 fold increased risk of ischaemic stroke within the first month of
diagnosing HF.(162) Post-mortum studies have also shown a high incidence of
occlusive coronary disease.(163) The reasons for such high risk are multifactorial and
have been broadly divided into abnormalities in the vessel wall, abnormal blood flow
and abnormalities in blood constituents, giving the so called Vorchow’s triad.
However, there is currently no evidence to support the use of anticoagulation or
antiplatelet therapy in patients with HF, unless there are co-existing indications, such as

atrial fibrillation (AF) or underlying CAD.

Monocytes may play a key role in the pro-thrombotic HF condition. Elevated levels of
tissue factor (TF) have been observed in patients with HF(164) and monocytes appear to
be the major source of TF.(165) Additionally, monocytes promote TF expression on
endothelial cells. The adhesion of monocytes to platelets may also represent a link

between inflammation and thrombosis. Monocyte platelet aggregates (MPAs) are
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elevated in numerous inflammatory conditions, including MI(166), cirrhosis(167), limb
ischaemia(168), end-stage renal failure(169) and diabetes.(170) In a recent MI study,
the total MPA count and MPAs associated with Monl and Mon2 were increased in ST
elevation MI (STEMI) patients compared with controls.(166) The increase in MPAs

persisted for at least 30 days, despite potent antiplatelet therapy.

The precise role of MPAs is not yet clear but they may represent a process of
eliminating activated platelets by process of phagocytosis. One of the precipitants of
MPA formation may be exposure to LPS and CRP(171) and it is possible therefore that
levels will be elevated in patients with HF. However it is not clear whether MPAs are
increased in patients with HF, and furthermore whether MPA formation of specific

subsets are affected preferentially.

1.9 Summary

Monocytes are important members of the innate immune system and are implicated in
many aspects of cardiovascular disease pathogenesis. The early stages of HF involve
host protection with clearance of inflammatory ligands, apoptosis and phagocytosis of
necrotic tissue. Continued inflammation may be deleterious as it may eventually lead to
adverse remodeling, interstitial fibrosis and impaired myocardial contractility.
Monocytes are intimately involved in both tissue damage and repair and an imbalance
of this equilibrium in HF is likely to be important in disease progression. Monocytes
comprise of distinct subsets with different cell surface markers and functional
characteristics but the specific roles of such subsets in HF have not been investigated. It
is possible that this heterogeneity allows monocytes to be both detrimental and
reparative.
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Finally, monocyte activation plays a central role in the inflammatory pathophysiology
of HF and occurs via wide-ranging stimuli, many of which are still poorly defined. The
subsequent release of inflammatory cytokines, migration to the myocardium, adhesion
to the endothelial wall and infiltration into the myocardium are also complex processes
involving interplay between many components of the immune system. This degree of
complexity may help to explain why the therapeutic modulation of inflammation has
not been universally successful in treating HF in clinical trials. Increasing our
understanding of the role monocytes play in inflammation and HF pathophysiology may

provide the basis to a more targeted approach to therapy in this condition.
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1.10 Hypotheses

For this thesis, | hypothesised that patients with ischaemic HF would exhibit abnormal
patterns of monocyte subsets compared to controls without HF, with differences also

present between AHF and SHF patients:

I. Patients with HF will have abnormal numbers of monocytes and individual
subsets

ii.  In HF, there would be significant changes in monocyte subset expression of
surface markers for activation/inflammation, angiogenesis, tissue repair and
cell adhesion

iii.  In HF, there would be increased formation of monocyte-platelet aggregates,
reflecting changes in both monocyte and platelet activation

iv.  Abnormalities of monocyte parameters in patients with AHF would return to

values seen in the stable phase of the disease at follow-up

1.11 Aims and objectives

To test these hypotheses, my objectives for the thesis were:

I. To study monocyte subset numbers in patients with HF compared to controls
without HF

ii. To measure cell surface marker expression for markers of
activation/inflammation (CD14, TLR4, IL-6R), angiogenesis and tissue
repair (VEGFR-1, CXCR4 and CD163) and cells adhesion (ICAMR-1,

VCAMR-1) in patients with HF.
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iii.  To evaluate the interaction between monocytes and platelets in the form of
MPA formation in patients with HF

iv. To assess the prognostic role of monocyte subset parameters on clinical
outcomes in patients with AHF (specifically death and rehospitalisation)

v.  To measure circulating plasma biomarkers of HF (BNP, MCP-1 and IL-6) and
correlate them with monocyte numbers and surface marker expression

vi.  To study monocyte parameters longitudinally following recovery from AHF

In order to evaluate the impact of having HF on monocyte parameters, a cohort of SHF
patients would be compared to a disease control cohort (CAD group, with similar co-
morbidities and medications but without HF) in addition to age and sex-matched
healthy controls to define ‘normality’. In order to evaluate the impact of having AHF,

patients with an acute admission of HF would be compared to the SHF cohort.
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CHAPTER TWO

METHODS
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2.1 Study populations

2.1.1 Cross-sectional study
For the purposes of the cross-sectional study, 4 populations were selected:

1) 51 patients with AHF

2) 42 patients with SHF

3) 44 patients with stable CAD

4) 40 HC subjects
The 4 study populations were chosen to represent the spectrum from disease to health.
All patients were recruited from cardiology departments located within two hospital
trusts based in the West Midlands (Sandwell and West Birmingham Hospitals NHS
Trust and Heart of England NHS Foundation Trust). Healthy control participants were
recruited from staff, family and friends. All research participants were recruited

between the 30" October 2009 and March 2011.

2.1.1.1 Subject selection and inclusion criteria

Heart failure patients

In an attempt to minimise potential confounders, all HF patients recruited into the study
(AHF and SHF) were required to have underlying CAD. This inclusion criterion
enabled both AHF and SHF patients to be compared to a disease control population
(CAD) with similar co-morbities (e.g. diabetes, hypertension) and medication usage,

reducing the number of potential confounders.
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Acute heart failure

Consecutive patients admitted to hospital with a primary diagnosis of AHF were
recruited. AHF was defined as the rapid onset of symptoms and signs secondary to
abnormal cardiac function, in accordance with the European Society of Cardiology
(ESC) guidelines.(172) All AHF patients had documented (LVEF) of < 40% on

echocardiography by Simpsons method or left ventriculography.(173)

Stable heart failure
Patients with SHF were recruited from outpatient HF clinics. SHF was defined as LVEF
< 40% and no deterioration in clinical condition, admission to hospital or change in

medication for the preceding six months

Stable coronary artery disease
This disease control population were recruited from outpatient clinics and were defined

as having had a previous MI and/or angiographically proven CAD and LVEF >50%.

Healthy controls
Subjects were identified from interested members of staff and willing family and

friends. Subjects were considered healthy based on clinical history and examination.

2.1.1.2 Exclusion criteria
For all study groups, exclusion criteria included factors that could affect monocyte
count (infectious and inflammatory disorders, cancer, haemodynamically significant

valvular heart disease, renal failure (creatinine >200 pumol/l), steroids
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or hormone replacement therapy). For AHF in particular, patients were excluded if the

precipitation for hospital admission was an acute coronary syndrome.

2.1.2 Longitudinal study

Patients with AHF recruited to the cross-sectional study were recruited to the follow-up
part of the study. In order to assess whether monocyte parameters changed over time,
assessments were made at the following time points (Figure 2.1): (i) during the first 24
hours after admission, (ii) on the day of hospital discharge and (iii) 3 months following
hospital admission. Recruitment began on 30 October 2009 and all patients were
followed until 30 July 2011 for collection of death and rehospitalisation data only, using

hospital and community records where necessary.

Figure 2.1 Follow-up time points in the longitudinal study of AHF

Timepoint 1 Timepoint 2 Timepoint3
During imitial 24 s the after
hours after Day of Discharge 2 Months attet
SARGEST admission
ac SS1C
Oct 2009 > July 2011

Death/Re-hospitalisation recorded



2.2 Ethical approval

This study was performed in accordance with the Helsinki declaration. Ethical approval
was granted by the Warwickshire Research Ethics Committee (REC reference:
08/H1211/23) and approval was obtained from the Research & Development
departments at Sandwell and West Birmingham Hospitals NHS Trust and Heart of

England Foundation NHS Trust. All participants provided written informed consent

2.3 Clinical assessment

At baseline all participants had a full medical history and clinical examination. This
approach allowed the collection of detailed information on demographics (age, gender,
smoking status and ethnicity), comorbidities (diabetes, hypertension, hyperlipidaemia
etc), family history of CAD and medication use. The clinical examination yielded data
on peripheral pulse rate, systolic and diastolic blood pressure (BP), height, weight, body
mass index (BMI), evidence of valvular disease and co-morbid lung pathology. Baseline
characteristics of the four study populations are shown in Table 2.1. The four study

populations were recruited for comparability of baseline characteristics.

AHF patients underwent two further assessments (Figure 2.1). These assessments
included a full clinical examination recording details of peripheral pulse rate, systolic
BP, diastolic BP, height, weight, BMI, evidence of valvular disease and co-morbid lung

disease.
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Table 2.1 Demographics and clinical characteristics of the study subjects

AHF SHF CAD HC  [pvalue
(n=51) (n=42) (n=44) (n=40)

Demographics/Clinical characteristics
Age 72 [11] 71 [10] 68 [9] 67 [7] 0.16
Gender (males), 36 [71] 35[83] 30 [68] 23 [58] 0.85
n [%]
Ethnicity, n [%)]

White 45 [88] 36 [86] 34 [77] 38[95] | 0.12

South Asian 6[12] 6 [14] 10 [23] 2 [5]
Hypertension, n [%] 29 [57] 20 [57] 28 [64] - 0.38
BP (systolic), mmHg | 138 [28] 124 [24] 134[18] | 143[16] | 0.082
BP(diastolic), mmHg 80 [17] 73 [12] 70 [11] 78 [8] 0.064
BMI, kg/m? 28 [5] 28 [4] 28 [4] 26 [3] 0.64
BNP, pg/ml 365 71 - - <0.001

[108-872] [24-256]

LVEF [%] 30 [22-36]F | 34[20-35]F |55 [55-63] - 0.95%
MI, n [%] 29 [57] 28 [67] 21 [48] - 0.25
Smoking, n [%] 25 [49] 23 [55] 14 [32] 2 [5] <0.001
Stroke, n [%] 5[10] 7[17] 6 [14] - 0.62
Diabetes, n [%] 20 [39] 9[21] 9 [20] - 0.083
COPD, n [%] 7[14] 2[5] 3[7] - 0.28
AF, n [%] 9[18] 8 [19] 0[0] - 0.026
CRT, n [%] 8 [16] 5[12] - - 0.80
eGFR, ml/min 50 [17]*F 62 [16]F 72 [15] - <0.001
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Medications

Aspirin, n [%] 37 [73] 34 [81] 38 [86] 0.16
Clopidogrel, n [%] 21 [41] 11 [26] 18 [41] 0.26
ACE inhibitor/ARB,| 40 [78] 36 [86] 34 [77] 0.56
n [%]

Statin, n [%] 43 [84] 36 [86] 39 [89] 0.64
Calcium channel 9[18] 3[7] 13 [30] 0.023
blocker,n [%]

Beta blocker, n [%] 20 [39]*F 32 [76] 34 [77] <0.001
Loop diuretic, n [%] 50 [98] 38 [90] - 0.11
Spironolactone, 13 [25] 8[19] - 0.46

n [%]

Data are presented as mean [Standard deviation] or median [Interquartile range]; *<0.05 vs.

SHEF, +<0.05 vs. CAD, i difference between AHF and SHF

ACEI: angiotensin-converting enzyme, AHF:. Acute heart failure, ARB: angiotensin Il
receptor blocker, AF: Atrial fibrillation, BMI: Body mass index, BNP: Brain Natriuretic
peptide BP: Blood pressure CAD: coronary artery disease, COPD: chronic obstructive
airways disease, CRT: cardiac resynchronisation therapy, eGFR: Estimated glomerular
filtration rate, HC: healthy controls, LVEF: Left ventricular ejection fraction, MI:
Myocardial infarction, SHF: Stable heart failure
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2.4 Blood sampling and storage

All research participants had a non-fasting blood sample taken and AHF patients
undergoing longitudinal assessment had further samples taken at time points 2 and 3 as

described in figure 2.1.

Prior to venepuncture, patients were rested in chair but were not required to fast. The
skin was cleaned with a sterile wipe and a tourniquet applied immediately before
commencement of the procedure. The blood samples were obtained by inserting a 21
gauge needle in to a vein located in the anterior cubital fossa of the patients arm. In
total, 18ml of non-fasting peripheral venous blood was collected into vacutainer tubes.
This consisted of 5mls collected into an ethylene-diamine tetra-acetic acid (EDTA)-
containing tube, 8mls in to a citrated tube and 5mls into a serum tube with silicon
coated interior. Routine haematological and biochemical tests were performed on the
blood samples the same day. In addition, 550ul of fresh EDTA sample was extracted
and processed on the Becton Dickinson (BD) FACSCalibur flow cytometer within 60
minutes of collection to yield data on monocyte subsets and monocytes cell surface
marker expression. Remaining blood samples were separated by centrifugation and the
plasma stored at —70°C for subsequent batched analysis for levels of BNP, plasma IL-6

and MCP-1.

2.4.1 Laboratory measures
An overview of investigations performed on blood samples for all study participants is

given in Figure 2.2 below.
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Figure 2.2 Investigations performed on blood samples for each study subject

Venous blood sample

il ™~

Plasma stored at -70°C
for batch analysis

Fresh blood sample

1. Routine laboratory tests 1. ELISA
-U&E - BNP

2. Flow Cytometry 2. FACS Bead An‘fl}"
- plasma IL6

- Monocyte counts )
- Surface receptor expression - plasma MCP-1

ELISA: Enzyme-linked immunosorbent assay, BNP: Brain natriurectic peptide,
IL-6: interleukin 6, MCP-1: monocyte chemoattractant protein-1,

U&E: urea and electrolytes.

Biochemistry tests
Routine biochemistry tests included urea, creatinine, sodium and potassium and were

performed by the hospital laboratory as per standard protocols.
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2.4.2 Markers of systemic inflammation

In order to investigate correlations between monocyte subsets and markers of systemic
inflammation and monocyte recruitment, plasma levels of IL-6, MCP-1 were measured
by cytometric bead array technology. (Appendix 1) The BD FACSCalibur flow
cytometer was used for data acquisition, with FCAP Array v2.0.2 software (Burnsville,
Minnesota, USA) for data analysis. This technique allows simultaneous quantification
of multiple cytokines from the same sample and utilises the fluorescence detection of
FC and antibody-coated beads to ‘capture’ cytokines for quantification. The protocol
was set up by a specialist from BD and commercially available (BD, Oxford, UK)
Human IL-6 Flex Set and Human MCP-1 Flex Set were used according to the

manufacturers recommendations.

2.4.3 Markers of heart failure severity
BNP levels were measured using a commercially available enzyme-linked

immunoassay (ELISA) set (human BNP-32, Peninsula Laboratories, LLC, CA, USA).

2.5 Specific monocyte assessments

2.5.1 Flow cytometry
Equipment and software

FC was undertaken using the BD FACSCalibur flow cytometer.
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2.5.1.1 Absolute count of monocytes and monocyte subsets

Before publication of the revised nomenclature for monocyte subsets, our research
group had been involved in establishing a reliable flow cytometry protocol to allow the
accurate enumeration of the 3 monocyte subsets and to discriminate between Mon2 and
Mon3, rather than relying on drawing an arbitrary line on the FC plot (Figure 2.3,

Appendix 2).

Figure 2.3 Ambiguity in drawing the boundary between Mon2 and Mon3 by using

only CD14 and CD16 expression

[Mon] ‘

CD16+

o monocytes

Mon3 |- . Mof2

CD16 AF488

"™

CD14-PE
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The additional use of CCR2 expression allows such discrimination, with Mon2 subset

strongly expressing the marker whereas Mon3 subset does not (Figure 2.4).(82)

Figure 2.4. Accurate identification of monocyte subsets by flow cytometry using
CCR2

Gating strategy using forward and side scatter to select monocytes, side scatter versus
CD14 expression to exclude granulocytes and ungated CD14 versus CD16 expression to
exclude natural killer (NK) lymphocytes. Subsets were defined as CD14++CD16—

CCR2+ (Monl), CD14++CD16+CCR2+ (Mon2) and CD14+CD16++CCR2-(Mon3)
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Mouse anti-human monoclonal fluorochrome-conjugated antibodies anti-CD16-Alexa
Fluor 488 (clone DJ130c, AbD Serotec, Oxford, UK), anti-CD14-PE (clone M$pP9, BD)
and anti-CCR2-APC (clone 48607, R&D systems, Oxford, UK) were mixed with 50ul
of fresh EDTA anticoagulated whole blood in TruCount tubes (BD, Oxford, UK)
containing a strictly defined number of fluorescent count beads. After incubation for 15
minutes, red blood cells were lysed by 450ul of lysing solution® (BD Oxford, UK) for
15 minutes, followed by dilution in 1.5 ml of phosphate buffer solution (PBS) and
immediate flow cytometric analysis. Monocytes were selected by gating strategies
based on forward and side scatter to select monocytes, side scatter versus CD14
expression to exclude granulocytes, and ungated CD14 versus CD16 expression to
exclude natural killer lymphocytes. Appropriate isotype controls were used and subsets
were defined as CD14++CD16-CCR2+ (‘classical’, Monl), CD14++CD16+CCR2+
(‘intermediate’, Mon2) and CD14+CD16++CCR2- (‘non-classical’, Mon3) monocytes.
Absolute counts of monocyte subsets (cells/pl) were obtained by calculating the number
of monocytes proportional to the number of count beads in the TruCount tube according

to the manufacturer’s recommendations.

2.5.1.2 Expression of surface receptors on monocyte subsets

100ul of whole blood was incubated with mouse anti-human monoclonal fluorochrome-
conjugated antibodies for 15 minutes in the dark. Table 2.2 summarises the surface
antigens analysed and their relevant antibodies and fluorochromes. Subsequently red
blood cells were lysed with 2ml of BD lysing solution® for 10 min, followed by

washing in PBS and immediate analysis by flow cytometry.
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The three monocyte subsets were defined as CD14++CD16— monocytes (‘Monl’),

CD14++CD16+ monocytes (‘Mon2’) and CD14+CD16+ monocytes (‘Mon3’) using

anti-CD16-Alexa Fluor 488 (clone DJ130c, AbDSerotec, Oxford, UK) and anti-CD14-

PerCP-Cy5.5 (clone M5E2, BD) antibodies.

Table 2.2 Fluorochrome-conjugated antibodies used to measure monocyte surface

receptor expression

Surface antigen

Fluorochrome

Antibody

(integrin a4/CD49d)

CD14 PerCP/Cy5.5 clone M5E2, BD

CD16 Alexa Fluor 488 | clone DJ130c, AbDSerotec
TLR4 PE clone 285219, R&D

IL-6 receptor APC clone 17506, R&D

VEGEF receptor 1 PE clone 49560, R&D
CXCR4 PE clone 12G5, R&D

CD163 APC clone 215927, R&D

ICAM receptor PE clone 212701, R&D
(integrin f2/CD18)

VCAM-1 receptor APC clone 7.2R, R&D

Abbreviation: BD- Becton Dickinson, Oxford, UK, R&D- R&D systems, Oxford,
UK, CD- cluster of differentiation, TLR- toll like receptor, IL- interleukin, VEGF-
vascular endothelial growth factor, CXCR4- C-X-chemokine receptor 4, ICAM-
intercellular adhesion molecule, VCAM- vascular cellular adhesion molecule, PE-
phycoerythrin, APC- allophycocyanin, PerCP- peridinin-chlorophyll proteins
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2.6 Validation studies

In the preparation of the laboratory work for this thesis, | took part in several
experiments in order to determine optimal sample preparation before recruitment of the
study patients in order to improve consistency of results (174):
1. The effect of diurnal variation on monocyte numbers:
- The hypothesis was that there is variation in monocyte numbers and that where
possible, samples should be taken at the same time during the day
2. The effect of exercise on monocyte numbers:
- The hypothesis was that exercise would change monocyte numbers and that
recruits should therefore refrain from exercise before samples were taken
3. The effects of delay in sample preparation:
- The hypothesis was that a certain delay in sample processing would affect
monocyte numbers and therefore study subject samples must be processed

within a specific time-frame in order to produce consistent results.

2.6.1 Diurnal variation

The absolute monocyte counts and subsets were assessed in 16 healthy participants at 6
hourly intervals over a 24 hour period (06.00, 12.00, 18.00, 00.00 and 06.00). There
were no significant variations in the absolute count or in the counts of Monl and Mon3.
However, there was significant diurnal variation with Mon2, with values peaking at
18.00 and reaching their nadir at 06.00. It would be impossible to recruit all participants
for the thesis at exactly the same time; however | aimed to obtain all samples between

09.00-12.00.
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2.6.2 Exercise

12 healthy participants had blood samples taken before and after performing a Bruce
protocol exercise test to exhaustion. It was found that 15 minutes post-exercise, the total
monocyte count and Mon1l increased significantly, followed by a significant reduction
at 1 hour. On the basis of these findings, study participants for the thesis were asked to

refrain from physical exercise for at least 1 hour prior to sample collection.

2.6.3 Delay in sample processing

Four samples from healthy participants were analysed immediately and at 1, 2 and 4
hours after collection. Samples were stored at room temperature with slow rotation. The
total monocyte count and that of the subsets was not affected by a delay of up to 2
hours, although by 4 hours, a significant increase in the proportion of Mon2 and Mon3
had occurred, with a decrease in the proportion of Monl. Importantly, the MPA counts
at 2 hours had significantly increased (for all three monocyte subsets). Based on the

findings of this study, all samples were analysed by FC within 1 hour of collection.

2.6.4 Reproducibility of results

Intra-assay reproducibility was assessed during development of the Standard Operating
Procedure (SOP) for studying monocytes and MPAs in the preparatory stages for this
project. An SOP is an absolute requirement for all laboratory investigations in the
Atherosclerosis Thrombosis and Vascular Biology Unit of the University Of
Birmingham Department Of Medicine at City Hospital, Birmingham. All SOPs must be
evaluated and ‘signed off” by the department’s Consultant Clinical Scientist, Dr Andrew
Blann, before they may be used in research projects. The SOP for this project is SOP

201 “Monocyte subsets, monocyte platelet aggregates by flow cytometry”
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(See appendix 2). The SOP was developed by Dr Eduard Shantsila with myself and Dr

Luke Tapp.

The intra-assay reproducibility of the methods was assessed on six samples of blood;
one set of three from a healthy male (subject A) and second set of three from a woman

with a history of renal and ovarian cancer (subject B) (Table 2.3).

For the plasma markers measured by cytometric bead array, the lower limits of
detection were taken from manufacturer’s data and were 1.0 pg/ml for IL-6 and 1.3

pg/ml for MCP-1. The inter- and intra-assay CV for all assays was <5%.

BNP was measured using a commercially available enzyme immunoassay set (human

BNP-32, Peninsula Laboratories, LLC, CA, USA) according to manufacturer’s

specifications. The inter- and intra- assay CV was <5%.

68



Table 2.3 Mean intra-assay coefficients of variation (%) for monocyte parameters

Subject A Subject B Mean
Total Mon 0.6 0.4 0.5
Monl 0.9 1.4 1.15
Mon2 10.6 9.9 10.25
Mon3 3.9 4.7 4.3
Total MPA 3.2 4.5 3.85
MPA1l 3.4 5.2 4.3
MPA2 141 9.7 11.9
MPA3 8.2 6.8 7.5

Subject A Subject B

Mean

Monl/Mon2/Mon3 | Monl/Mon2/Mon3
TLR4 9.3/19.1/6.8 5.8/5.8/2.1 8.1
ILR6R 8.9/7.7/0.9 4.8/3.2/3.1 4.8
ICAM-1R 21.1/12/6/5.6 3.4/2.712.1 7.9
VCAM-1R 4.4/3.1/0.9 1.1/1.3/0.002 1.8
CXCR4 9.1/16.2/9.5 13.3/10.4/13.5 12.0
CD163 12.1/11.0/11.6 1.7/1.5/11.4 8.2
VEGFR1 3.2/14.3/10.7 3.2/3.8/6.1 7.0

Total Mon: total monocyte count, Monl: CD14++CD16-CCR2+ monocytes, Mon2:
CD14++CD16+CCR2+ monocytes, Mon3: CD14+CD16++CCR2-
MPA: monocyte platelet aggregates, Total MPA: total MPA count, MPAL: MPAs
associated with Monl, MPA2: MPAs associated with Mon2, MPA3: MPAS

associated with Mon 3, CV: coefficient of variability

monocytes,
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2.7 Statistical analyses

All data was analysed using SPSS 18.0 for windows (SPSS Inc. Chicago, Illionis). For
all statistical analyses, the first step was to identify the distribution of each parameter
using the Kolmogorov-Smirnov test. The average of normally distributed data is
presented as a mean value [SD] and not-normally distributed data as a median
[interquartile range, IQR]. Categorical data are presented as percentages. All analyses

considered a p value of <0.05 as statistically significant.

2.7.1 Cross sectional data

1) Associations between two categorical variables were assessed using a chi-squared
test.

2) Associations between a categorical and a continuous variable were analysed using a
student’s t test or Mann Whitney U test for normally distributed and not-normally
distributed data, respectively. For analysis of categorical variables with 3 or more
categories, one-way Analysis of variance (ANOVA) was used if the continuous variable
was normally distributed and Kruskal-Wallis was be used if the continuous variable was
not normally distributed. A post-hoc Tukey test was performed to assess inter-group
differences, where appropriate. Arithmetical transformation was performed on non-
normally distributed variables prior to post-hoc analysis.

3) Correlations between two continuous variables were assessed using Pearson’s
correlation test when comparing two normally distributed variables. Spearman’s
correlation test was used to compare two sets of not-normally distributed data or one

normally distributed and one not normally distributed variable.
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2.7.2 Predictive value of parameters for clinical events

To determine the predictive value of monocyte subset parameters for adverse clinical
events in AHF patients, multivariate Cox regression analysis was used. Recognising the
relatively small sample size, variables achieving p<0.10 on univariate testing were
entered into a multivariate Cox regression analysis to determine the independent
predictors of clinical outcome. Age was also included in this analysis due to its well-
recognised association with mortality. Kaplan Meier estimates for the distribution of
time from index admission to the primary end-point were computed and log-rank
analysis was performed to compare event free survival for patients with a monocyte

parameter level above and below the median value at admission.

2.7.3 Longitudinal data
Repeated measures ANOVA for normally distributed data and Friedman test for non-
normally distributed data were used to analyse longitudinal changes in study

parameters.

2.8 Power calculation

Lack of previous studies in this area and the paucity of data on monocytes subsets
resulted in difficulty in undertaking an appropriate power calculation. However, based
on previous work in our department on healthy subjects, the calculated (from ANOVA)
minimum number of participants in each group required to detect an assumption of
minimal difference of 0.5 standard deviation in the count of monocytes between the
study groups with 80% power (1-$=0.8) with a=0.05 (two-tiled) was n=35. For
additional confidence and in anticipation of subject drop-out in the longitudinal study,

additional patients were recruited within the pre-defined period of recruitment.
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CHAPTER 3

MONOCYTE SUBSET NUMBERS IN

HEART FAILURE
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Abstract

Introduction: Monocytes play important roles in inflammation, angiogenesis and tissue
repair and may contribute to the pathophysiology of heart failure (HF). 1 examined
differences in monocyte subset numbers in patients with acute HF (AHF), stable HF
(SHF) and controls and evaluated their impact on clinical outcomes.

Methods: Three monocyte subsets [CD14++CD16-CCR2+ (Monl),
CD14++CD16+CCR2+ (Mon2) and CD14+CD16++CCR2- (Mon3)] were analyzed by
flow cytometry in 51 patients with AHF, 42 patients with SHF, 44 patients with stable
coronary artery disease and without HF (CAD) and 40 healthy controls (HC). The
prognostic impact of monocyte subsets was examined in AHF.

Results: Patients with AHF had significantly higher Mon1 counts compared to the three
control groups (p<0.001 for all). Similarly, Mon2 levels were increased in AHF
compared to SHF (p=0.004), and CAD (p<0.001); and increased in SHF vs. CAD
(p=0.009). There were no differences in Mon3 counts between the groups. Twenty
patients (39.2%) with AHF reached the primary end point of death or re-hospitalisation
and after adjustment for confounders, Mon2 count remained negatively associated with
a combined end-point of death and re-hospitalisation [hazard ratio (per 10 cells/ul 0.79
(confidence interval: 0.66-0.94; p=0.009)].

Conclusions: Monl counts are increased in AHF and Mon2 counts are increased in
patients with both acute and stable HF. The Mon2 subset was also associated with

clinical prognosis in patients with AHF.
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3.1 Introduction

As described in the introduction chapter, monocytes play a pivotal role in inflammation
and have functional characteristics that may be both detrimental and beneficial to the
cardiovascular system, including phagocytosis, cytokine production, collagen synthesis
and angiogenesis. Such functional diversity is likely to stem from the presence of

distinct monocyte subsets.

Recent attention has been particularly directed towards Mon2 monocytes, which appear
to have prognostic significance in cardiovascular disease. This subset is positively
associated with an increase in cardiovascular events in patients with chronic kidney
disease, including those on dialysis.(175, 176) In contrast, Mon2 levels in patients
suffering acute stroke are inversely related to mortality, perhaps indicating diverse roles
of this subset within different disease processes.(84) Our understanding of subset
functionality has been recently enhanced by genetic expression studies, showing that the
Mon2 subset has a distinct gene expression profile compared to the other subsets.(177)
They appear to particularly express genes linked to inflammation and angiogenesis,
which may be important in tissue remodeling. These findings are also in accordance
with recent data demonstrating high expression of cell surface receptors associated with
angiogenesis and tissue repair on Mon2 monocytes as well as their abundance in bone
marrow.(82) However, little is known about the implications of monocyte subsets in

patients with HF.

In this chapter, | aimed to examine: (i) differences in monocyte subset numbers in
patients with AHF, SHF and controls, (ii) correlations between subsets, LVEF and

plasma levels of MCP-1, IL-6 and BNP in patients with AHF and (iii) associations
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between monocyte subsets (particularly Mon2) and cardiovascular outcomes (mortality

and re-hospitalisation) in patients with AHF.

3.2 Methods

3.2.1 Study population
The recruitment and data collection for patients with AHF, SHF, CAD and HC are

described in detail in chapter 2.

In order to explore the clinical predictive value of subset numbers in patients with AHF,
| followed patients up for the following endpoints:
a. Primary endpoint (the first occurrence of either re-hospitalisation or death)

b. Secondary endpoint of death alone.

3.2.2 Flow cytometry
Flow cytometric analysis was performed in all study patients as described in detail in

chapter 2.

3.2.3 Statistical analysis

Detailed statistical techniques have been described in chapter 2, but additional analyses
were performed in this chapter to determine the predictive value of monocyte subset
numbers for adverse clinical events in AHF patients. Recognising the relatively small
sample size, variables achieving p<0.10 on univariate testing were entered into a
multivariate Cox regression analysis to determine the independent predictors of both

primary and secondary endpoints in AHF patients. Age was also included in this
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analysis due to its well-recognised association with mortality. Kaplan Meier estimates
for the distribution of time from index admission to the primary end-point were
computed and log-rank analysis was performed to compare event free survival for

patients with Mon2 levels above and below the median value at admission.

3.3 Results

3.3.1 Subject characteristics

The study groups had similar baseline demographic and clinical characteristics (Table
2.1, chapter 2). Compared to those with SHF, AHF patients had similar values of
LVEF but higher levels of BNP. Estimated glomerular filtration rate (eGFR) was lower
in AHF than in SHF and CAD (p=0.001, and p<0.001, respectively); and lower in SHF

than in CAD (p=0.038).

3.3.2 Cross-sectional analysis

3.3.2.1 Monocyte subsets

Patients with AHF had significantly higher ‘classical’ Monl counts compared to the
control groups (p<0.001 for all) (Table 3.1, Figures 3.1 and 3.2). Similarly Mon2
levels were increased in AHF compared to SHF (p=0.011), and CAD (p<0.001) and
increased in SHF vs. CAD (p=0.023). The only difference for Mon3 was a higher count

in AHF compared to HC (p=0.031).
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Table 3.1 Monocyte parameters and plasma markers in cross-sectional analysis

AHF SHF CAD HC P-
(n=51) (n=42) (n=44) (n=40) value
Monocyte subsets
Total 852 646 941 502 <0.001
monocytes, [300]*%% [172]% [139] [190]
per ul
Mon1, per pl 685 524 448 412 <0.001
[224]*1% [156]% [120] [166]
Monz2, per pl 60 43 30 34 0.006
[42-21]*+% | [30-69]+% [15-47] [10-53]
Mon3, per ul | 78 [55]% 71 [33] 60 [28] 55 [29] 0.024
Plasma cytokines
MCP-1 125[82]+ | 136[99]F | 57 [43] & 126 [75] | <0.001
pg/ml
IL-6 pg/ml 11 2.6 1.9 1.7 <0.001
[7-16]*F% [1-4] [1-3] [0.5-3]

AHF: Acute heart failure, SHF: stable heart failure, CAD: coronary artery
disease, HC: healthy control, IL-6: Interleukin-6, MCP-1: monocyte
chemoattractant protein-1, MFI: median fluorescent intensity.

Data are presented as mean[SD] or median [IQR]; *AHF versus SHF, * p<0.05
vs SHF, 1 p<0.05 vs CAD, } p<0.05 vs HC
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Figure 3.1 Flow cytometric analysis of monocyte subsets

A. Gating of CD14++CD16- (Monl) and CD16+ monocytes on the basis of their

CD14/CD16 expression: B. Discrimination and gating of CD14++CD16+CCR2+

(Mon2) monocytes and CD14+CD16++CCR2- (Mon3) monocytes. The number of

Monz2 is appreciably higher in AHF compared to SHF and CAD patients.
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Figure 3.2 Monocyte subset numbers across the study groups
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3.3.2.2 Plasma cytokines

Patients with AHF had significantly higher levels of IL-6 compared to other groups
(p<0.001 for both, Table 2). No significant differences in IL-6 levels were seen between
SHF, and CAD. Patients with AHF and SHF had significantly higher levels of MCP-1
compared to CAD (p<0.001 for both). There were no differences in MCP-1 levels

between AHF and SHF.

3.3.3 Longitudinal analysis of study parameters in acute HF

The outcomes of all 51 patients are shown in Figure 3.3. Thirty-six AHF patients (71%)
completed all three blood test time-points. The median length of hospital stay was 8.5
[5.0-12.8] days. Twenty patients (39.2%) reached the primary end point of death or re-
hospitalisation, with a median time to event of 129 (IQR 70-209) days. Fifteen patients
(29.4%) reached the secondary end point of death. Thirteen patients died of HF, one
died from a ruptured abdominal aortic aneurysm and the cause of death in one patient
was unknown. The remaining patients were followed up for a median of 387 [223-550]

days.
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Figure 3.3 Clinical outcomes in AHF
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The cause for hospital admission in all patients was NYHA IV symptoms. Twenty-eight
(55%) of patients were already known to have HF and the remaining 23 (45%) patients
were admitted with an index episode of breathlessness which was diagnosed for the first
time as being secondary to HF. Patients with pre-existing HF were being followed up in

outpatient clinics with no indications of poor compliance to medication.

When compared to measurements taken during the first 24 hours of admission, the total
monocyte count and all three subsets did not change significantly over 3-months of
follow-up (Table 3.2). Similarly, IL-6 and MCP-1 levels did not change significantly
over time despite a significant fall in levels of BNP (p=0.031) and an overall
improvement in NYHA status [(NYHA | (n=3), NYHA Il (n=15), NYHA IlI (n=12),

NYHA IV (n=6)].
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Table 3.2 Longitudinal measurements in AHF at admission, discharge and 3
months
Admission Discharge Follow-up p value
(n=36) (n=36) (n=36)
Total Monocytes | 893 [336] 853 [255] 858 [331] 0.73
Jper ul
Monl, per pl 730 [244] 688 [217] 698 [272] 0.60
Monz2, per ul 61 [42-144] | 60[32-111] | 59 [25-104] 0.24
Mon3, per ul 79 [63] 91 [54] 90 [48] 0.50
BNP, pg/ml 437 268 193 0.031
[200-959]* [180-584] [74-342]
MCP-1, pg/ml 105 [83] 108 [78] 107 [73] 0.96
IL-6, pg/ml 12 [6-16] 8 [4-18] 6 [3-14] 0.60
Data are presented as mean [standard deviation] or median [Interquartile range];
*p< 0.05 vs. follow-up, BNP: brain natriuretic peptide, MCP-1: monocyte
chemoattractant protein-1, MFI: median fluorescent intensity, IL-6: interleukin-6

3.3.4 Predictors of cardiovascular outcome in acute HF

Mon2 counts on admission were significantly lower in patients reaching the primary
endpoint of death or re-hospitalisation (46.6 cells/pl IQR 32.0-96.4) compared to those
who remained free of events (90.0 cells/pl IQR 50.0-153, p=0.006) The total monocyte
count, levels of Monl and Mon3 did not differ significantly between patients with or
without events.

In univariate Cox regression analysis, BNP (p=0.009), eGFR (p=0.045) and Mon2 count
(p=0.02) were significantly associated with the primary end-point, with LVEF showing
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a strong trend (p=0.061) (Table 3.3). In a multivariate Cox regression analysis, there
remained a significant association between the Mon2 count and combination of death
and re-hospitalisation after adjustments for LVEF, eGFR and BNP, after further
adjustment for age (Table 3.3). Also Mon2 count was independently and negatively
associated with the future risk of death alone (for an increase of 10 cells/ul, HR 0.808,

95% CI1 0.673-0.969, p=0.021) after adjustments for age, LVEF, BNP and eGFR.
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Table 3.3 Cox regression analysis for predictors of combined mortality or re-

hospitalisation following admission with AHF

Variable Hazard ratio | 95% CI p value
Univariate analysis

Demographics/clinical characteristics

Age 1.015 0.970-1.061 0.53
Gender (males) 1.048 0.402-2.730 0.92
Hypertension 1.164 0.475-2.852 0.74
Diabetes 1.018 0.412-2.515 0.97
Smoking 1.801 0.734-4.418 0.20
Previous stroke 2.086 0.610-7.129 0.24
BNP, pg/ml 1.001 1.000-1.001 0.009
LVEF, % 0.955 0.909-1.002 0.061
eGFR, ml/min 0.964 0.931-0.999 0.045
Medications

Aspirin 1.324 0.438-4.002 0.62
Clopidogrel 0.914 0.374-2.238 0.85
ACE inhibitor/ARB 0.750 0.272-2.068 0.58
Beta blocker 1.349 0.556-3.272 0.51
Statin 1.160 0.339-3.962 0.81
Monocyte subsets

Mon1, per 50 cells /ul 0.895 0.784-1.023 0.103
Mon2, per 10 cells /ul 0.862 0.760-0.977 0.020
Mon3, per 10 cells /ul 0.960 0.868-1.063 0.43
Multivariate analysis (adjusted for eGFR, BNP, LVEF)

Mon2, per 10 cells/ pl 0.798 0.669-0.953 0.013
Multivariate analysis (adjusted for eGFR, BNP, LVEF and age)

Mon2, per 10 cells/ pl 0.789 0.661-0.943 0.009

function

ACE: angiotensin-converting enzyme, ARB: angiotensin Il receptor blocker, BNP: brain
natriuretic protein, eGFR: estimated glomerular filtration rate, LVEF: left ventricular
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For Kaplan Meier analysis, patients were dichotomised using the median Mon2 value

(59.9 cells/ul). Patients with Mon2 above median had significantly better outcomes

(primary endpoint) compared to those below the median (Figure 3.4). There were no

significant differences in mortality (secondary endpoint) for patients dichotomised by

the Mon2 median value (log rank, p=0.096).

Figure 3.4 Kaplan Meier curves of cumulative event-free survival from

death/rehospitalisation in AHF

The groups are divided along the median value of Mon2 counts (59.9 cells/ul)
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3.4 Discussion

In this chapter, | have shown for the first time that Mon2 counts are increased in
patients with both acute and stable HF. Secondly, the Mon2 subset was independently
associated with mortality and re-hospitalisation following an episode of AHF, with
lower counts associating with worse prognosis. Monl counts were also significantly
increased in patients with AHF compared to those with stable disease, although this did
not have any prognostic significance. Whilst Mon3 counts were not affected in AHF,

their relative proportion was reduced compared to the control groups.

Of interest, Mon2 counts have previously been shown to be higher in patients with SHF
than in healthy subjects, whilst Mon3 counts were lower.(93) However, as emphasised
in the introduction chapter, one of the major limitations with the study by Barisione et al
was the presence of confounders such as CAD, diabetes and background medication in
HF compared to healthy controls. In contrast, | tried to reduce potential bias by
recruiting HF patients with underlying CAD in order to have a suitable control group of

patients with CAD but no LV dysfunction.

Renal impairment is a strong determinant for prognosis in patients with HF.(178)
Patients on haemodialysis have elevated Mon2 levels but in patients with chronic renal
failure who are not on renal replacement, eGFR does not correlate with the total
monocyte count or monocyte subset numbers.(91, 176) In the present study, patients
with AHF had a mean eGFR of 50 ml/min (chronic kidney disease stage 3) and even

after adjustment for renal function, Mon2 was still predictive of clinical outcome.
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The results in this chapter show that the changes in monocyte subsets (increased Monl
and Mon2) following acute decompensation of HF persist for at least 3 months, despite
improvements in patient symptoms and BNP levels. This is in contrast with a return to
baseline values of total monocyte count two weeks following MI.(78) This suggests that
the inflammatory process in AHF continues many weeks after the initial event, which is
further reflected by persistently elevated plasma IL-6 levels. The prolonged
inflammatory response may therefore contribute to the adverse events seen in AHF

patients following hospital admission.

Mon2 have been shown to have prognostic relevance in other conditions. Similar to the
findings in this chapter, Mon2 counts were increased after stroke, with their higher
levels being related to better outcomes.(84) However, elevated Mon2 counts were
predictive of future cardiac events in patients with chronic kidney disease.(176) These
conflicting data suggest that defining this subset as being either ‘beneficial or
‘detrimental’ is misguided and a better understanding of their functionality within

specific disease processes is needed.

However, monocyte numbers in circulation per se may not reflect their corresponding
tissue levels and ultimately, their functional state. For instance, potentially detrimental
pro-inflammatory effects of Mon2 may be balanced by other, potentially beneficial
functions. For example, they appear to be highly phagocytic, which may be important in
removal of endogenous ligands produced by the failing myocardium (e.g. apoptotic
cells).(177, 179) They also have distinct anti-inflammatory properties (e.g. high
production of 1L-10) and other features which link them to alternatively polarised M2

macrophages, which have reparative potential.(81) Mon2 also has other features of a
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unique pro-reparative phenotype and shows the highest of all monocyte subsets
expression of tissue repair markers (e.g. scavenger receptor CD163) and angiogenic
surface receptors (including stromal derived factor-1(SDF-1) receptor, angiopoietin
receptor and VEGF receptors type 1 and 2).(82) Chapter 5 will focus on analysing
surface marker expression for markers of repair and angiogenesis in order to examine

any differences in expression amongst HF patients.

3.5 Conclusion

There is a specific up-regulation of Monl and Mon2 monocyte subsets in acute
decompensated systolic HF. Mon2 levels are also increased in patients with SHF
compared to disease-controls. Mon2 appear to have prognostic implications in patients
with AHF and merit further evaluation as a prognostic marker and potential therapeutic
target. In order begin to understand the potential actions of this subset in HF, it may be
important to analyse the surface marker expression of some inflammatory and

potentially reparative markers and this will be the focus of subsequent chapters.
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CHAPTER 4

SURFACE MARKERS OF ACTIVATION

AND INFLAMMATION ON MONOCYTE

SUBSETS IN HEART FAILURE
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Abstract

Introduction: My aims in this chapter were to measure the relative expression of CD14,
TLR4, CCR2 and IL-6R on monocyte subsets in patients with HF and controls, in order
to identify differences in markers of cell activation and inflammation.

Methods: Patients with acute heart failure (AHF, n=51) were compared to those with
stable HF (SHF, n=42) and stable coronary artery disease (CAD, n=44) without HF and
40 healthy controls (HC). Expression of CD14, TLR4, CCR2 and IL-6R on monocyte
subsets was assessed by flow cytometry and expressed as median fluorescence intensity
(MFI).

Results: In both AHF and SHF, expression of CD14 on Mon2 was higher compared to
CAD (p=0.022 and p=0.017, respectively). CD14 expression was also significantly
higher on Mon3 in AHF compared to all controls. There were no observed differences
in TLR4 or IL-6R expression between AHF, SHF and CAD. There were no differences
in CCR2 expression on Monl between the study groups. Expression on Mon2 was
significantly higher in AHF and SHF compared to HC. CCR2 expression on Mon3 was
also higher in AHF compared to both CAD and HC. In multivariate Cox regression
analysis, IL-6R expression on Mon3 was a significant independent predictor of outcome
(HR 1.136, Cl 1.05-1.23, p=0.002).

Conclusions: Monocyte activation, as defined by expression of CD14, is increased on
Mon2 in patients with SHF compared to controls. In patients with AHF, monocyte
activation is highest on Mon3, with increased CD14 expression seen on this subset. IL-
6R expression on Mon3 is an independent predictor of adverse clinical outcome in AHF
patients. TLR4 and CCR2 expression on monocyte subsets are unaffected in HF and

alternative markers for cell mobilisation may therefore be more important.
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4.1 Introduction

Chapter 3 showed that Mon2 numbers are higher in patients with AHF and SHF
compared to controls. Furthermore, this particular subset also appears to have
prognostic implications in patients admitted to hospital with AHF. Although absolute
numbers of subsets may be important, exploring the phenotype of each subset is also
likely to be crucial to the understanding of their function in HF. This chapter therefore
aims to assess whether monocyte subset activation and levels of inflammation are also

affected in HF.

CD14 is an important surface molecule involved in monocyte activation and the
interaction with its ligand, LPS, is one of the most powerful stimuli for monocyte
cytokine production.(99) Levels of soluble CD14, monocyte-derived TNF and
endotoxin are higher in patients with oedema and moderate-to-severe HF compared to
those with mild disease.(99) Therefore, it is possible that increased CD14 expression on
monocyte subsets may play a role in the immunological dysbalance seen in advanced

HF.(28, 100)

As described in chapter 1, TLRs are a class of pattern recognition receptor important in
innate  immunity(104) and TLR4 expression is high on peripheral leukocytes,
particularly monocytes.(105). Monocyte expression of TLR4 is increased in patients
with HF and relates to the severity of disease.(106) One study found enhanced TLR4
staining in the myocardium undergoing remodelling, indicating accelerated leukocyte
recruitment into the failing myocardium.(107) Therefore TLR4 is essential in the
monocyte cellular response to bacterial LPS although its expression on monocyte

subsets in HF has not been examined.
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Elevated levels of IL-6 have also been seen in HF and associates with poor
prognosis.(45, 46) IL-6 can cause myocyte hypertrophy, myocardial dysfunction and
cachexia, as well as inhibiting cardiomyocyte apoptosis.(51) Despite the recognised
inflammatory pathophysiology of HF, expression of IL-6 receptors on monocyte subsets

has not been examined.

As described in chapter 1, MCP-1 has emerged as one of the most important
chemokines responsible for monocyte mobilisation and recruitment to sites of
inflammation. In chapter 3, | showed that plasma levels of MCP-1 are elevated in AHF
and SHF compared to CAD, but expression of its receptor (CCR2) on monocyte subsets
has not been explored and may give insight into a potential mechanism of monocyte

recruitment to the failing myocardium.

My aims in this chapter were to measure the relative expression of CD14, TLR4, CCR2
and IL-6R on monocyte subsets in patients with HF and controls, in order to identify

differences in markers of cell activation and inflammation.

4.2 Methods

4.2.1 Study population
The recruitment and data collection for patients with AHF, SHF, CAD and HC are
described in detail in chapter 2. The baseline characteristics of the study groups are also

summarised in Table 2.1.
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4.2.2 Flow cytometry

Flow cytometry analysis was performed as described in detail in chapter 2. Relative
expression of the cell surface receptors on monocyte subsets were quantified as median
fluorescence intensity [MFI]. In the example below, relative TLR4 expression is shown.

(Figure 4.1)

4.2.3 Statistical analysis

Detailed statistical techniques have been described in chapter 2, but additional analyses
were performed in this chapter to determine the predictive value of CD14, TLR4, CCR2
and IL-6R for adverse clinical events in AHF patients. Recognising the relatively small
sample size, variables achieving p<0.10 on univariate testing were entered into a
multivariate Cox regression analysis to determine the independent predictors of adverse
outcome, define as either death or rehospitalisation. Age was also included in this
analysis due to its well-recognised association with mortality. Kaplan Meier estimates
for the distribution of time from index admission to the primary end-point were
computed and log-rank analysis was performed to compare event free survival for
patients with IL-6R expression on Mon3 dichotomised around the median value (31.2

MFI) on admission.
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Figure 4.1 TLR4 expression on monocyte subsets using flow cytometry
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4.3 Results

4.3.1 Subject characteristics

The study groups are summarised in Table 2.1, chapter 2.

4.3.2 Cross-sectional analysis

4.3.2.1 Monocyte expression of CD14

In both AHF and SHF, expression of CD14 on Mon2 was higher compared to CAD
(p=0.022 and p=0.017, respectively). CD14 expression was also significantly higher on

Mon3 in AHF compared to all controls. (Table 4.1).

4.3.2.2 Monocyte expression of TLR4
There were no observed differences in TLR4 expression between all 4 study groups for

all 3 monocyte subsets (Table 4.1.).

4.3.2.3 Monocyte expression of IL-6R

IL-6R expression on Mon1 was significantly higher in SHF and CAD compared to HC.
IL-6R expression on Mon2 was significantly higher in AHF, SHF and CAD compared
to HC. There were no differences in the expression of IL-6R in patients with AHF
compared to SHF or CAD. There were also no differences in expression between SHF

and CAD (Table 4.1).

4.3.2.4 Monocyte expression of CCR2
There were no differences in CCR2 expression on Monl between the study groups.

Expression on Mon2 was significantly higher in AHF and SHF compared to HC. CCR2
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expression on Mon3 was also higher in AHF compared to both CAD and HC. (Table

4.1)

Table 4.1 Expression of CD14, TLR4, IL-6R and CCR2 on monocyte subsets and

plasma cytokine levels

AHF SHF CAD HC P-value
(n=51) (n=42) (n=44) (n=40)
Expression of monocyte surface markers on subsets
CD14 1263 1411 1225 1412 0.042
(Monl), MFI [389] [424] [375] [345]
CD14 1481 1502 1228 1365 <0.001
(Mon2), MFI [473]+ [484]+ [408] [450]
CD14 236 152 136 159 <0.001
(Mon3), MFI [116]*F1 [57] [47] [32]
TLR4 5.5 6.0 5.5 5.5 0.349
(Mon1), MFI [2.0-7.0] [4.9-7.3] [4.8-7.2] [4.3-6.9]
TLR4 9.7 10.5 9.6 9.5 0.780
(Mon2), MFI | [1.6-14.8] | [6.2-14.0] | [7.3-12.5] [5.9-15.5]
TLR4 3.7 3.7 3.8 3.5 0.492
(Mon3), MFI [1.4-5.2] [2.9-5.5] [3.2-4.3] [3.0-4.3]
IL-6R 65.6 63.8 70.3 58.6 0.036
(Monl), MFI | [58.9-73.8] |[56.9-7.9]% |[61.0-83.4]% | [40.5-72.0]
IL-6R 56.4 56.8 60.9 50.7 0.004
(Mon2), MFI | [49.5-67.2] # | [51.6-70.7]% | [57.4-74.8] 1 | [31.5-66.9]
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IL-6R 31.2 28.9 30.7 27.8 0.455
(Mon3), MFI | [24.4-40.1] | [24.0-36.3] | [27.4-35.0] | [23.6-34.2]

CCR2 155 153 144 135 0.22
(Mon1), MFI [56] [42] [44] [47]

CCR2 128 126 111 104 0.005
(Mon2), MFI [44]% [36] & [29] [29]

CCR2 17 16 15 15 <0.001
(Mon3), MFI [2.2]F% [2.5] [2.7] [2.2]

Plasma cytokines

MCP-1pg/ml | 125[82]+ | 136[99]F | 57 [43]% 126 [75] <0.001
IL-6 pg/ml 11 [7-16]*1% | 2.6[1-4] 1. 9[1-3] 1.7[0.5-3] | <0.001

AHF: acute heart failure, SHF: Stable heart failure, CAD: coronary artery disease; HC:
healthy control; HF:0 heart failure; MCP-1: monocyte chemoattractant protein-1; MFI:
median fluorescent intensity, CCR2: C-C-chemokine receptor type 2, TLR: toll like
receptor, CD: cluster of differentiation

Data are presented as mean[standard deviation] or median [interquartile range]:

* p<0.05 vs SHF, 1 p<0.05 vs CAD,{ p<0.05 vs HC
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4.3.3 Longitudinal results for monocyte expression of TLR4, IL6R, CCR2 and

CD14 in patients with AHF

The longitudinal results are presented in Table 4.2.

Table 4.2 Longitudinal expression of TLR4, IL-6R, CCR2 and CD14 on monocyte

subsets
Admission Discharge Follow-up p value
(n=36) (n=36) (n=36)

CD14 (Monl), MFI 1263 [375] 1297 [354] 1278 [382] 0.91
CD14 (Mon2), MFI 1507[493] 1459 [437] 1427 [375] 0.74
CD14 (Mon3), MFI 242 [112] ¥ 208 [114] 182 [66] § 0.037
TLR4 (Monl), MFI | 4.5[2.0-6.8] } 47[1.9-73] % 2.7 [1.7-4.9] 0.002
TLR4 (Mon2), MFI | 6.8[1.6-12.2] | 8.6[15-14.7]1% | 3.4[1.4-10.5] 0.013
TLR4 (Mon3), MFI | 3.0[1.5-45]*f | 3.8[1.6-5.4]% 1.8[1.2-3.5] <0.001
IL-6R (Monl), MFI | 65.5[58.9-73.7] | 67.5[55.7-80.7] | 60.8[48.7-82.8] | 0.54
IL-6R (Mon2), MFI | 56.4 [49.5-67.1] | 58.0 [49.6-70.3] | 53.2[36.8-75.4] | 0.66
IL-6R (Mon3), MFI | 31.2[24.4-40.1] | 31.7 [26.5-40.7] | 32.0 [24.2-42.8] | 0.37
CCR2 (Mon1l), MFI 163 [61] 167 [60] 148 [44] 0.12
CCR2 (Mon2), MFI 132 [51] 129 [42] 115 [27] 0.095
CCR2 (Mon3), MFI 17 [2.2] T 17 [1.8] & 15 [2.1] 0.014

CD: cluster of differentiation, TLR4: toll-like receptor 4, IL-6R: interleukin receptor-6
receptor, CCR2: C-C-chemokine receptor type 2 MFI: median fluorescent intensity

Data are presented as mean [standard deviation] or median [interquartile range]
* p<0.05 Admission vs Discharge, Tp<0.05 Admission vs Follow-up, {p<0.05 Discharge
vs Follow-up, 8p<0.05 vs. stable HF in cross-sectional analysis
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4.3.4 Correlations between monocyte expression of CD14, TLR4, IL-6R, CCR2
and plasma markers in acute heart failure
There were no significant correlations between any of the surface receptors and plasma

IL-6, MCP-1, LVEF and BNP (Table 4.3, Table 4.4).

Table 4.3 Correlations between surface markers and plasma markers

IL-6 MCP-1

r p-value r p-value
TLR4 (Monl) -0.06 0.679 0.05 0.757
TLR4 (Mon2) 0.01 0.956 -0.01 0.971
TLR4 (Mon3) -0.09 0.556 -0.01 0.946
IL-6R (Mon1) -0.26 0.087 -0.08 0.609
IL-6R (Mon2) -0.26 0.077 -0.05 0.724
IL-6R (Mon3) -0.05 0.763 0.04 0.785
CD14 (Mon1) -0.05 0.729 0.14 0.338
CD14 (Mon2) -0.02 0.879 0.06 0.693
CD14 (Mon3) 0.20 0.161 0.17 0.248
CCR2 (Monl) 0.01 0.971 -0.28 0.05
CCR2 (Mon2) -0.04 0.799 -0.05 0.751
CCR2 (Mon3) 0.10 0.498 0.105 0.466
IL-6: interleukin-6, MCP: monocyte chemoattractant protein-1, TLR4: toll-like
receptor 4, IL-6R: interleukin-6 receptor, CCR2: C-C-chemokine receptor type
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Table 4.4 Correlations between surface markers, LVEF and BNP

LVEF BNP
r p-value r p-value
TLR4 (Monl) 0.04 0.777 0.06 0.731
TLR4 (Mon2) 0.05 0.731 0.20 0.271
TLR4 (Mon3) 0.12 0.435 0.17 0.361
IL-6R (Monl) -0.06 0.718 -0.33 0.067
IL-6R (Mon2) -0.14 0.363 -0.24 0.195
IL-6R (Mon3) -0.09 0.556 -0.03 0.882
CD14 (Mon1) -0.21 0.153 -0.20 0.264
CD14 (Mon2) -0.14 0.374 -0.14 0.440
CD14 (Mon3) 0.02 0.897 -0.06 0.719
CCR2 (Mon1) 0.02 0.917 0.04 0.805
CCR2 (Mon2) 0.10 0.503 0.06 0.741
CCR2 (Mon3) 0.008 0.959 -0.11 0.527
LVEF: left ventricular ejection fraction, BNP: brain natriuretic peptide, TLR4: toll-
like receptor 4, CD: cluster of differentiation, IL-6R: interleukin-6 receptor, CCR2:
C-C chemokine receptor type 2

4.3.5 Predictors of cardiovascular outcome in AHF

IL-6R expression on Mon3 was an independent predictor of clinical outcomes in
patients with AHF (HR 1.034 CI 1.004-1.065, p=0.028) (Table 4.5). When adjusted for
confounders (eGFR, BNP, LVEF and age), IL-6R expression on Mon3 remained a
significant independent predictor of outcome (HR 1.136, CI 1.049-1.229, p=0.002).
When the IL-6R expression on Mon3 was dichotomised around the median value (31.2
MFI), patients with expression above median had significantly worse outcomes

compared to those below the median (log rank, p=0.017) (Figure 4.2).
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Table 4.5 Cox regression analysis for predictors of death/rehospitalisation in AHF

Variable Hazard ratio | 95% CI p value
Univariate analysis

TLR4 (Monl) 0.935 0.803-1.089 0.387
TLR4 (Mon2) 0.991 0.936-1.048 0.744
TLR4 (Mon3) 1.010 0.866-1.178 0.898
IL-6R (Monl) 1.013 0.980-1.047 0.454
IL-6R (Mon2) 1.039 0.998-1.082 0.060
IL-6R (Mon3) 1.034 1.004-1.065 0.028
CD14 (Monl) 1.000 0.999-1.001 1.000
CD14 (Mon2) 1.000 0.999-1.001 0.992
CD14 (Mon3) 0.996 0.991-1.001 0.104
CCR2 (Mon1l) 1.005 0.998-1.011 0.155
CCR2 (Mon2) 1.000 0.990-1.009 0.946
CCR2 (Mon3) 0.957 0.782-1.170 0.667

fraction, and age)

Multivariate analysis (adjusted for eGFR, brain natriuretic peptide, ejection

IL-6R (Mon3)

1.136

1.049-1.229

0.002

TLR4: toll-like receptor 4, CD: cluster of differentiation, IL-6R: interleukin-6
receptor, CCR2: C-C chemokine receptor type 2
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Figure 4.2 Kaplan Meier curves of cumulative event-free survival in patients with
AHF for the primary end-point of mortality or re-hospitalization
The groups are divided along the median value (31.2 MFI) of IL-6R expression on

Mon3
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4.4 Discussion

There are limited data examining the functionality of monocyte subsets in patients with
HF. In this chapter, | show that compared to patients with CAD, those with SHF had
higher expression of CD14 on Mon2. However, there were no differences in the
expression of TLR4, IL-6R and CCR2 on any of the monocyte subsets. Compared to
those with SHF, patients with AHF had higher expression of CD14 on Mon3 which may
suggest that this subset is more activated (although numbers are not increased as shown
in chapter 3). Interestingly, no differences between study groups in the expression of
TLR4, IL-6R and CCR2 were observed.. Despite no apparent difference in IL-6R
expression between study groups, in patients with AHF, expression on Mon3 had
prognostic implications, with higher expression associating with adverse clinical
outcomes. This finding appears to exist despite no correlation between IL-6R
expression and plasma levels of IL-6, which as shown in chapter 3, are significantly

elevated in AHF compared to all controls.

Therefore, in SHF, Mon2 appear to be more activated (reflected by enhanced CD14
expression) whereas in AHF, Mon3 appears to be more activated (enhanced CD14
expression). Furthermore, increased expression of IL-6R (another inflammatory
receptor) on Mon3 in AHF is associated with a worse outcome. It is unclear from these
data whether enhanced activation of Mon3 in AHF is simply a reflection of disease
activity or whether this subset exerts a detrimental effect on the myocardium itself and

clearly further studies are needed to explore this pathway.
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An interaction between CD14 and LPS is a powerful stimulus for cytokine production
and increased LPS levels have been observed in patients with HF, possibly due to

mesenteric oedema and increased translocation of gut bacteria into the circulation.

LPS is the cell wall component of gram negative bacteria which has led researchers to
investigate the possible role of bacteria in monocyte activation in HF and has resulted in
the endotoxin-cytokine hypothesis. A potential mechanism involves an increased
mesenteric pressure from venous congestion causing increased bowel permeability and
subsequent bacterial translocation, accompanied by the release of endotoxins into the
circulation.(99) Additionally, the process of bacterial adherence to intestinal epithelium
may induce mucosal cytokine release which subsequently disrupts the epithelial

barrier.(101)

Another mechanism resulting in endotoxin translocation relates to the increased
sympathetic activity seen in HF, which redistributes blood flow away from the
splanchnic circulation causing intestinal ischaemia and increased intestinal mucosal
permeability.(102) The gut has abnormal morphology and function in patients with HF
and one study showed a 35% increase in intestinal permeability in such patients.(103) In
the same study, bowel wall thickness was also significantly greater than matched

controls which correlated with blood concentration of leukocytes.

Activation of monocytes with LPS also inhibits apoptosis and prolongs cell survival,
compared to stimulation with IL-4 which suppresses monocyte activation and induces
apoptosis.(180, 181) Therefore the increased expression of CD14 on monocytes may be

a self-preservation response in order to improve cell survival.
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CD14 is also involved in cell-cell interaction and anti-CD14 monoclonal antibodies
reduce the interaction between monocytes and endothelial cells.(182) Therefore,
increased expression of CD14 on Mon2 in SHF and Mon3 in AHF may not only reflect
increased cell activation but also provide a mechanism by which monocytes may

interact with the endothelium of the heart.

Monocyte activation relies on interactions between specific receptors on the cell surface
and pathogen-associated molecular patterns in order to stimulate inflammatory
responses. TLR4 is a pattern recognition molecule that plays an important role in the
CD14-LPS mediated cytokine cascade. Additionally, monocytes can be activated via

endogenous stimuli such as HSP70, which is a ligand for the TLR pathway.

However, attempts to inhibit TLR4 in mouse models of doxyrubicin-induced
cardiomyopathy resulted in increased inflammation which in turn aggravated cardiac
dysfunction.(183) Further evidence of a beneficial role comes from a recent study
examining polymorphisms of TLR4 in humans. Compared to patients carrying the wild
type gene, those with variant genes had significantly less improvement in LV function

with standard treatment.(184)

Recently, our research group demonstrated no changes to TLR4 expression by
monocyte subsets following MI,(185) suggesting that TLR4 expression may not be a
reliable marker of monocyte activation in this pathology. In that study, there was no
correlation between TLR4 expression on monocytes and nuclear factor kappa B

(NFKB) activation.
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Interestingly, in M1 studies using fresh whole blood (compared to prolonged processing
of samples), lower proportions of TLR+ monocytes are seen, leading to speculation that
cell processing in fact activates these cells.(186) | have demonstrated that TLR4
expression is unaffected in HF and therefore this pattern recognition molecule may not

be involved in monocyte activation in HF.

Finally, despite significantly higher plasma levels of MCP-1 in SHF and AHF compared
to CAD, expression of CCR2 on all monocyte subsets was similar in all study groups.
Although increased expression may have been expected as a reflection of increased cell
activation, hypoxia is known to down-regulate CCR2 on monocytes and may account
for such findings.(146) Alternatively, MCP-1 may not be so critical to the chemotaxis of

monocytes in HF and alternative mechanisms may be more important.

4.5 Conclusion

Monocyte activation, as defined by expression of CD14, is increased on Mon2 in
patients with SHF compared to controls. In patients with AHF, monocyte activation is
highest on Mon3, with increased CD14 expression seen on this subset. Furthermore, IL-
6R expression on Mon3 is an independent predictor of adverse clinical outcome in AHF
patients. TLR4 and CCR2 expression on monocyte subsets are unaffected in HF and do
not appear to be a marker of cell activation. Alternative markers for cell mobilisation

may therefore be more important in this disease process.
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CHAPTER 5

SURFACE MARKERS OF REPAIR AND

ANGIOGENESIS ON MONOCYTE

SUBSETS IN

HEART FAILURE

107



Abstract

Introduction: My aims in this chapter were to explore the possible angiogenic/reparative
role of monocyte subsets in heart failure (HF).

Methods: Patients with acute heart failure (AHF, n=51) were compared to those with
stable HF (SHF, n=42) and stable coronary artery disease (CAD, n=44) without HF and
40 healthy controls (HC). Expression of VEGF-1 receptor (VEGF-1R), CXCR4 and
CD163 on monocyte subsets was assessed by flow cytometry and expressed as median
fluorescence intensity (MFI).

Results: Compared to patients with SHF, those with AHF had significantly higher
expression of VEGF-1R on Monl (p=0.02) and Mon2 (p=0.005). There were no
differences in expression of VEGF-1R between SHF and disease controls for all
subsets. Compared to those with SHF, patients with AHF had reduced expression of
CXCR4 on Mon1 (p=0.033) but similar expressions on Mon2 and Mon3. There were no
differences in

expression of CXCR4 between SHF and CAD. CD163 expression on Mon2 was
significantly higher on Mon2 in patients with AHF compared to controls. There were no
differences of CD163 expression on the remaining subsets and expression did not differ
in SHF compared to disease controls. None of the measured monocyte parameters had
any prognostic value in patients with AHF.

Conclusions: | have shown for the first time that AHF is associated with changes in the
expression of angiogenic markers and scavenger receptors on monocyte subsets. Such
changes may be responsible for the reparative and beneficial role of monocytes,

especially in Mon2 which appear to be associated with improved clinical outcomes
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5.1 Introduction

As discussed in chapter 1, murine models have demonstrated that monocytes are
comprised of 2 subsets, with Ly-6Chigh monocytes implicated in inflammation,
phagocytosis and the release of proteases (eg. MMPs) whilst to Ly-6Clo may be
important in the resolution of inflammation and show reparative properties, promote
angiogenesis (via VEGF release), myofibroblast recruitment and myocardial
remodeling.(74) Such heterogeneity is also present in human monocyte and broadly,
monocytes are either CD16- (which have been likened to the inflammatory Ly-6Chigh

cells in mice), or CD16+ (which most resemble the reparative Ly-6Clo cells).

As discussed in chapter 3, Mon2 appear to be increased in many inflammatory
conditions, including MI, stroke, renal failure and severe asthma and | demonstrated in
chapter 3 that they are also increased both acute and stable HF.(187). Moreover, higher
Mon2 counts appear to be associated with better prognosis in patients admitted with

AHF, which perhaps suggests a beneficial or reparative role for this subset.

In healthy subjects, the Mon2 subset highly expresses receptors for angiogenic factors,
such as VEGF receptors type 1 and 2.(82) VEGF is a hormone crucial to angiogenesis
and levels are increased in HF.(156) VEGF plays a major role in the chemotaxis of
monocytes to sites of inflammation.(188, 189) and a recent study has shown that CD16+
monocytes have reduced expression of VEGFR1 compared to CD16- cells, with
reduced chemotaxis towards VEGF-A, PIGF-1 and MCP-1.(190) However, it is
unknown whether VEGFR-1 expression on monocyte subsets is altered in patients with

HF.

109



Another chemokine receptor responsible for recruitment of monocytes into tissues and
angiogenesis is CXCR4, with elevated levels seen within the failing myocardium on
direct staining.(191) CXCR4 plays an important role in the mobilization of
haematopoietic precursors and vasculogenesis(192, 193) and circulating levels of its
ligand, SDF-1, are elevated in both animals and humans with HF.(144, 194) Activation
of CXCR4 by SDF-1 depresses myocardial function in murine models(195) and
CXCR4 deficient mice have smaller post-MI scars than those with normal

expression.(196)

CD163 is a scavenger receptor for the haemoglobin-haptoglobin complex and is
expressed exclusively on monocytes and macrophages.(197) Importantly, it is
associated with the down-regulatory phase of inflammation.(198, 199) There is a
propensity for upregulation of CD163 in response to IL-6 and IL-10 and stimulation of
monocytes by CD163 agonist antibodies results in 1L-10 secretion, thereby creating a
cycle of activation.(200) Expression of CD163 increases as monocytes differentiate into
macrophages and the degree of expression increases with resolution of the inflammatory

response and wound healing.(198, 199)

In healthy subjects, monocyte subsets differ significantly in their expression of
VEGFR1, CXCR4, CD163 with the highest values seen on Mon2.(82) However, it is

unclear whether monocyte subset expression of these receptors is altered in HF.

Given the reparative potential of Mon2 in heart failure, we hypothesised that the
expression of chemokine receptors VEGFR-1 and CXCR4 and the anti-inflammatory

marker CD163 would be altered in patients with HF compared to controls.
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5.2 Methods

5.2.1 Study population
The recruitment and data collection for patients with AHF, SHF, CAD and HC are

described in detail in chapter 2.

5.2.2 Flow cytometry

FC analysis was performed as described in detail in chapter 2.

5.2.3 Statistical analysis

Detailed statistical techniques have been described in chapter 2, but additional analyses
were performed in this chapter to determine the predictive value of VEGFR-1, CXCR4
and CD163 for adverse clinical events in AHF patients. Recognising the relatively small
sample size, variables achieving p<0.10 on univariate testing were entered into a
multivariate Cox regression analysis to determine the independent predictors of adverse
outcome, define as either death or rehospitalisation. Age was also included in this

analysis due to its well-recognised association with mortality.

5.3 Results

5.3.1 Subject characteristics
The study groups had similar baseline demographic and clinical characteristics

(Table 2.1, chapter 2).

5.3.2 Cross-sectional analysis

The cross-sectional results are summarised in Table 5.1.
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Table 5.1 Expression of reparative/angiogenic receptors on monocyte subsets

Monocyte AHF SHF CAD HC P value
parameter, (n=51) (n=42) (n=44) (n=40)

MFI

VEGFR-1 7.0 5.6 6.0 6.2 0.025

(Mon1) [5.4-8.4] *f [4.8-6.5] [5.0-7.3] [5.2-7.3]

VEGFR-1 17.4 11.9 12.8 13.4 0.015

(Mon2) [11.0-23.8] *1 | [9.2-16.5] [9.4-17.2] [8.9-17.4]

VEGFR-1 4.8 4.2 4.0 3.5 0.028

(Mon3) [3.5-7.5] [3.3-5.9] [3.3-4.8] [2.0-4.7]

CXCR4 11.8 135 16.0 13.3 <0.001
(Mon1) [9.9-13.6] *T [12.6-15.9] [13.0-18.9] [11.3-15.8]

CXCR4 17.8 20.7 235 19.3 0.014

(Mon2) [15.2-23.2] + | [17.3-27.2] | [17.3-30.5] | [14.7-26.0]

CXCR4 7.8 7.8 8.0 5.1 <0.001
(Mon3) [5.7-9.4] [5.4-10.1] ;1 | [5.5-10.5] % [3.7-7.1]

CD163 129 120 121 132 0.957

(Monl) [83.3-163] [89.4-174] [85.6-179] [106-153]

CD163 307 222 214 214 <0.001
(Mon2) [219-416] *t1 [166-290] [160-297] [185-262]

CD163 18.1 145 155 13.3 0.421

(Mon3) [10.1-28.2] | [10.2-18.8] | [10.9-21.4] [8.4-23.5]

vascular endothelial growth factor receptor, MFI: medium flourescence intensity
* p<0.05 vs SHF, 1 p<0.05 vs CAD,} p<0.05 vs HC

AHF: acute heart failure, SHF: stable heart failure, CAD: coronary heart disease, HC: healthy
controls, CD: cluster of differentiation, CXCR4: C-X-C chemokine receptor type 4, VEGFR:
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5.3.2.1 Monocyte expression of VEGF-1 receptor

Compared to patients with SHF, those with AHF had significantly higher expression of
VEGF-1R on Monl (p=0.02) and Mon2 (p=0.005). There were no differences in
expression of VEGF-1R between SHF and disease controls for all subsets. VEGF-1R

expression was significantly higher on Mon3 in AHF compared to HC.

5.3.2.2 Monocyte expression of CXCR4

Compared to those with SHF, patients with AHF had reduced expression of CXCR4 on
Mon1l (p=0.033) but similar expressions on Mon2 and Mon3. There were no differences
in expression of CXCR4 between SHF and CAD. Expression of CXCR4 was
significantly higher on Mon2 in patients with AHF and CAD compared to HC and

expression on Mon3 was higher in AHF, SHF and CAD compared to HC.

5.3.2.3 Monocyte expression of CD163
CD163 expression on Mon2 was significantly higher on Mon2 in patients with AHF
compared to controls. There were no differences on the remaining subsets and

expression did not differ in SHF compared to disease controls.

5.3.3 Longitudinal results

The longitudinal results are presented in Table 5.2 below.
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Table 5.2 Expression of reparative/angiogenic receptors

AHF at admission, discharge and 3 months

on monocyte subsets in

Monocyte Admission Discharge Follow-up p value

parameter, MFI (n=36) (n=36) (n=36)

VEGFR-1 (Monl) 7.02 6.81 6.41 0.185
[4.65-8.63] [5.90-10.7] [4.74-7.81]

VEGFR-1 (Mon2) 17.9 16.8 13.9 0.150
[9.20-26.5] [10.9-24.7] [9.79-18.3]

VEGFR-1 (Mon3) 4.72 5.83 4.00 0.026
[3.43-7.29] [3.37-8.14] [3.29-4.37]

CXCR4 (Monl) 11.8 12.1 115 0.254
[9.9-13.6] 10.0-14.4] [9.6-14.3]

CXCR4 (Mon2) 17.8 19.9 18.7 0.085
[15.2-23.2] [16.4-26.9] [13.1-24.3]

CXCR4 (Mon3) 7.8 8.06 6.9 0.121

[5.7-9.4] [6.4-11.4] [5.0-9.6]

CD163 (Monl) 129 75.0 70.1 0.006
[81.8-160] T [59.0-133.6] [49.2-114]

CD163 (Mon2) 274.2 220.3 159.6 <0.001

[210.5-415.1] T [147.9-296.6] £ [108.6-209.7]

CD163 (Mon3) 17.6 19.4 12.3 0.079

[9.65-31.4] [11.9-26.2] [8.63-18.2]

CXCR4: C-X-C chemokine receptor type 4, VEGFR: vascular endothelial growth factor
receptor, MFI: medium flourescence intensity, CD: cluster of differentiation
Tp<0.05 Admission vs Follow-up, {p<0.05 Discharge vs Follow-up
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5.3.4 Correlations between monocyte expression of VEGF-1 receptor, CXCR4,
CD163, LVEF, BNP, IL-6 and MCP-1

VEGF-1R expression on Monl and Mon2 inversely correlated with LVEF (r= -0.38,
p=0.001 and r= -0.33, p=0.031 respectively). CXCR4 expression on Mon2 and Mon3
significantly correlated with 1L-6 (r=0.41, p=0.008 and r=0.41, p=0.007 respectively).

(Table 5.3)

5.3.5 Predictors of cardiovascular outcome in AHF

None of the analysed surface markers had any significant predictive value in clinical

outcomes (Table 5.4).
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Table 5.3 Correlations between surface markers and plasma markers

LVEF BNP IL-6 MCP-1

r p-value r p-value r p-value r p-value
CXCR4 (Monl) -0.12 0.48 -0.12 0.53 0.16 0.30 -0.01 0.93
CXCR4 (Mon2) -0.12 0.46 0.32 0.09 0.41 0.008 0.01 0.93
CXCR4 (Mon3) 0.11 0.49 0.23 0.24 0.41 0.007 0.12 0.42
CD163 (Monl) -0.16 0.33 0.12 0.51 -0.26 0.09 -0.13 0.38
CD163 (Mon2) 0.05 0.74 0.25 0.18 0.00 0.98 -0.16 0.29
CD163 (Mon3) -0.38 0.012 -0.35 0.06 0.01 0.94 0.15 0.33
VEGFR1 (Monl) -0.48 0.001 -0.12 0.52 0.02 0.89 0.07 0.65
VEGFR1 (Mon2) -0.33 0.031 0.12 0.53 0.19 0.21 0.01 0.94
VEGFR1 (Mon3) -0.27 0.08 0.09 0.62 0.14 0.36 -0.03 0.83

IL-6: interleukin-6, MCP-1: monocyte chemoattractant protein-1, LVEF: left ventricular ejection fraction, BNP: brain natriuretic
peptide, CXCR4: C-X-C chemokine receptor type 4, CD: cluster of differentiation, VEGFRL1: vascular endothelial growth factor

receptor
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Table 5.4 Cox regression analysis for predictors of death/rehospitalisation in AHF

Variable Hazard ratio | 95% CI p value
Univariate analysis

CXCR4 (Monl) 0.996 0.837-1.184 0.961
CXCR4 (Mon2) 1.028 0.983-1.075 0.232
CXCR4 (Mon3) 1.013 0.958-1.070 0.655
CD163 (Monl) 1.001 0.995-1.008 0.754
CD163 (Mon2) 1.000 0.998-1.003 0.828
CD163 (Mon3) 1.007 0.982-1.034 0.578
VEGFR1 (Monl) 0.975 0.890-1.068 0.586
VEGFR1 (Mon2) 1.004 0.971-1.039 0.809
VEGFR1 (Mon3) 1.029 0.894-1.185 0.692

differentiation, VEGFR: vascular endothelial growth factor receptor

ClI: confidence interval, CXCR4: C-X-C chemokine receptor type 4, CD: cluster of
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5.4 Discussion

In this chapter, | have demonstrated differences in the expression of markers for both
repair and angiogenesis in patients with AHF compared to SHF. On Monl, there was
increased expression of VEGFR-1 and a reduced expression of CXCR4. On Mon2,
there was increased expression of VEGFR-1 and CD163. No differences were observed

between patients with SHF and CAD.

Angiogenesis is a process characterised by the growth of new blood vessels from pre-
existing ones.(201) Arteriogenesis has more recently been introduced to define the
outgrowth of pre-existing arterioles into larger conductance collateral vessels.(201)
VEGF is perhaps the best characterised pro-angiogenic factor and levels are increased
in patients with HF.(156) Although increased VEGF levels are not considered direct
proof of enhanced angiogenesis in HF, there is direct evidence of impaired angiogenesis
leading to HF.(158) STAT3-deficient mice have reduced myocardial capillary
formation with subsequent interstitial fibrosis and LV dysfunction. Another study
showed that disruption of angiogenesis contributes to the progression from adaptive
cardiac hypertrophy to the development of HF.(202) VEGF improved collateral
circulation and improved cardiac contractility in animal model.(203) Macrophage
depletion delays wound healing and impairs cardiac remodelling.(154) Macrophages
isolated from sites of tissue injury can induce angiogenesis in vitro, largely by the
production of VEGF.(204, 205) In this chapter, VEGF-1R expression on Monl and
Mon2 in AHF inversely correlated with LVEF, which perhaps reflects attempts at

angiogenesis and repair in response to significantly impaired systolic function.
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There is no direct evidence to link monocytes with endothelial progenitor cells (EPCs)
but in vitro studies have shown that CD14+ cells can differentiate into endothelial-like
cells with endothelial characteristics.(206) Under the influence of VEGF, monocytes
can develop endothelial phenotype surface markers and can even form tubular-like
structures in vitro.(207) Also, in response to MCP-1, macrophages infiltrate the
myocardium to form erythrocyte-containing vascular-like tubes.(208) Furthermore,
injection of CD14+ cells has been shown to improve vascularisation and healing in

mouse models of ischaemic limbs.(209)

SDF-1 has been shown to induce therapeutic angiogenic cell homing and improve
cardiac function following MI and has been regarded as being beneficial to the
myocardium in this setting.(210, 211) Although SDF-1 and its main receptor CXCR4
may have a reparative potential, there are some conflicting data that suggest detrimental
effects on injured myocardium. For instance, selectively blocking CXCR4 using
AMD3100 reduces scar formation and in fact improves cardiac performance following
MI.(212) Furthermore, reduced myocardial scarring is seen in CXCR4 deficient mice
following MI with an associated reduction in pro-inflammatory monocyte infiltration
and increased recruitment of reparative monocytes into the heart.(196) Interestingly
however, LV function did not improve, possible due to a concomitant reduction in
neovascularisation. Therefore the role CXCR4/SDF-1 axis is finely balanced with
increased levels causing beneficial remodeling and neovascularisation but deficiencies
also limiting infarct size and improving adaptation to hypoxic stress. In this chapter,
reduced expression of CXCR4 was seen on Mon1 in AHF, which may reflect a response

to myocardial damage (analogous to MI models) and a shift towards reparative
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monocyte subset infiltration into the failing myocardium. Further studies will be needed

to see whether this is the case.

5.5 Conclusions

I have shown for the first time that AHF is associated with changes in the expression of
angiogenic markers and scavenger receptors on monocyte subsets. Such changes may
be responsible for the reparative and beneficial role of monocytes, especially in Mon2

which in appear to be associated with improved clinical outcomes
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CHAPTER 6

EXPRESSION OF CELL ADHESION
MOLECULE RECEPTORS ON
MONOCYTE SUBSETS IN HEART
FAILURE
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Abstract

Introduction: The objective of this chapter was to evaluate the expression of cell
adhesion molecule (CAM) receptors on monocyte subsets in heart failure (HF) and
examine their prognostic implication.Increased circulating levels of soluble CAMs have
been observed in patients with HF but the precise mechanism of monocyte adhesion to
the vascular endothelium remains unknown.

Methods: Patients with acute heart failure (AHF, n=51) were compared to those with
stable HF (SHF, n=42) and stable coronary artery disease (CAD, n=44) without HF and
40 healthy controls (HC). Expression of intercellular adhesion molecule-1 receptor
(ICAM-1R) and vascular CAM-1 receptor (VCAM-1R) on monocyte subsets was
assessed by flow cytometry and expressed as median fluorescence intensity (MFI).
Results: Compared to patients with SHF, those with AHF had significantly higher
expression of ICAM-1R on Mon2 (p=0.015). Compared to those with stable CAD,
patients with SHF had a significantly higher expression of ICAM-1R on Mon2
(p=0.040). Compared to SHF, patients with AHF had a similar expression of VCAM-1R
on both Mon1 and Mon3 but significantly higher expression on Mon2 (p=0.037). There
were no significant differences between SHF and CAD in monocyte expression of
VCAM-1R. In multivariate Cox regression analysis, VCAM-1R expression on Mon2
was associated with adverse clinical outcome (death or rehospitalisation) in AHF [HR
1.07 (1.01-1.14), p=0.029].

Conclusions: HF is associated with increased monocyte expression of surface receptors
to both ICAM-1 and VCAM-1, being particularly linked to Mon2 subsets. Expression

of VCAM-1R on Mon2 may have prognostic value in patients with AHF.
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6.1 Introduction

CAMs represent a marker of endothelial cell activation and vascular inflammation and
have been implicated in numerous inflammatory conditions, including allograft
rejection, atherosclerosis and vasculitis.(213-215) CAMs have also been found to be
increased in patients with HF.(147) CAMS mediate adhesion of monocytes to the
vascular endothelium via interactions with integrin receptors found on the surface of
monocytes and leads to monocyte penetration through the endothelial layer into areas of
inflammation.(216) ICAM-1 and VCAM-1 are the two key CAMs belonging to the
immunoglobulin gene superfamily and represent the most abundant leukocyte surface
glycoproteins.(216) ICAM-1 is the ligand for integrin lymphocyte function associated
antigen 1 and is composed of a beta subunit (CD18) and alpha subunit (CD11a).
VCAM-1 is the ligand for very late antigen-4 and is composed of a beta subunit (CD29)
and an alpha-4 subunit (CD49d). Patients with HF have increased accumulation of
macrophages and an upregulation of CAMs within the failing myocardium.(124, 152)
Circulating soluble CAMs (believed to be cleaved from the endothelial membrane) are

also elevated in HF and correlate with severity of symptoms.(148, 152)

In patients with MI, increased ICAM-1 receptors are seen on monocytes compared to
controls, providing a possible mechanism for increased monocyte-endothelial adherence
in this disease process.(217) However, the precise mechanism of monocyte adhesion to
the vascular endothelium in HF remains unknown and it is unclear whether expression
of CAM receptors on monocyte subsets is affected in HF. The prognostic role of
monocyte CAM receptor expression as a measure of their mobilisation into the site of

inflammation is also unknown, but may be of importance.
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In this chapter, my objectives were as follows: (i) to examine differences in the
expression of ICAM-1 receptors (ICAM-1R) and VCAM-1 receptors (VCAM-1R) on
monocyte subsets in patients with AHF, SHF and HF-free controls; and (ii) to evaluate
whether expression of these receptors is associated with clinical outcomes (mortality

and rehospitalisation) in patients with AHF.

6.2 Methods

6.2.1 Study population
The recruitment and data collection for patients with AHF, SHF, CAD and HC are

described in detail in chapter 2.

6.2.2 Flow cytometry

Flow cytometry analysis was performed as described in detail in chapter 2 (Figure 6.1).
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Figure 6.1 Flow cytometric measurements of CAM receptor expression on

monocyte subsets

A. Selection of CD14++CD16-CCR2+ (‘classical’, Monl), CD14++CD16+CCR2+

(‘intermediate’, Mon2) and CD14+CD16++CCR2- (‘non-classical’, Mon3)

monocytes.

B. Measurement of ICAM-1R (Mac-1-PE) and VCAM-1R (Integrin alpha4-APC)
expression on individual monocyte subsets. Axes are measurements of median
fluorescent intensity
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6.2.3 Statistical analysis

Detailed statistical techniques have been described in chapter 2, but additional analyses
were performed in this chapter to determine the predictive value of ICAM-1R and
VCAM-1R on monocyte subsets for adverse clinical events in AHF patients.
Recognising the relatively small sample size, variables achieving p<0.10 on univariate
testing were entered into a multivariate Cox regression analysis to determine the
independent predictors of adverse outcome, define as either death or rehospitalisation.
Age was also included in this analysis due to its well-recognised association with
mortality. Kaplan Meier analyses of cumulative event-free rates, stratified into two
groups on the basis of median MFI of Mon2 VCAM-1R, were compared. The

differences between event-free curves were tested by a log rank test.

6.3 Results

6.3.1 Subjects characteristics
The study groups had similar baseline demographic and clinical characteristics

(Table 2.1, chapter 2).

6.3.2 Cross-sectional analysis

6.3.2.1 Monocyte expression of ICAM-1 receptor

Compared to patients with SHF, those with AHF had significantly higher expression of
ICAM-1R on Mon2 (p=0.015) and a trend towards higher expression on Monl
(p=0.083) and Mon3 (p=0.073) (Table 6.1, Figure 6.1). Compared to those with stable
CAD, patients with SHF had a significantly higher expression of ICAM-1R on Mon2

(p=0.040) and a trend towards a higher expression on Mon1 (p=0.072).
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6.3.2.2 Monocyte expression of VCAM-1 receptor

Compared to SHF, patients with AHF had a similar expression of VCAM-1R on both
Monl and Mon3 but significantly higher expression on Mon2 (p=0.037) (Table 6.1,
Figure 6.1). There were no significant differences between SHF and CAD in the
expression of VCAM-1R on any of the monocyte subsets. There were no differences in

the expression of VCAM-1R on Mon3 across the study groups.
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Table 6.1 CAM receptor expression on monocyte subsets in the study groups

AHF SHF CAD HC P value
(n=51) (n=42) (n=44) (n=40)
ICAM-1R 46 39 30 34 <0.001
(Mon1), MFI [30-66] T [29-50] [18-36] [24-41]
ICAM-1R 88 60 54 56 <0.001
(Mon2), MFI | [66-116] *1i [48-85] T [41-62] [44-75]
ICAM-1R 41 29 25 30 <0.001
(Mon3), MFI [29-54] T1 [23-43] [13-33] [19-36]
VCAM-1R 13 11 10 11 0.100
(Mon1l), MFI [10-16] [9-14] [8-12] [7.9-14]
VCAM-1R 29 23 20 19 0.002
(Mon2), MFI | [22-35] *+ [17-28] [15-28] [16-31]
VCAM-1R 37 33 34 33 0.971
(Mon3), MFI [25-46] [26-41] [27-43] [26-45]
Data are presented as mean [Standard Deviation] or median [Interquartile range];
*<0.05 vs. SHF, 7<0.05 vs. CAD, { p<0.05 vs HC
AHF: acute heart failure, SHF: stable heart failure, HC: healthy controls CAD:
coronary artery disease, HF: heart failure, Monl: CD14++CD16- monocytes, Mon2:
CD14++CD16+CCR2+ monocytes, Mon3: CD14+CD16++CCR2- monocytes,
MCP-1: monocyte chemoattractant protein-1, MFI: median fluorescent intensity
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Figure 6.2 CAM receptor expression across the disease groups
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6.3.3 Longitudinal analysis of study parameters in AHF

In patients with AHF, there were no significant changes in ICAM-1R expression during
follow-up (Table 6.2). In patients with AHF, VCAM-1R expression on Mon3 reduced
significantly during follow-up (p<0.001), whilst VCAM-1R expression on Monl and

Mon2 did not show any changes.

Table 6.2 CAM receptor expression on monocyte subsets in AHF at admission,

discharge and 3 months

Admission Discharge Follow-up p value
(n=36) (n=36) (n=36)

ICAM-1R (Mon1), MFI 45 [29-70] 54 [34-82] 35 [27-52] 0.60
ICAM-1R (Mon2), MFI 90 [60-132] | 95[70-137] | 67 [51-101] 0.30
ICAM-1R (Mon3), MFI 411[28-57] | 47[33-65] 34 [21-58] 0.75
VCAM-1R (Monl), MFI 12 [10-16] 13 [9-16] 10 [6-14] 0.38
VCAM-1R (Mon2), MFI 30 [23-36] 29 [23-35] 25 [14-34] 0.17
VCAM-1R (Mon3), MFI 38[23-49] | 43[33-53]% | 30[18-45] | <0.001

Data are presented as mean [Standard deviation] or median [Interquartile range],
ICAM-1R: intercellular cell adhesion molecule-1 receptor, VCAM-1R: Vascular cell
adhesion molecule-1 receptor, MFI: median fluorescent intensity, Monl:
CD14++CD16- monocytes, Mon2: CD14++CD16+ monocytes, Mona3:
CD14+CD16++ monocytes, MFI: median fluorescent intensity, 1p<0.05 Discharge vs
Follow-up
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6.3.4 Correlations between monocyte expression of ICAM-1 and VCAM-1
receptors and plasma markers in AHF

ICAM-1R expression on Monl and Mon3 were significantly and negatively correlated
with BNP levels (Table 6.3). Interleukin-6 significantly correlated with BNP values
(r=0.45, p=0.008). There were no significant associations between monocyte ICAM-1R/

VCAM-1R expression and IL-6 and MCP-1 concentrations.

Table 6.3. Correlation analysis between surface markers and plasma markers in

AHF

ICAM-1R VCAM-1R

Mon1l Mon2 Mon3 Mon1l Mon2 Mon3

r p R p r p r p r p r p

BNP -0.46(0.009(-0.290.11 |-0.39]0.029|-0.06|0.76 [0.11 [0.58 |[-0.24]0.22

IL6 -0.20(0.19 (-0.110.46 |-0.20]0.18 |0.05 |0.74 [0.15 [0.34 |-0.10|0.52

MCP-1 (0.12 {0.44 |0.12 (0.45 |0.13 |0.39 [-0.03|0.87 |-0.16{0.30 |-0.17|0.29

BNP: brain natriuretic peptide, ICAM-1R: intercellular cell adhesion molecule-1
receptor, IL-6: interleukin-6, MCP-1: monocyte chemoattractant protein-1, VCAM-1R:
vascular cell adhesion molecule-1 receptor

6.3.5 Predictors of cardiovascular outcome in AHF

In univariate Cox regression analysis, higher VCAM-1R expression on Mon2, measured
within the first 24 hours of admission, was associated with a higher incidence of
combined death and rehospitalisation [Hazard ratio (HR) 1.05, 95% CI 1.01-1.09,

p=0.018] (Table 6.4). After adjustment for potential confounders including age, BNP
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levels, LVEF and eGFR, VCAM-1R expression on Mon2 remained a predictor of

adverse outcome [HR 1.07 (1.01-1.14), p=0.029].

Patients were divided into 2 groups on the basis of the median expression of VCAM-1R
on Mon2 (MFI 29). Kaplan-Meier survival analysis found that high VCAM-1R
expression on Mon2 (i.e. above the median) was associated with worse outcomes (log

rank test, p=0.032) (Figure 6.2).

Table 6.4 Cox regression analysis for predictors of death/rehospitalisation in AHF

Parameter Unadjusted p *Adjusted p

Hazard Ratio value Hazard Ratio value

ICAM-1R (Mon1), MFI | 0.99 (0.98-1.01) | 0.371 | 1.00(0.94-1.05) | 0.86

ICAM-1R (Mon2), MFI | 1.00 (0.99-1.01) | 0.498 | 1.00(0.98-1.02) | 0.97

ICAM-1R (Mon3), MFI | 0.99 (0.96-1.01) | 0.284 | 0.97 (0.916-1.02) | 0.25

VCAM-1R (Monl), MFI | 1.06 (0.97-1.15) | 0.225 | 1.13(0.98-1.29) | 0.09

VCAM-IR (Mon2), MFI | 1.05(1.01-1.09) | 0.018 | 1.07 (1.01-1.14) | 0.029

VCAM-IR (Mon3), MFI | 1.00 (0.97-1.03) | 0.839 | 0.95 (0.89-1.00) | 0.07

*Adjusted for age, brain natriuretic peptide, left ventricular ejection fraction and
estimated glomerular filtration rate, ICAM-1R: intercellular cell adhesion molecule-1
receptor, VCAM-1R: vascular cell adhesion molecule-1 receptor, MFI: median
fluorescence intensity
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Figure 6.3 Kaplan Meier curves of cumulative event-free survival from

death/rehospitalisation in AHF

The groups are divided along the median MFI value of VCAM-1R on Mon2 (=29)
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6.4 Discussion

I have shown for the first time that HF is associated with increased expression of both
ICAM-1R and VCAM-1R on the Mon2 subset. Patients with AHF have a higher
expression of both studied CAM receptors on Mon2 compared to those with SHF, with

high VCAM-1R expression related to higher rates of death and rehospitalisation.

During vascular inflammation, an initial low affinity interaction between leukocytes and
endothelial cells is mediated by selectins (another group of CAMs), followed by ICAM-
1 and VCAM-1 facilitating their firm adhesion and migration through the endothelial
barrier.(216) Although ICAM-1 is expressed on the surface of inactivated cells,
exposure to inflammatory cytokines (e.g., TNF and IL-1) leads to deregulated
expression. Conversely, VCAM-1 is hardly expressed on unstimulated endothelium but
is markedly increased following cytokine stimulation and also takes part in monocyte

adherence and migration.

Circulating levels of soluble CAMs are increased in HF and play an important role in
mediating cell-cell interaction during vascular inflammation and endothelial
dysfunction.(147) Moreover, high levels associate with adverse clinical outcomes and
correlate negatively with LVEF.(149) Monocytes play an important role in the immune
response associated with HF and a recent study showed increased numbers of Mon2+
monocytes in patients with stable HF compared to healthy controls.(93) As well as
elevated circulating monocytes, significantly higher numbers of macrophages have been
found within the myocardium of HF patients, suggesting a migration of monocyte
precursors to the site of inflammation.(218) Indeed, monocytes from patients with

severe HF have greater adhesiveness to cultured human aortic endothelial cells
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compared to controls or those with mild HF, which correlates with clinical
outcomes.(150)

Until now, the potential mechanisms for monocyte adhesion to the endothelium in HF
remained unclear. In this study, we have shown that monocyte expression of CAM
receptors is enhanced in HF, which may provide an insight into the mechanisms of

monocyte-endothelial interaction.

In both AHF and SHF, ICAM-1R expression was only increased on Mon2. This subset
has been shown to be elevated in AHF and SHF and appears to correlate with disease
severity. In contrast, VCAM-1R expression was only increased on Mon2 in AHF and
not in SHF. One possible explanation for this apparent discrepancy is that levels of
systemic inflammation in AHF are higher than in SHF, as reflected by higher plasma
IL-6 levels. Studies have shown that persistent ICAM-1 expression on the endothelium
is characteristic of chronic inflammation, whereas expression of VCAM-1 indicates
endothelial damage and more acute inflammation.(150, 213, 219, 220) Thus, up-
regulation of VCAM receptors on monocytes may be induced by the acute
inflammatory response associated with AHF rather than the more chronic state. In
support of this, analysis of myocardium from patients undergoing cardiac
transplantation revealed high expression of endothelial ICAM-1, whereas VCAM-1 was

not expressed, suggesting an absence of acute inflammation in such patients.(124)

Increased ICAM-1R and VCAM-1R expression on Mon2 may result in preferential
adhesion to the myocardial endothelium and thence into the heart itself compared to the
other monocyte subsets. It remains unclear whether this would be beneficial or

detrimental to the myocardium given the diversity in phenotype and functionality within
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the subsets (as discussed in earlier chapters). In healthy subjects, Mon2 in particular
appears to be highly phagocytic, which may important in removing apoptotic cells and
endogenous ligands from the myocardium.(177) Mon 2 is also a potent producer of IL-
10, an anti-inflammatory cytokine which may be important in tissue repair as well as

strongly expressing angiogenic surface markers (e.g. VEGF).(82)

In healthy subjects, Mon2 also releases TNF (compared to Monl, which releases IL-1p
and IL-6), which has been shown to be harmful and leads to increased CAM expression
on the endothelial surface, creating a cycle of activation and inflammation.(221)
Furthermore, TNF has also been shown induce ICAM-1 expression on myocytes in rat
models which may provide a potential mechanism for direct access of monocytes to

myocytes per se.(222)

6.5 Conclusions

I have shown for the first time that HF is associated with increased monocyte
expression of surface receptors to both ICAM-1 and VCAM-1, being particularly linked
to the Mon2 subset. This may provide some insight into the important interaction
between monocytes and the vascular endothelium in HF. Enhanced CAM receptor
expression is greatest on Mon2 and VCAM-1R expression on this subset appears to
have prognostic value in patients with AHF. There are currently no direct data to
suggest that Mon2 is recruited to the myocardium more readily than the other subsets in
HF. However, given the fact that absolute Mon2 numbers are higher in HF alongside
enhanced CAM receptor expression on this subset, further investigation is warranted on

its pathophysiological implications.
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CHAPTER 7

FORMATION OF

MONOCYTE-PLATELET AGGREGATES

IN HEART FAILURE
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Abstract

Introduction: Cross-talk between monocytes and platelets is reflected by the formation
of monocyte-platelet aggregates (MPAs), which are a sensitive marker of both
monocyte and platelet activation. It is not known whether MPAs are affected in HF.
Methods: MPAs were analysed by flow cytometry for the 3 monocyte subsets in 51
patients with AHF, 42 patients with SHF, 44 patients with stable CAD and 40 HC. The
prognostic impact of MPAs was examined in patients with AHF.

Results: The median total MPA count was significantly higher in AHF (133 per ul, IQR
99-180) compared to SHF (81 per ul, IQR 55-117, p<0.001), CAD (70 per pl, IQR 49-
98, p<0.001) and HC (52 per pl, IQR 35-76, p<0.001). MPAs associated with Mon1 and
Mon2 were also significantly increased in AHF compared to the three control groups
(p<0.001). The median proportion of Monl aggregated with platelets was increased in
AHF (17% IQR 12-23) compared to SHF (12%, IQR 10-18, p=0.033), CAD (13%, IQR
10-16, p<0.001) and HC (11%, IQR 7-13, p<0.001). A higher percentage of Mon3
aggregated with platelets was also seen in AHF compared to SHF (p=0.012), and HC
(p<0.001) but not compared to CAD (p=0.647). MPAs associated with Mon2 were
significantly lower in patients who experienced adverse clinical outcomes of death or
re-hospitalization (median 12.8 cells/ul IQR 7.1-19.1) compared to those who remained
free of events (median 16.1 cells/ul IQR 11.2-27.7, p=0.03). MPAs associated with
Mon2 count remained an independent negative predictor of combined death and re-
hospitalisation (for an increase of 5 cells/ul) 0.581, 95% CI 0.343-0.984; p=0.043)].
Conclusion: MPA formation in patients with both acute and stable HF is increased and
appears to be confined to monocytes from Monl and Mon2 subsets. MPAs associated

with Mon2 are also negatively predictive of a worse prognosis in AHF.
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7.1 Introduction

HF is both an inflammatory and pro-thrombotic condition as evidenced by elevated
levels of circulating cytokines and an increased risk of thromboembolic events.(223)
Platelets are the major cellular component of thrombosis(224) and patients with HF
have enhanced platelet activation as reflected by increased whole blood
aggregation(225), high mean platelet volume(226) and increased platelet P-selectin
surface exposure.(227) In addition to roles in haemostasis and thrombosis, platelets are
also able to regulate the activity of other cell types and cross-talk between monocytes
and platelets is reflected by formation of MPAs. MPAs have been shown to be a more
sensitive marker of platelet activation than platelet surface P-selectin, since
degranulated platelets rapidly shed P-selectin but still function in the circulation.(228,
229) Monocyte aggregation with platelets is accompanied by monocyte activation,
resulting in increased cytokine production, expression of cell-adhesion molecules and
the release of MMPs, all of which may be important in collagen breakdown and LV

dysfunction.(230)

Even in the absence of platelet interaction, monocytes play an important role in
inflammation and thrombosis, performing vital functions such as phagocytosis, cytokine
production and tissue repair(16) as well as being a major source of blood tissue

factor.(165)

MPAs are increased in numerous conditions associated with ischaemia and thrombosis,
such as MI, limb ischaemia(231) and stroke.(232) However, an interaction between
monocytes (and their individual subsets) and platelets has not been studied in HF and

the possible impact on clinical outcome is unknown.
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In this chapter, | aimed to compare levels of MPAs in patients with AHF, SHF and
control subjects with normal LV function, as well as dynamics of monocyte-platelet

interactions and their association with clinical outcomes in patients with AHF.

7.2 Methods

7.2.1 Study population
The recruitment and data collection for patients with AHF, SHF, CAD and HC are

described in detail in chapter 2.

7.2.2 Flow cytometry

Flow cytometry analysis was performed as described in detail in chapter 2. Monocytes
were selected by gating strategies based on forward and side scatter to select
monocytes, side scatter versus CD14 expression to exclude granulocytes, and ungated
CD14 versus CD16 expression to exclude natural Killer lymphocyte, MPAs were
defined as events positive to both monocyte markers and the platelet marker CD42a
(glycoprotein 1X) (Figure 7.1). The number of events collected was at least 400 events

for each monocyte subset and 10000 count beads.
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Figure 7.1 Identification of monocyte-platelet aggregates by flow cytometry

(A) Gating strategy using forward and side scatter to select monocytes, side scatter
versus CD14 expression to exclude granulocytes and ungated CD14 versus CD16
expression to exclude natural killer (NK) lymphocytes

(B) Monocyte-platelet aggregates defined as monocytes expressing the platelet surface

marker CD42a
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7.3.3 Statistical analysis

Detailed statistical techniques have been described in chapter 2, but additional analyses
were performed in this chapter to determine the predictive value of MPAs for adverse
clinical events in AHF patients. Recognising the relatively small sample size, variables
achieving p<0.10 on univariate testing were entered into a multivariate Cox regression
analysis to determine the independent predictors of both primary and secondary
endpoints in AHF patients. Age was also included in this analysis due to its well-
recognised association with mortality. Kaplan Meier estimates for the distribution of
time from index admission to the primary end-point (death or rehospitalisation) were
computed and log-rank analysis was performed to compare event free survival for
patients with MPAs associated with Mon2 above and below the median value at

admission.

7.3 Results

7.3.1 Subjects characteristics
The baseline characteristics of the study groups are also summarised in Table 2.1,

chapter 2.

7.3.2 Cross-sectional analysis

The total MPA count and MPAs associated with Monl and Mon2 were significantly
increased in AHF compared to the three control groups (Table 7.1, Figure 7.2). MPAs
associated with Mon3 were higher in AHF compared to HC (p<0.001) but similar to

SHF and CAD.
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Table 7.1 Monocyte-platelet aggregates in the cross-sectional analysis

AHF (n=51) SHF (n=42) CAD (n=44) HC (n=40) p value
Total MPA, per pl 133 [99-180]*11 81 [55-117]|| 70 [49-98] 52 [35-76] <0.001
MPA with Mon1, per pl | 105 [79-153]*F 66 [44-96]|| 53 [38-76] 40 [26-60] <0.001
MPA with Mon2, per pl | 16 [10-24] *1% 8 [5-13] §|| 5 [3-9] 5 [3-8] <0.001
MPA with Mon3, per pl | 9 [7-15] } 9 [6-11] 9 [6-11] 7 [4-9] 0.003
Mon1 with MPA, % 17 [12-23]*1% 12 [10-18] 13 [10-16] 11 [7-13] <0.001
Mon2 with MPA, % 24 [15-29] 20 [15-26] 21 [15-27] 19 [13-26] 0.536
Mon3 with MPA, % 15 [13-19]*F 13 [11-14] 13 [12-16] 12 [9.7-14] <0.001
Monocytes, per pl 852 [300]*+1 646 [172]) 541 [139] 502 [190] <0.001
Platelets, per p 253 [90] 227 [51] 240 [65] 267 [76] 0.20

Normally distributed data are presented as mean [standard deviation], non-normally distributed data are presented as median [inter-
quartile range]. AHF: acute heart failure, SHF: stable heart failure, CAD: coronary artery disease, HC: healthy control, Monl.:
CD14++CD16- monocytes, Mon2: CD14++CD16+CCR2+ monocytes, Mon3: CD14+CD16++CCR2- monocytes, MFI: median
fluorescent intensity, MPA: monocyte platelet aggregates.* p<0.05 AHF vs SHF ~ § p<0.05 SHF vs CAD 7 p<0.05 AHF vs CAD

|| p<0.05 SHF vs HC, i p<0.05 AHF vs HC
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Figure 7.2 Monocyte-platelet aggregate counts for the 3 monocyte subsets
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The proportion of Monl aggregated with platelets was increased in AHF compared to
SHF (p=0.03), CAD (p<0.001) and HC (p<0.001). There were no differences in the
proportion of Mon2 aggregated with platelets across the study groups. A higher
percentage of Mon3 aggregated with platelets was seen in AHF compared to SHF

(p=0.012), and HC (p<0.001) but not compared to CAD (p=0.22).

Patients with SHF had significantly higher total MPA count compared to HC (p=0.02)
and there was a trend towards higher counts compared to CAD (p=0.07). Similarly,
MPAs associated with Monl were significantly higher in patients with SHF compared
to HC (p<0.001) but there were no differences when compared to CAD (p=0.10). MPAs
associated with Mon2 were higher in SHF compared to CAD (p=0.04) and HC
(p=0.004). There were no differences between MPAs associated Mon3 when comparing

SHF with CAD and HC.

The proportion of Monl aggregated with platelets was higher in SHF compared to HC
(p=0.01) but not different compared to CAD (p=0.59). The proportion of Mon2 and

Mon3 aggregated with platelets did not differ between SHF, CAD and HC.

7.3.3 Longitudinal analysis

When compared to measurements taken during the first 24 hours of admission, the total
MPA count and MPAs associated with Monl, Mon2 and Mon3 did not change
significantly over 3-months of follow-up (Table 7.2), despite an overall improvement in
NYHA status [(NYHA 1 (n=3), NYHA 2 (n=15), NYHA 3 (n=12), NYHA 4 (n=6)].
The only parameter to change was a reduction in the percentage of Mon3 aggregated to

platelets at 3 months compared to on admission (p=0.009).
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Table 7.2 Monocyte-platelet aggregates in AHF at admission, discharge and 3

months
Admission Discharge Follow-up p

(n=36) (n=36) (n=36) value
Monocytes, per pl 893 [336] 853 [255] 858 [331] 0.73
Platelets, per pl 249 [92] 271 [105]* 201 [59] 0.011
Total MPA, per ul 133 [99-180] 133 [96-172] 124 [95-197] | 0.43
MPA with Mon1, per pl [ 105 [79-153] 106 [73-150] 94 [68-150] | 0.40
MPA with Mon2, per pl 16[10-24] 13 [7.5-19] 16 [6.6-29] 0.51
MPA with Mon3, per pl 9 [7-15] 11 [8-15] 10 [6-18] 0.61
Mon1 with MPA, % 17 [12-23] 17 [13-23] 14 [11-20] 0.33
Mon2 with MPA, % 24 [15-29] 22 [17-27] 19 [16-27] 0.78
Mon3 with MPA, % 15 [13-19] 15[11-18] & 13[8.4-17] | 0.013

vs. follow-up, p=0.049

Normally distributed data are presented as mean [standard deviation], non-normally
distributed data are presented as median [inter-quartile range]. Monl: CD14+CD16-
monocytes, Mon2: CD14++CD16+CCR2+ monocytes, Mon3: CD14+CD16++CCR2-
monocytes, MPA: monocyte platelet aggregates.
* discharge vs. follow-up, p=0.003; 1 admission vs. follow-up, p=0.009; idischarge
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7.3.4 Correlation between MPAs, plasma markers and LVEF.

In patients admitted with AHF, plasma concentration of IL-6, MCP-1, and BNP were 11

[7-16] pg/ml, 125 [7-16] pg/ml, and 365 [108-872] pg/ml, respectively. Counts of MPA

with Mon3 significantly correlated with MCP-1 levels (r=0.32, p=0.022). There was no

correlation between MPAs and IL-6 or BNP levels (Table 7.3). The percentage of

Monl aggregated with platelets negatively correlated with LVEF measured during

hospital admission (r=-0.30, p=0.046) (Table 7.4)

Table 7.3 Correlation analysis between monocyte-platelet aggregates, plasma IL-6

and MCP-1 in AHF

IL-6 MCP-1
r p-value r p-value
Total MPA, per pl -0.01 0.95 0.05 0.73
MPA with Monl, per pl 0.01 0.92 -0.01 0.94
MPA with Mon2, per pl -0.12 0.40 0.25 0.078
MPA with Mon3, per pl 0.04 0.76 0.32 0.022
Monl with MPA, % -0.03 0.86 -0.28 0.49
Mon2 with MPA, % -0.02 0.91 -0.12 0.42
Mon3 with MPA, % 0.03 0.82 -0.03 0.86
Monl: CD14+CD16- monocytes, Mon2: CD14++CD16+CCR2+ monocytes, Mon3:
CD14+CD16++CCR2- monocytes, MPA: monocyte-platelet aggregates, MCP-1:
monocyte chemoattractant protein-1, IL-6: interleukin-6
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Table 7.4 Correlation analysis between monocyte-platelet aggregagates, plasma

IL-6 an MCP-1 in AHF

LVEF BNP

r p-value r p-value
Total MPA, per pl -0.26 0.087 -0.26 0.14
MPA with Mon1, per pl | -0.27 0.068 -0.25 0.16
MPA with Mon2, per pl | -0.06 0.70 -0.22 0.22
MPA with Mon3, per pl | -0.16 0.30 -0.16 0.36
Mon1l with MPA, % -0.30 0.046 -0.09 0.62
Mon2 with MPA, % -0.18 0.24 -0.02 0.93
Mon3 with MPA, % -0.12 0.41 0.05 0.79

Monl: CD14+CD16- monocytes, Mon2: CD14++CD16+CCR2+ monocytes, Mona3:
CD14+CD16++CCR2- monocytes, MPA: monocyte-platelet aggregates, LVEF: left
ventricular ejection fraction, BNP: brain natriuretic peptide, MPA: monocyte platelet
aggregates

7.3.5 Predictors of cardiovascular outcome in AHF

MPAs associated with Mon2 were significantly lower in patients who experienced
adverse clinical outcomes of death or re-hospitalisation (12.8 cells/ul IQR 7.1-19.1)
compared to those who remained free of events (16.1 cells/pl IQR 11.2-27.7, p=0.03)
The total MPA count, levels of MPAs with Mon1 and Mon3 did not differ significantly

between patients with or without events.

In a univariate Cox regression analysis, BNP (p=0.009), creatinine (p=0.013) and MPA

associated with Mon2 (p=0.042) were predictors of clinical outcome, with LVEF
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showing a strong trend (p=0.061) (Table 4). In a multivariate Cox regression analysis,
MPAs associated with Mon2 remained an independent negative predictor of combined
death and rehospitalisation after adjustment for age, LVEF, creatinine and BNP (Table

7.5).

For Kaplan-Meier analysis, patients were grouped by quartiles of MPAs associated with
Mon2 (Figure 7.3): Quartile 1: <10 cells/ul, Quartile 2: >10 - 16 cells/ul, Quartile 3:
>16 -24 cells/ul, Quartile 4: >24 cells/ul. Patients with the lowest counts of MPAs from
Mon2 (Quartile 1) had significantly worse clinical outcome compared to those with the
highest counts (Quartile 4) (Log rank test, p=0.037). There were no significant
differences between quartile 1 and quartile 4 with regards to antiplatelet therapy, with
81.8% of quartile 1 and 92.3% of quartile 4 taking at least one of these medications

(p=0.527).
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Figure 7.3 Kaplan Meier curves of cumulative event-free survival

from

death/rehospitalisation by quartiles of MPAs associated with Mon2 monocytes in AHF

Cumulative event free survival
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Table 7.5 Cox regression analysis for predictors of death/rehospitalisation in AHF

Variable Hazard ratio 95% ClI p value
Univariate analysis

Demographics/clinical characteristics

Age 1.015 0.970-1.061 0.53
Gender (males) 1.048 0.402-2.730 0.92
Hypertension 1.164 0.475-2.852 0.74
Diabetes 1.018 0.412-2.515 0.97
Smoking 1.801 0.734-4.418 0.20
Ml 1.069 0.437-2.617 0.88
Stroke 2.086 0.610-7.129 0.24
BNP, pg/ml 1.001 1.000-1.001 0.009
LVEF, (%) 0.955 0.909-1.002 0.061
Creatinine, umol/I 1.017 1.004-1.031 0.013
Medications

Aspirin 1.324 0.438-4.002 0.62
Clopidogrel 0.914 0.374-2.238 0.85
ACEI/ARB 0.750 0.272-2.068 0.58
Beta blocker 1.349 0.556-3.272 0.51
Statin 1.160 0.339-3.962 0.81
Monocyte subsets

Total MPA, per pl 0.999 0.993-1.004 0.62
MPA with Mon1, per pl 0.999 0.993-1.005 0.80
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MPA with Mon2, per pl 0.945 0.894-0.998 0.042
MPA with Mon3, per pl 0.989 0.933-1.070 0.99
Mon1l with MPA, % 1.028 0.979-1.080 0.27
Mon2 with MPA, % 1.035 0.998-1.074 0.067
Mon3 with MPA, % 1.045 0.984-1.109 0.15
Platelets, per pl 0.998 0.991-1.004 0.46
Multivariate analysis

MPA with Mon2, per 5| 0.581 0.343-0.984 0.043

cells/ul

Cl: confidence interval, MPA: monocyte platelet aggregates, BNP: Brain
Natriuretic peptide, LVEF: left ventricular ejection fraction, ACEI: angiotensin
converting enzyme inhibitor, ARB: angiotensin recptor blocker, MI: myocardial
infarction, Monl: CD14+CD16-
monocytes, Mon3: CD14+CD16++CCR2- monocytes

monocytes,

Mon2: CD14++CD16+CCR2+
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7.4 Discussion

MPAs represent a sensitive marker of both monocyte and platelet activation and | have
shown for the first time that the total MPA count is increased in patients with both AHF
and SHF compared to controls with normal LV function. Importantly, increased
formation of MPAs in AHF is confined to monocytes from the Monl and Mon2 subsets
and not from the Mon3 subset. | have also shown that MPAs from Mon2 are inversely
predictive of adverse outcome in patients admitted to hospital with AHF, independent of
age, LVEF, BNP and renal function. The cause of death in the majority of patients was
due to worsening of HF and no patients experienced stroke or MI during follow-up.
Thus, an association between clinical outcome and the formation of MPAs appears to be

in addition to the acknowledged increased risk of thrombo-embolism in HF patients.

It remains unclear why MPAs from Mon2 are increased in AHF compared to controls
and yet patients who have the worst outcomes have the lowest numbers of such
complexes. One might speculate that MPAs from this subset of monocytes have
beneficial or reparative properties in the myocardium and a failure to form MPAs in
AHF results in a greater insult to the myocardium and hence, a worse prognosis.
Alternatively, circulating MPA levels may not reflect their abundance within the
myocardium itself and low levels of circulating MPAs from Monz2 in those patients who
have the worst prognosis may reflect a rapid migration and uptake of these complexes
into the myocardium. Indeed, the transendothelial migration of MPAs is associated
with a dissociation of the aggregate.(233) Nonetheless, the observational nature of this
study does not allow mechanistic insights into the specific roles of MPAs in HF and

further data on the prognostic role of MPAs are required.
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Monz2 are increased in inflammatory conditions and the formation of MPAs may reflect
another marker of their pro-inflammatory activity. In acute coronary syndrome, MPAs
represent a link between inflammation and thrombosis, with increased numbers formed
in patients with troponin positive coronary events, perhaps reflecting instability of
coronary plaques and vascular inflammation.(234-236) In HF, the precise trigger for
MPA formation is less clear, although contributing factors are likely to include
haemodynamic changes, activation of the renin-angiotensin system, endothelial

dysfunction and increased catecholamines.(237)

As well as simply representing a marker of platelet activation, a recent study has shown
that the formation of MPAs results in significant upregulation of circulating CD16+
monocytes (mainly Mon2) which adhere to human umbilical vascular endothelial cells
more than CD16- cells (238), thereby giving rise to a potential mechanism for monocyte
migration into the failing myocardium. Furthermore, CD16+ monocytes have higher
pro-inflammatory activity than CD16- cells and in-vivo studies have demonstrated
higher cytokine production by monocytes (including IL1-Beta, IL-8, MCP-1) in
response to MPA formation.(239-241) Consequently, MPA formation is also associated

with promoting a greater inflammatory phenotype in monocytes.(238, 242)

Phagocytosis is one of the most important functions of monocytes and studies have
shown that this activity is particularly marked in Monl and Mon2 monocytes.(82) The
increased formation of MPAs in these subsets (in both acute and stable HF) might also
reflect a mechanism of eliminating activated platelets from the circulation by
phagocytosis. It is therefore possible that the high number of MPAs in HF may reflect

the increased number of activated platelets found in this condition. In addition to the
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direct formation of MPAs, monocytes and platelets may also interact with each other to
augment individual intrinsic function. For example, tissue factor release by monocytes
in HF interacts with P-selectin on the surface of platelets which results in enhanced

fibrin formation.(237, 243)

Patients with HF have been shown to have increased plasma MCP-1.(244, 245) In this
chapter there was a significant correlation between the plasma levels of MCP-1 and
counts of MPA associated with ‘non-classical’ Mon3. This is perhaps in accordance
with previous evidence showing the intimate role platelets play in the regulation of
monocyte recruitment to tissues.(233) Additionally, these observations once more
indicate very complex and context-dependent patterns of monocyte-platelet interaction.
For example, the P-selectin mediated pathway has been shown to be pivotal for
monocyte aggregation with platelets in the settings of atherothrombosis, but not in

endotoxemia.(246)

The results of this chapter show that increased MPA formation in Monl and Mon2
following acute decompensation of HF persists for at least 3 months, despite
improvements in patient symptoms. Our findings suggest that the inflammatory
mechanisms that activate monocytes and platelets continue many weeks after the initial
event, which may contribute to the considerable morbidity and mortality seen in this
patient group. Therapeutic modulation of thrombotic substrates in HF is an attractive
concept, particularly in patients with AHF in whom inflammation and thrombosis are
greatest. Reductions in MPAs have been demonstrated following administration of
monoclonal antibodies against PSGL-1 and the blockade of P-selectin(247) A large

proportion of AHF patients recruited in this study were taking antiplatelet medication,
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with 73% on aspirin and 41% on clopidogrel. Antiplatelet therapy has been shown to
reduce the numbers of circulating monocyte-platelet aggregates in patients with stable
CAD and this reflects a reduction in both platelet and monocyte activation (248).
Conversely, anticoagulation appears to have little effect.(249) and at present, there are
no convincing clinical trial data to suggest a beneficial role on mortality of either
anticoagulation or antiplatelet therapy in patients with HF, unless there are concomitant

indications, such as CAD or AF.

7.5 Conclusion

For the first time, | have shown that MPA formation is increased in patients with HF
and this may provide some preliminary evidence of an interaction between
inflammation and thrombosis in HF. In AHF, the increase in MPAs appears to be
confined to monocytes from Monl and Mon2 subsets, which have been shown in other
studies to be pro-inflammatory and highly phagocytic. Also, MPAs with Mon2 are also
negatively predictive of a worse prognosis in AHF, perhaps reflecting a beneficial role

for these complexes during acute decompensation.
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CHAPTER 8

DISCUSSION
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8.1 Summary of key findings

Much of the work presented in this thesis has already been discussed in the individual
results chapters (see chapters 3-7). The aim of this chapter is to bring all of these
findings together in the context of the original hypotheses described in chapter 1 and to

discuss how this work may lead on to future research.

The overall key findings in this thesis are:

i. Patients with HF have abnormal numbers of monocytes and individual subsets
compared to controls without HF (chapter 3)

ii. HF is associated with differences in monocyte subset surface expression of
markers for activation/inflammation (chapter 4), angiogenesis (chapter 5),
tissue repair (chapter 5) and cell adhesion (chapter 6).

iii. HF is associated with increased formation of MPAs (chapter 7)

iv. The majority of abnormalities in monocyte subset parameters seen on admission
in patients with AHF persist during short-term follow-up (chapters 3-7)

v. The Mon2 subset appears to have a prognostic role in patients with AHF, with
counts of Mon2 (chapter 3), MPAs associated with Mon2 (chapter 7) and
expression of VCAM-1R on Mon2 (chapter 6) associating with clinical

outcomes
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Figure 8.1 Surface marker expression in patients with acute and stable heart

failure

A. Stable heart failure (compared to disease controls)

B. Acute heart failure (compared to stable heart failure)
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8.2 General discussion

The specific findings in the cross-sectional study for patients with SHF and AHF are
shown in Figure 8.1. In patients with SHF, there was an increase in counts of Mon2 and
MPAs associated with Mon2, alongside increased expression of inflammatory markers
(CD14) and cell adhesion receptors (ICAM-1R) on Mon2. In patients with AHF, there
was an increase in counts of Monl and Mon2 and MPAs associated with Monl and
Mon2. There was an increase in the expression of angiogenic receptors on Monl
(VEGF-1R) and an increase in expression of angiogenic receptors (VEGF-1R),
scavenger receptors (CD163) and CAM receptors (ICAM-1R and VCAM-1R) on
Mon2. Expression of the chemokine receptor CXCR4 was reduced on Monl in AHF.

The only significant difference on Mon3 was enhanced expression of CD14.

Interestingly, the majority of monocyte parameters did not change significantly during
follow up in the longitudinal study. Absolute subset numbers remained the same, but
some markers of inflammation did change, with TLR4 expression on Monl and Mon2
falling significantly at follow-up. TLR4 expression on Mon3 was increased at discharge
compared to admission, with subsequent reductions seen at follow-up. CCR2 and
VCAM-1R expression on Mon3 also fell during follow-up. The scavenger receptor
CD163 also fell significantly on Monl and Mon2 during follow-up. It remains unclear
how long it would take for many of the monocyte parameters to ‘normalise’ to baseline
SHF values in patients admitted with AHF. During the design of the study, it was felt
that 3 months follow-up would allow adequate recovery and the majority of patients did
indeed have improvements in NYHA class and concurrent reductions in BNP by this
time. Furthermore, given the high rates of recurrent decompensation following AHF

admissions, it was felt that too many patients would have been re-admitted before any
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‘stable” blood samples could be taken if the follow-up had been longer. Nevertheless,
despite clinical improvements, plasma levels of IL-6 and MCP-1 were unchanged at 3
months. This suggests that systemic levels of inflammation were still high and may
explain why many monocyte parameters did not change significantly at follow-up.
These data may support the idea that AHF is a separate disease process compared to the
stable condition, with important differences in the immune response and therefore

potential therapeutic targets.

One of the most interesting aspects of the study is the impact of monocyte parameters
on clinical outcomes. Unfortunately, patients with HF often have a poor prognosis and
this is reflected in the findings from this study, with more than one third of patients
admitted with AHF having a clinical event (either death or rehospitalisation) during the
follow-up period. It should be acknowledged that the number of AHF patients recruited
was relatively small, therefore evaluating the impact of monocyte parameters on
prognosis should be regarded as hypothesis generating rather than definitive, with larger
scale studies clearly needed. However, the Mon2 subset appeared to have a prognostic
role in patients with AHF, with higher numbers associating with improved clinical
outcomes. These findings are similar to results seen in stroke patients, with elevated
numbers of Mon2 also associating with improved outcomes.(84) Conversely, high
Mon2 in patients with chronic renal failure predicted future cardiac events(176) and
Mon2 also independently predicted cardiovascular events in patients referred for

elective coronary angiography.(250)

A simplistic interpretation of these findings might be that in stable CAD and chronic

renal failure, the Mon2 subset is detrimental and leads to M, stroke and death as a
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result of vascular inflammation. Conversely, in AHF and stroke, the Mon2 subset is in
some way beneficial and ‘protects’ against adverse sequelae. Adrenaline has been
shown to increase the number of CD14++ monocytes(251) and the acute nature of both
stroke and AHF are mediated by a catecholamine driven stress response. One
hypothesis may be that adrenaline in the acute setting induces a more ‘protective’
phenotype and functionality of the Mon2 subset but further research is required to test

this hypothesis.

In order to investigate the apparent ‘benefits’ of Mon2 in AHF, the phenotype of these
cells were evaluated by measuring surface marker expression. | discovered that Mon2
highly expressed VEGFR-1 which negatively correlated with LVEF, which may suggest
an involvement in angiogenesis. Although MCP-1 is known to be a powerful chemokine
for monocyte migration (by its interaction with CCR2 receptor), CCR2 expression was
unchanged which suggests that this pathway may not be the principle mechanism for
monocyte recruitment in AHF. Instead, enhanced expression of VEGFR-1 may be more
important in migration, as VEGF is also know to be involved in monocyte chemotaxis

to sites of inflammation.

Further evidence of the ‘reparative’ potential for Mon2 was the discovery in chapter 5
that CD163 expression also increased in AHF on this subset. CD163 is a scavenger
receptor known to be involved in the down-regulatory phase of inflammation.(198, 199)
Activation of the CD163 receptor has been shown to enhance IL-10 release, which is an

anti-inflammatory cytokine and may reduce inflammation in the acute setting.

162



Increased VCAM-1R expression on Mon2 was seen in AHF compared to SHF, whereas
lower expression associated with better outcomes. One might speculate that in patients
with severe HF (and who go on to have worse clinical outcomes), increased receptors to
VCAM-1 on Mon2 leads to enhanced monocyte recruitment into the failing
myocardium (in an attempt to limit damage) and consequently fewer numbers seen in
the peripheral circulation (as seen in chapter 3 where lower Mon2 numbers associated
with worse outcomes). Further work looking at monocyte subsets within the

myocardium itself may add to our understanding.

Another novel finding was the increased formation of MPAs from Monl and Mon2,
with higher numbers from Mon2 associating with improved clinical outcomes. MPAs
represent a marker of both platelet and monocyte activation and data have shown that
formation of such aggregates upregulates CD16+ monocytes, which adhere to
endothelial cells more than CD16- monocytes. There may therefore be a link between
MPA formation, cell adhesion (increased VCAM-1R expression) and chemotaxis
(increased VEGFR-1 expression) on Mon2 which results in increased recruitment into

the failing myocardium.

8.3 Limitations

The study has a number of limitations which need to be considered when interpreting
the results. Although many of the statistical tests resulted in significant p-values at
conventional levels, it should be noted that numerous monocyte markers were analysed
during the study which may result in type 1 error in the statistical analyses. A
Bonferroni correction was not applied to the statistical analyses which should be

regarded as a limitation of the study. Furthermore, the number of subjects recruited was
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relatively small, particularly in the AHF cohort where the prognostic role of monocyte
parameters was assessed. Although more than one third of AHF patients reached the
end point of death or rehospitalisation, further studies with a greater number of patients
are required to confirm the influence of such parameters on clinical outcomes.
Moreover, outcome data were only collected for patients with AHF and further studies
will be needed to assess whether monocyte parameters have any prognostic role in SHF
patients. Although the number of patients required for future studies will depend on the
hypothesis to be addressed, an estimate of sample size for the multivariate Cox
regression analysis can be made based on the findings in this study. Assuming the event
rate (death or rehospitalisation) remains at 33% with 4 predictor variables in the
analysis, 102 AHF patients would be required to confirm the predictive value for Mon2

subset counts on clinical outcomes.

| specifically recruited HF patients with underlying CAD in order to draw comparisons
with an appropriate control group. Whilst baseline characteristics were similar between
patient groups (table 2.1), more patients had AF in HF than CAD and fewer AHF
patients were taking a beta-blockers than controls. Therefore residual confounding
from co-morbidities may still exist between groups. Furthermore, the findings in this
thesis should be evaluated in patients with HF due to other aetiologies, such as dilated

cardiomyopathy or diastolic HF.

One of the major limitations of this study is its observational design which does not
allow detailed insight into the functional mechanisms of monocyte action in HF. It
remains unclear whether monocyte subset numbers and phenotype are simply a

reflection of the underlying disease process in HF or whether they directly contribute to
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its pathophysiology and monocyte counts and activity in the peripheral circulation may

not reflect their abundance or functionality within the myocardium itself.

8.4 Implications for future research

This thesis has allowed me to systematically answer many questions relating to the role
of monocytes in HF but in doing so, has generated many more which still require
attention. The prognosis of patients with HF is unfortunately still poor despite advances
in current therapy, and identifying ‘markers’ of poor prognosis may allow clinicians to
plan the management for such patients more effectively, either in terms of utilising
more aggressive therapies or even planning end of life pathways. Therefore further

larger scale studies are required to evaluate the prognostic role of monocytes in HF.

It is still unclear from the work in this thesis whether the functions of specific monocyte
subsets are beneficial or detrimental to the myocardium. | have demonstrated increased
expression of markers for inflammation and activation on the Mon2 subset, which may
lead to harmful effects as previously discussed. However, | have also demonstrated that
this subset has increased expression of reparative and angiogenic markers which may
result in attenuation of myocardial damage and lead to tissue repair. It is therefore
unclear whether reducing or indeed enhancing specific subsets would improve clinical
outcomes. An exciting future direction would be to manipulate subset levels and even
phenotype in animal models using pharmaceutical agents in order to assess the effects
on myocardial performance and ultimately clinical outcomes. Another direction of
animal research might be to separate subsets and introduce them into the host in a HF
model, either into the peripheral circulation or into the heart itself in order to assess the

response to individual subsets.
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Although monocyte subset numbers and phenotype addressed in this thesis may be
important, assessing their functionality is likely to be crucial in furthering our
understanding of their role in HF. For example, it would be interesting to evaluate
cytokine production, phagocytosis and cell adhesion for the different subsets in vitro as
well as utilizing novel approaches of non-invasive imaging to track monocyte subsets in

vivo.

Finally, the work in this thesis focuses on monocytes collected from the peripheral
circulation and these may not reflect levels within the myocardium itself. An obvious
future direction would be to assess samples of myocardium taken at the time of
explantation during cardiac transplantation in order to compare monocyte subsets with
blood samples taken simultaneously from the peripheral circulation. This would enable
testing of the hypothesis that subsets with highest expression of CAM receptors migrate
to the myocardium and the numbers in the peripheral circulation are consequently

lower.

The number of potentially interesting and exciting studies leading on from this thesis is

not limited to the brief outline given above and it should be acknowledged that the

understanding in this field of work is very much in its infancy.
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8.5 Conclusions

The work described in this thesis has significantly added to our understanding of the
role monocyte subsets play in HF. There are significant differences in subset numbers
as well as cell surface receptor expression which may be important in the
pathophysiology of this complex disease. However, this work also highlights several

deficiencies in our understanding which need to be explored in future research.
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Appendix 1: Standard Operating Procedure
for cytometric bead array

STANDARD OPERATING PROCEDURE 210
Cytometric Bead Array

Dr. Eduard Shantsila and Dr. Silvia Montero-Garcia. January 2012
Updated February 2012 for Fractalkine

N.B. Use of the flow cytometry is forbidden
Without having been officially trained

Required pre-training

1. SOPs on venepuncture and on good clinical practice
2. SOP 195 — General operation of the flow cytometer
Contents
Introduction
Materials and suppliers

Detailed Method

1. Introduction

The cytometric bead array (CBA) assay combined with flow cytometry (FC) can be
used to measure multiple soluble analytes with a particle-based immunoassay in a single
tube. This technique may supplant a conventional ELISA with less volume sample for
multiple markers (less dilution too), less time and lower costs. And even more, it seems
more reliable than conventional ELISA since each bead can be considered as individual
test and in one sample you are counting hundreds of beads for each marker instead of
only duplicate wells. We will use as many kits as markers (up to 30 markers with the
FACScalibur).

Samples are incubated, in batch, with beads bearing a specific antibody, then with PE-
conjugated antibodies to form sandwich complexes (like in ELISA), shortly washed and
acquired by FC in couple minutes. Easy and fast! The FC data will be then collected and
analyze in CBA software (bought license). This software enables linear regression
analyses using the standard curves of known concentration.

168



This SOP is relevant for IL6, MCP-1 and fractalkine.

Measurement of IL-1 and IL-10 failed quality control

2. Materials and Supplier contact details:

2.1

2.2

2.3
2.4
2.5

2.6

2.7
2.8
2.9
2.10
2.11
2.12

BD “FACS Flow” Running solution [Becton Dickinson, Catalogue No.
342003]10L containers.

BD “FACS Clean” Cleaning Solution [Becton Dickinson, Catalogue No.
340345]

3 ml BD Falcon tubes [Becton Dickinson, Catalogue No. 352054]
15 ml Falcon tube

Clear pipette tips [Alpha Laboratories Limited, Catalogue No FR1250 1250 ul
Fastrak Refill NS]

Yellow pipette tips [Alpha Laboratories Limited Catalogue No FR1200 200 ul
Fastrak Refill NS]

Human IL-1p Flex Set [Becton Dickinson, Catalogue No. 558279]
Human IL-6 Flex Set [Becton Dickinson, Catalogue No. 558276]
Human IL-10 Flex Set [Becton Dickinson, Catalogue No. 558274]
Human MCP-1 Flex Set [Becton Dickinson, Catalogue No. 558287]
Human Fractalkine Flex set [Becton Dickinson]

Human Soluble Protein Master Buffer Kit [Becton Dickinson, Catalogue
No0.558264]

3. Detailed Method

Bring all reagents to room temperature before use (they are stored at +4°C, generally in
the ‘fridge in the flow cytometer room)

3.1. Preparation of the standards (standard curves)

3.11

3.1.2

In a 15 mL falcon tube labelled as “TOP STANDARD” put the 4 standards
together (all the beads from each kit standard vial) and mix carefully with 4 mL
of RPMI-diluent buffer. DO NOT VORTEX, but wait 15 min until all the beads
are fully dispersed.

Prepare 10 clean falcon tubes, label them with the following dilutions names
(top row table 1) and add 0.5 mL of RPMI-diluent buffer to each (middle row
Table 1).
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3.1.3 Then make serial (double) dilutions by taking 0.5 mL of the more concentrated
dilution to the less concentrated. Mix by pipetting up and down three or four
times, again do not vortex. Total: 11 standard tubes with the following

concentrations of each marker per tube (bottom row Table 1).

3.1.4 Although BD only recommends storage at 4°C for one week, the tubes below
have been frozen at -70°C in order to use them in the next assays.
3.1.5 Prepare 11 new FC tubes, label them with the same concentrations and add 50
pL of the below dilutions. These are the tubes for the standard curve that we are
going to process by FC. Run the tubes from the least concentrated (0 pg/mL) up

to the most (2500 pg/mL).

Table 1

Top 1/ 1/ 1/ 1/ 1/ 1/ 1/ 1/ 1/ 0

standard 2 4 8 16 32 64 128 | 256 512 (negative

control)

RPMI-diluent 4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
buffer (mL)

Final 2500 1250 | 625 | 312.5 | 156 80 40 20 10 5 0
concentration
(pg/mL)

3.2. Preparation of the sample tubes

3.2.1 Mark one FC tube per sample

3.2.2 Add 50 pL of the serum or plasma (sample) to each tube.

3.2.3 We are not doing replicates!!

3.3. Master Mix beads preparation

3.3.1 Each kit has a blue tab tube which contains specific capture beads for the chosen

marker (50X). We will use 1 uL of this solution (beads-Ab) per marker and sample

3.3.2 For the Master Mix (MM) it is convenient to prepare 2 samples more than we
need in order not to run out of beads. We will use these capture beads for:

e Standards
e Samples
e 2 extrasamples

3.3.3 Vortex each capture beads vial for 15 seconds to resuspend the solution
3.3.4 Transfer the required volume of each marker bead (I pL x number of sample),

mix all together in a FC tube labelled “MM beads”
3.3.5 Add 0.5 mL of wash buffer (which is basically PBS)
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3.3.6
3.3.7
3.3.8

3.3.9
3.3.10
3.3.11

3.3.12

Centrifuge at 300 g, 5 min

Carefully discard the supernatant, do not touch the pellet (beads)

Calculate the volume of diluent required to dilute the beads, taking into account
that we are mixing 4 marker beads. Each bead must be diluted in 50 uL with the
diluent for serum/plasma. 50 minus 4 = 46, hence 46 pL of diluent per sample
x number of samples

Incubate MM beads” for 15 min at RT prior to use

Add 50 pL of “MM beads” to each sample: standards and samples

Leave the samples in the rotator (slowly) for a couple of minutes, in order to mix
well.

Then, incubate at RT for 1hour in darkness

3.4. Preparation of PE-detection reagent

34.1
3.4.2
we
343
34.4
FC

345
3.4.6

3.4.7

3.4.38

3.4.9

Protect PE Detection Reagent (PE-R) from prolonged exposure to light
At this point we have samples incubating with the specific markers beads, but

need to stain the beads-bound to analytes with PE
Each kit contains its own PE-Detection Reagent (50X).
Like in the case of beads, we will transfer 1 pL/sample of each PE-R to a new

tube labelled “PE-Detection reagent mixture”, and mix the 4 PE-R together.
These reagents do not need to be washed

Calculate the volume of diluent required to dilute the PE-R, taking into account
that we are mixing 4 PE-R. Each PE-R must be dilute in 50 pL with the
detection dilution buffer. Example : 50 — 4 = 46, hence 46 pL of diluent per
sample x number of samples

Add 50 pL of “PE-Detection reagent mixture” to each 1 hour incubated sample:
standards and samples

Leave the samples in the rotator (slowly) for a couple of minutes, in order to
homogenate.

Then incubate at RT for 2 hours in darkness

3.5. Running samples in flow cytometer

351

3.5.2
3.5.3
354
3.55

3.5.6

3.5.7
358

Add to each incubated sample (1 hour with beads and 2 hours with PE-R), 1 mL
wash buffer to stop the incubation

Centrifuge 300 g, 5min

Discard supernatant carefully without touching the beads

Add 300 pL wash Buffer to each sample

Switch on the flow cytometer (SOP 195 — General operation of the flow
cytometer)

Open CBA protocol and CBA instrument settings in CBA folder (or a copy of it
in your folder)

Vortex slowly the tubes to resuspend beads before FC

Run FC “CBA Array Protocol” at low speed (acquisition will be completed
automatically once 1200 beads are collected).
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3.5.9 Run first standards from bottom to top concentration

3.5.10 Run the samples

3.5.11 Copy folder with results in a USB.

3.5.12 NB!!l You do not need to make any printouts

3.5.13 Switch off the flow cytometer (SOP 195 — General operation of the flow
cytometer)

3.5.14 Go to a computer with the FACArray 2.0 software to calculate concentrations of
the cytokines in your samples. The results will be presented in pg/mL.

3.5.15 Print a report to have a hard copy of your results (an example is attached).

3.5.16 Export data into a spreadsheet for statistical analysis.
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Appendix 2: Standard Operating Procedure
for monocyte subsets, monocyte-platelet
aggregates by flow cytometry

STANDARD OPERATING PROCEDURE 201
MONOCYTE SUBSETS

Monocyte platelet aggregates by flow cytometry
SOP written by Eduard Shantsila and Andrew Blann

N.B. Use of the flow cytometry is forbidden
Without having been officially trained

Required pre-training

3. SOPs on venepuncture and on good clinical practice
4. SOP 195 — General operation of the flow cytometer

Contents

Introduction
Materials and suppliers
Detailed Method

Interpretation

1. Introduction

Monocytes are large mononuclear cells (MNCs) derived from the bone marrow but on
transit to the tissues where they seem likely to become semi-resident macrophages.
Traditionally, they have been defined by glass-slide morphology, size, and scatter, but
we now have the ability to define monocytes by cell surface molecules, using the
FACS. For example, CD14 is a receptor for LPS present on monocytes, macrophages
and neutrophils. CD16 is an antigen found on the Fc receptors and is present on natural
killer cells, neutrophil polymorphonuclear leukocytes, monocytes and macrophages. So
leukocytes populations can be further classified by the density of the expression of these
markers, for example....
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e M1 =CD14 strong CD16 negative
M2 = CD14 strong CD16 strong
e M3 =CD14 weak CD16 strong

A further characteristic of monocytes in chemotaxis, such as to the chemokine
monocyte chemoattractant protein-1 (MCP-1), a cytokine involved in monocyte
infiltration in inflammatory diseases such as rheumatoid arthritis as well as in the
inflammatory response against tumors. CCR2, short for chemokine (C-C motif) receptor
2, is a chemokine receptor for MCP-1 CCR2 has also recently been designated CD192.

Platelets are anucleate fragments of the cytoplasm of the megakaryocyte. They form
thrombi when self-aggregating but more so in the presence of fibrin. However, platelets
may also bind to monocytes. Cell surface markers of platelets include CD42a, also
known as GplX. It follows that dual labelling of blood with a monocyte marker
(CD14/CD16/CCR2) and a platelet marker (CD42a) will identify monocyte-platelet
aggregates (MPAS).

This SOP describes enumeration of monocyte subsets (dependent on expression of
CD14, CD16 and CCR2) and their participation in the formation of MPAs. And of
course you will need a platelet count for the project, derived from the full blood count,
from the Advia (see SOP 171).

2. Materials and Supplier contact details:

Micro-reagents are kept in the fridge behind the door or on nearby shelves. Bulk fluids
in boxes on other shelves and beneath the benches.

1) BD “FACS Flow” Running solution [Becton Dickinson {BD}, Catalogue No.
342003]
10L containers.

2) 3 ml BD Falcon tubes [BD Catalogue No. 352054]
3) BD*“FACS Clean” Cleaning Solution [BD Catalogue No. 340345]

4) BD Lysing solution [BD Catalogue No. 349202]

5) Sterile Phosphate Buffered Saline solution, 0.5L bottles [Invitrogen Ltd,
Catalogue No 20012-068]

6) CD14 -PE conjugated monoclonal antibody - 100 tests [BD Catalogue No.
555398]

7) CD16 — Alex-flour 488 conjugated monoclonal antibody - 100 tests [ABD
Serotec, Cambridge]

174


http://en.wikipedia.org/wiki/Chemokine_receptor

8) CD42a-PerCP conjugated monoclonal antibody [BD Catalogue No. 340537]

9) CCR2-APC conjugated monoclonal antibody [R&D Systems Europe Ltd, Cat
No. FAB151A]

[n.b. this combination of antibodies constitute a Mastermix: See ADB, ES]

10) Clear pipette tips [Alpha Laboratories Limited Catalogue No FR1250 1250ul
Fastrak Refill NS]

11) Yellow pipette tips [[Alpha Laboratories Limited Catalogue No FR1200 200ul
Fastrak Refill NS]

12) Count beads [BD (Trucount tubes)]. This is a crucial aspect as it will give us the
number of monocytes/ml of venous blood. The product tube has a statement of
the number of beads in each tube and so from this you can work out beads/mL.

Remember to dispose of all material thoughtfully.

3. Detailed method

3.1 General Preparation
3.1.1 Lysing solution.

Make from 50ml concentrate 10x FACS Lysing Solution (kept at room temperature).
Dilute with 450ml distilled water in Y% litre bottle. This solution should not be used if it
is older than a month (kept at room temperature).

3.2 Blood sample preparation

1. Add 12.5uL of Mastermix Absolute Monocyte Count (which includes CD14 2.5
uL, CD16 2.5uL, CD42a 5uL and CCR2 2.5 pL fluorochrome labelled
antibodies) with an electronic micropipette. Just place into the tube below a
metal grid without touching the pellet.

2. Gently vortex the EDTA blood sample. Take 0.05 mL (=50 uL) of whole blood
with electronic pipette and add to a Trucount tube.

3. Do not touch the pellet (this is critical!). Mix the tube gently with the vortex (3
sec). Incubate for 15 minutes in the dark, room temperature, shaking with
horizontal shaker (set at 500 units). Add 0.45 ml (=450 pL) pre-diluted BD
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4.

FACS Lyse solution (see 3.1.1) with a clear tip using the 1ml pipette. Incubate
for 15 minutes on shaker as above.

Add 1.5 ml of PBS solution without touching the sample, followed by gentle
vortex to ensure thoroughly mixed

3.3 Start up procedure [See SOP 195 on General Operation]

Part 1 — restoring reagents and preparation

1.

no

w

6.

Switch on Flow Cytometer by pressing the green switch on the right hand side.
The Apple Macintosh computer must also be switched on, but only 15 secs after
the Flow Cytometer, or the link will not be recognized. Open the reagent panel
on the left hand side (LHS) by pulling the lid towards you. On the left is the
sheath fluid reservoir, in the middle are switches and tubes, and on the right is
the waste reservoir.

Carefully unscrew the top of the sheath fluid reservoir and fill with sheath fluid
(in large box on shelf at head height — use plastic tube) to the level indicated on
the top right hand corner of the reservoir (little plastic bar).

Carefully disconnect/unscrew the waste container and empty contents down sink
with plenty of water. Add approximately 40ml concentrated household bleach
along with 360 ml of distilled water and reconnect container (plastic tubes
available).

Pressurise the unit (takes about 20-30 sec) by moving the black toggle switch
“Vent Valve” switch to the down/front position. It is located at the rear of the
middle section between the sheath fluid tank and the waste container.

Air must be excluded from the tubing system by flushing it out. Any excess air
trapped in the sheath filter can, if necessary, be cleared by venting through the
bleed tube (the dead-ended rubber tube with a cap).

Close the drawer

Part 2 - Cleaning the machine

7.

Ensure that a 3 ml Falcon tube (labelled 1) approximately 1/3 full of distilled
water is positioned over the sample injection port (SIP) — a needle sheath - and
that the swing arm is positioned under this tube. Press the prime button on the
panel. When the system enters “standby” with in 30 seconds then press the
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10.

11.

12.

“prime” button again. When the standby and low buttons comes on again then
remove tube 1. We will re-use tube 1 in the shut down procedure.

Prepare a second falcon tube (labelled 2) with FACS-clean (should contain
about 2750 microlitres so that when inserted on to the sip it doesn’t touch the O
ring). This is a smaller box on a shelf at above head height and above the bigger
box of sheath flow fluid

Present tube 2 to the SIP and place support arm underneath it. Press the buttons
“run” and “high” on the panel at the same time, and run the FACS-clean in
falcon tube 2 with supporting arm to left or right open for one minute. Then
return the supporting arm to underneath the tube and “run-high” five minutes.
This process ensures the machine is clean prior to running samples and helps
minimise blockages.

Return to falcon tube 1 with distilled water. Repeat the above step 9 with this
distilled water tube.

Press the ‘STANDBY” and ‘LOW’ button on the system.

The machine is now ready to run samples.

NB: FACS COMP may need to be run
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3.4 Running blood samples.

Note. This must be learned from an experienced operator and you must seek scientific
staff support to clear queries as the intricacies of the Cell Quest software are complex.

NS s

10.

11.

12.

13.

14.

Open CellQuest Pro software

Click ‘File’ — ‘Open’

Click on the ‘Monocyte Protocols’ folder within ‘Data 1’ folder.

Click on the ‘Monocyte Absolute Count’. This will open study protocol.

Click ‘Connect to Cytometer’, located under the ‘Acquire’ menu.

Under the ‘Cytometer’ menu, click ‘Instrument Settings’. The window
appears displaying the compensations and threshold. Change settings by clicking
on the open icon on the window which displays the folders select ‘Monocyte
Protocols’ folder with in the ‘Data 1’ folder and click on the ‘Monocyte
Absolute Count’ instrument settings in this folder. This will update the system
settings to the preferred settings for the acquisition. Click ‘Set” on the window
and by clicking ‘Done’ the windows disappears. Make sure to click ‘Set’ prior
to clicking ‘Done’.

Click the ‘Acquire’ menu once more and click ‘Show browser’.
Click directory-‘Change’ in order to specify the location folder.

Initial user must create new folder by clicking on ‘New folder’ and by entering
the title of the folder and choose that folder.

Change the custom suffix to the preferred title and number for data and click
‘OK’.

Untick the setup box (by clicking on it) in the browser Acquisition window.
Now insert your sample and press “RUN” and “HIGH”.

Open swing arm at bottom right of the cytometer and replace the Falcon tube
with the sample to be run. Replace the swing arm under the Falcon tube.

Press the buttons ‘Run’ and ‘High’ on the control panel of the cytometer.

Click ‘Acquire’ on the browser menu. The sample will now run for ~ 12 mins.
Cell events will be displayed on the screen throughout the process (n.b. the
higher the cell density, the more rapidly the cells will be acquired).
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15.

16.

17.

18.

19.

20.

21.

Click on ‘Counters’ under the ‘Acquire’ and observe the events per second
which varies from 1000 to 8000 depending on various factors. The objective is
to acquire 10,000 count beads for analysis.

Observe the acquisition closely since the system may get blocked (which
happens very rarely) and the plots may not show any progress and the counters
may not show any events per second.

Click pause on the acquisition window and replace the sample from the SIP with
sterile PBS and run for 20/30 seconds minutes (clicking acquire wouldn’t
change the results) and then continue acquisition with your sample on the SIP. If
the problem still persists please inform the senior scientific staff and seek
assistance.

After attaining the target events the analysis stops and the file number changes
automatically. Click on ‘print’ under the “files’. Confirmation window appears
again click on print.

Vortex your next sample gently. Re-programme the software with a new sample
number, and repeat the step 11.

If the cytometer is not ready message appears open the drawer and check the
fluids level which may need refilling or emptying. The system may run out of
Sheath fluid if there are more samples.

Be absolutely sure you have downloaded your results on to paper. Keep this
paper safe. Do not assume the computer will keep the results safe, even if you
have directed it to do so. Obtain all the raw data (cell numbers) and apply them
into the specific spreadsheet you have designed for your project. The same
spreadsheet should have the WBC and platelet count results from the Advia

3.5 Shut-down procedure [See SOP 195 on General Operation]

4. Interpretation of plots

For the first couple of analyses you will need to have all this explained to you by Dr
Blann or Dr Shantsila. These numbers refer to the illustrative plot and nine individual
plots...
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TOP THREE PLOTS

. The top left initial plots show the FSC/SSC plot (forward and side scatter, all in
green). This is needed to gate the presumed monocytes. Be generous at this
stage, include all monocytes. Contamination by granulocytes and lymphocytes
will be removed during the next stage.

Immediately to the right (i.e. centre) is a plot of the cells stained with CD14
(light blue) which further gates the monocytes to separate them from
granulocytes. Note a large residual proportion of granulocytes at the top of the
SSC index.

. Top right is plot of CD14/CD16 events (red/brown). Four gates have been drawn
to define different populations of monocytes. M1 defines CD14strong/CD16-ve,
whilst M4 defines cells expressing a lot of CD16. The latter will be sub-typed
shortly.

CENTRE THREE PLOTS

. Centre left is a plot of the Count beads (green), which are sampled at a
concentration of, for example, 50,000 beads/tube. From this you will get
monocytes/mL and thus MPAs/mL. The CD14-PE horizontal axis is irrelevant.

. Centre middle is (green) plot of CD16 versus CD14, which allows you to gate
and exclude lymphocytes from analysis. Note that pattern is a bit like the upper
right box, but with CD14-ve/CD16-ve events present.

. Centre right is a plot derived from Gate 4. It shows events (cells) that express
high and low levels of CCR2 according to side scatter. There is a gating line
down the middle of this plot to give cells staining high and low staining for
CCR2. Gate 5 is cells staining weakly for CCR2 (=M3) whilst Gate 6 is cells
staining strongly for CCR2 (=M2).

LOWER THREE PLOTS (all CD42a versus CCR2)

Lower left is a plot of CD42a versus CCR2 on population M1. MPAs are to the
right of the line

Lower middle is a plot of CD42a versus CCR2 in M2. MPA:s are to the right of
the line
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9.

Lower right is a plot of CD42a versus CCR2 in M3. MPAs are to the right of the
line

Other numbers on the sheet (1- 12) refer to mathematical analyses, not to plots, as,
follows....

5. Interpretation of results (numbers)

There are 12 analyses — the first 4 are raw data:

1.

The total number of events counted and the acquisition date are given top left of
the numbers section (i.e. 60,964 on 08-Apr-10).

On the far right is number of count beads (9127) used to quantify events to
cells/uLL

On the left is some maths from the opening plots showing number of total events
collected in this particular analysis and the proportion that are monocytes.

Below this is the maths from Gates 5 and 6 (SSC and CCR2, middle right plot).
So there are 667 M2 events and 871 M3 events, giving you relative proportions.
This data is used to calculate the absolute count of subsets M2 and M3.

From these analyses numbers 1 — 4 the machine works out for you (given the count
bead number in analysis 2 i.e. 9127) the percentage and numbers of monocytes and
monocyte subsets, and these are given as numbers 5 — 12 as follows....

O Noa

Mon is the total number of monocytes per pl, i.e. 582.95 cells/uL.
Mon 1 is the number of M1 monocytes per pl, i.e. 409.5 cells/uL.
Mon 2 is the number of M2 monocytes per pl, i.e. 98.23 cells/uL
Mon 3 is the number of M3 monocytes per pl, i.e. 75.22 cells/uL

The machine has also worked out the % of each subset immediately below.

Next — for MPAs...

9.

MPA is the total number of MPAS per pL, i.e. 102.86 cells/uL

10. MPAL is the total number of MPAs in the M1 population, i.e. 71.29 cells/uL
11. MPA2 is the total number of MPAs in the M2 population, i.e. 19.28 cells/uL
12. MPAZ3 is the total number of MPASs in the M3 population, i.e. 12.29 cells/uL
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From this you can work out the proportions given a calculator. It follows that since you
have the platelet count from the Advia, you can also work out how many of the total
platelet pool are bound to monocytes. But this is for a separate analysis.

SOP 201: Enumeration of monocytes subsets and
monocyte platelet aggregates by flow cytometry

Signed off.................. Andrew Blann........................ 2010...........
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Appendix 3. Publications arising from this

thesis

Much of the work arising from this thesis has now been published in peer review

journals:
Original manuscripts

1. Increased expression of cell adhesion molecule receptors on monocyte subsets in
ischaemic heart failure
Wrigley BJ, Shantsila E, Tapp LD, Lip GY

Thromb Haemost. 2013;110:92-100

2. CD14++CD16+ monocytes in patients with acute ischaemic heart failure
Wrigley BJ, Shantsila E, Tapp, LD, Lip GY

Eur J Clin Invest. 2013;43:121-30
3. Increased formation of monocyte-platelet aggregates in ischaemic heart failure

Wrigley BJ, Shantsila E, Tapp LD, Lip GY.

Circ Heart Fail. 2013;6:127-35
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4. The effects of exercise and diurnal variation on monocyte subsets and
monocyte-platelet aggregates
Shantsila E, Tapp LD, Wrigley BJ, Montoro-Garcia S, Ghattas A, Jaipersad A,
Lip GY.

Eur J Clin Invest 2012;42:832-9

Literature review

1. The role of monocytes and inflammation in the pathophysiology of heart failure
Wrigley BJ, Lip GY, Shantsila E.

Eur J Heart Fail. 2011;13:1161-71.

Published abstracts

1. Unique characteristics of CD14++CD16+ monocytes in patients with acute heart
failure and implications for clinical outcome
Wrigley BJ, Shantsila E, Tapp LD, Lip GY
British Cardiovascular Society, Manchester

Heart.2012;98:A64-A65

2. Abnormal monocyte subsets in ischemic heart failure
Wrigley BJ, Tapp LD, Pamukcu B, Shantsila E, Lip GYH
European Society of Cardiology Heart Failure Congress, 2011, Gothenburg,

60505
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3. Increased formation of monocyte-platelet aggregates in ischemic heart failure
Wrigley BJ, Tapp LD, Pamukcu B, Shantsila E, Lip GYH
Atherosclerosis, Thrombosis and Vascular Biology Congress, 2011, Chicago

Arterioscler Thromb Vasc Biol. 2011 Abstracts supplement, P673:208

4. Immunophenotypic characterisation of an immature human monocyte subset
with angiogenic potential
Shantsila E, Tapp L, Wrigley B, Apostolakis S, Drayson M, Lip GYH.
Anrteriosclerosis, Thrombosis and Vascular Biology Congress, 2011, Chicago

Arterioscler Thromb Vasc Biol. 2011 Abstracts supplement, P 653:203

185



10.

11.

Bibliography

Davies M, Hobbs F, Davis R, Kenkre J, Roalfe AK, Hare R, Wosornu D,
Lancashire RJ. Prevalence of left-ventricular systolic dysfunction and heart
failure in the Echocardiographic Heart of England Screening study: a population
based study. Lancet 2001;358(9280):439-444.

Cowie MR, Wood DA, Coats AJ, Thompson SG, Suresh V, Poole-Wilson PA,
Sutton GC. Survival of patients with a new diagnosis of heart failure: a
population based study. Heart 2000;83(5):505-510.

Hobbs FD, Roalfe AK, Davis RC, Davies MK, Hare R. Prognosis of all-cause
heart failure and borderline left ventricular systolic dysfunction: 5 year mortality
follow-up of the Echocardiographic Heart of England Screening Study
(ECHOES). Eur Heart J 2007;28(9):1128-1134.

Senni M, Tribouilloy CM, Rodeheffer RJ, Jacobsen SJ, Evans JM, Bailey KR,
Redfield MM. Congestive heart failure in the community: trends in incidence
and survival in a 10-year period. Arch Intern Med 1999;159(1):29-34.

Stewart S, Maclntyre K, Hole DJ, Capewell S, McMurray JJ. More 'malignant’
than cancer? Five-year survival following a first admission for heart failure. Eur
J Heart Fail 2001;3(3):315-322.

Stewart S, Jenkins A, Buchan S, McGuire A, Capewell S, McMurray JJ. The
current cost of heart failure to the National Health Service in the UK. Eur J
Heart Fail 2002;4(3):361-371.

Sanderson JE. Heart failure with a normal ejection fraction. Heart
2007;93(2):155-158.

AHA medical/scientific statement. 1994 revisions to classification of functional
capacity and objective assessment of patients with diseases of the heart.
Circulation 1994;90(1):644-645.

Cowie MR, Jourdain P, Maisel A, Dahlstrom U, Follath F, Isnard R, Luchner A,
McDonagh T, Mair J, Nieminen M, Francis G. Clinical applications of B-type
natriuretic peptide (BNP) testing. Eur Heart J 2003;24(19):1710-1718.

Fonarow GC. The Acute Decompensated Heart Failure National Registry
(ADHERE): opportunities to improve care of patients hospitalized with acute
decompensated heart failure. Rev Cardiovasc Med 2003;4 Suppl 7:521-S30.

Baldasseroni S, Opasich C, Gorini M, Lucci D, Marchionni N, Marini M,
Campana C, Perini G, Deorsola A, Masotti G, Tavazzi L, Maggioni AP. Left
bundle-branch block is associated with increased 1-year sudden and total
mortality rate in 5517 outpatients with congestive heart failure: a report from the
Italian network on congestive heart failure. Am Heart J 2002;143(3):398-405.

186



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Krum H, Abraham WT. Heart failure. Lancet 2009;373(9667):941-955.

Exner DV, Dries DL, Domanski MJ, Cohn JN. Lesser response to angiotensin-
converting-enzyme inhibitor therapy in black as compared with white patients
with left ventricular dysfunction. N Engl J Med 2001;344(18):1351-1357.

Mann DL. Inflammatory mediators and the failing heart: past, present, and the
foreseeable future. Circ Res 2002;91(11):988-998.

Apostolakis S, Lip GY, Shantsila E. Monocytes in heart failure: relationship to a
deteriorating immune overreaction or a desperate attempt for tissue repair?
Cardiovasc Res 2010;85(4):649-660.

Wrigley BJ, Lip GY, Shantsila E. The role of monocytes and inflammation in
the pathophysiology of heart failure. Eur J Heart Fail 2011;13(11):1161-1171.

Passlick B, Flieger D, Ziegler-Heitbrock HW. Identification and characterization
of a novel monocyte subpopulation in human peripheral blood. Blood
1989;74(7):2527-2534.

Ziegler-Heitbrock HW, Passlick B, Flieger D. The monoclonal antimonocyte
antibody My4 stains B lymphocytes and two distinct monocyte subsets in human
peripheral blood. Hybridoma 1988;7(6):521-527.

Maekawa Y, Anzai T, Yoshikawa T, Asakura Y, Takahashi T, Ishikawa S,
Mitamura H, Ogawa S. Prognostic significance of peripheral monocytosis after
reperfused acute myocardial infarction:a possible role for left ventricular
remodeling. J Am Coll Cardiol 2002;39(2):241-246.

Seta Y, Shan K, Bozkurt B, Oral H, Mann DL. Basic mechanisms in heart
failure: the cytokine hypothesis. J Card Fail 1996;2(3):243-249.

Ferrari R, Bachetti T, Confortini R, Opasich C, Febo O, Corti A, Cassani G,
Visioli O. Tumor necrosis factor soluble receptors in patients with various
degrees of congestive heart failure. Circulation 1995;92(6):1479-1486.

Levine B, Kalman J, Mayer L, Fillit HM, Packer M. Elevated circulating levels
of tumor necrosis factor in severe chronic heart failure. N Engl J Med
1990;323(4):236-241.

Torre-Amione G, Kapadia S, Benedict C, Oral H, Young JB, Mann DL.
Proinflammatory cytokine levels in patients with depressed left ventricular
ejection fraction: a report from the Studies of Left Ventricular Dysfunction
(SOLVD). J Am Coll Cardiol 1996;27(5):1201-1206.

Vonhof S, Brost B, Stille-Siegener M, Grumbach IM, Kreuzer H, Figulla HR.
Monocyte activation in congestive heart failure due to coronary artery disease
and idiopathic dilated cardiomyopathy. Int J Cardiol 1998;63(3):237-244.

Deswal A, Petersen NJ, Feldman AM, Young JB, White BG, Mann DL.
Cytokines and cytokine receptors in advanced heart failure: an analysis of the

187



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

cytokine database from the Vesnarinone trial (VEST). Circulation
2001;103(16):2055-2059.

Adamopoulos S, Parissis JT, Kremastinos DT. A glossary of circulating
cytokines in chronic heart failure. Eur J Heart Fail 2001;3(5):517-526.

Belge KU, Dayyani F, Horelt A, Siedlar M, Frankenberger M, Frankenberger B,
Espevik T, Ziegler-Heitbrock L. The proinflammatory CD14+CD16+DR++
monocytes are a major source of TNF. J Immunol 2002;168(7):3536-3542.

Conraads VM, Bosmans JM, Schuerwegh AJ, Goovaerts I, De Clerck LS,
Stevens WJ, Bridts CH, Vrints CJ. Intracellular monocyte cytokine production
and CD 14 expression are up-regulated in severe vs mild chronic heart failure. J
Heart Lung Transplant 2005;24(7):854-859.

Pagani FD, Baker LS, Hsi C, Knox M, Fink MP, Visner MS. Left ventricular
systolic and diastolic dysfunction after infusion of tumor necrosis factor-alpha in
conscious dogs. J Clin Invest 1992;90(2):389-398.

Bozkurt B, Kribbs SB, Clubb FJ, Jr., Michael LH, Didenko VV, Hornsby PJ,
Seta Y, Oral H, Spinale FG, Mann DL. Pathophysiologically relevant
concentrations of tumor necrosis factor-alpha promote progressive left
ventricular dysfunction and remodeling in rats. Circulation 1998;97(14):1382-
1391.

Yokoyama T, Nakano M, Bednarczyk JL, Mcintyre BW, Entman M, Mann DL.
Tumor necrosis factor-alpha provokes a hypertrophic growth response in adult
cardiac myocytes. Circulation 1997;95(5):1247-1252.

Comstock KL, Krown KA, Page MT, Martin D, Ho P, Pedraza M, Castro EN,
Nakajima N, Glembotski CC, Quintana PJ, Sabbadini RA. LPS-induced TNF-
alpha release from and apoptosis in rat cardiomyocytes: obligatory role for
CD14 in mediating the LPS response. J Mol Cell Cardiol 1998;30(12):2761-
2775.

Krown KA, Page MT, Nguyen C, Zechner D, Gutierrez VV, Comstock KL,
Glembotski CC, Quintana PJ, Sabbadini RA. Tumor necrosis factor alpha-
induced apoptosis in cardiac myocytes. Involvement of the sphingolipid
signaling cascade in cardiac cell death. J Clin Invest 1996;98(12):2854-2865.

Bryant D, Becker L, Richardson J, Shelton J, Franco F, Peshock R, Thompson
M, Giroir B. Cardiac failure in transgenic mice with myocardial expression of
tumor necrosis factor-alpha. Circulation 1998;97(14):1375-1381.

Sivasubramanian N, Coker ML, Kurrelmeyer KM, MacLellan WR, DeMayo FJ,
Spinale FG, Mann DL. Left ventricular remodeling in transgenic mice with
cardiac restricted overexpression of tumor necrosis factor. Circulation
2001;104(7):826-831.

Comini L, Bachetti T, Agnoletti L, Gaia G, Curello S, Milanesi B, Volterrani M,
Parrinello G, Ceconi C, Giordano A, Corti A, Ferrari R. Induction of functional

188



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

inducible nitric oxide synthase in monocytes of patients with congestive heart
failure. Link with tumour necrosis factor-alpha. Eur Heart J 1999;20(20):1503-
1513.

Goser S, Ottl R, Brodner A, Dengler TJ, Torzewski J, Egashira K, Rose NR,
Katus HA, Kaya Z. Critical role for monocyte chemoattractant protein-1 and
macrophage inflammatory protein-1alpha in induction of experimental
autoimmune myocarditis and effective anti-monocyte chemoattractant protein-1
gene therapy. Circulation 2005;112(22):3400-3407.

von Haehling S, Jankowska EA, Anker SD. Tumour necrosis factor-alpha and
the failing heart--pathophysiology and therapeutic implications. Basic Res
Cardiol 2004;99(1):18-28.

Franco F, Thomas GD, Giroir B, Bryant D, Bullock MC, Chwialkowski MC,
Victor RG, Peshock RM. Magnetic resonance imaging and invasive evaluation
of development of heart failure in transgenic mice with myocardial expression of
tumor necrosis factor-alpha. Circulation 1999;99(3):448-454.

Kubota T, McTiernan CF, Frye CS, Slawson SE, Lemster BH, Koretsky AP,
Demetris AJ, Feldman AM. Dilated cardiomyopathy in transgenic mice with
cardiac-specific overexpression of tumor necrosis factor-alpha. Circ Res
1997;81(4):627-635.

Bristow MR, Hershberger RE, Port JD, Gilbert EM, Sandoval A, Rasmussen R,
Cates AE, Feldman AM. Beta-adrenergic pathways in nonfailing and failing
human ventricular myocardium. Circulation 1990;82(2 Suppl):112-125.

Gulick T, Chung MK, Pieper SJ, Lange LG, Schreiner GF. Interleukin 1 and
tumor necrosis factor inhibit cardiac myocyte beta-adrenergic responsiveness.
Proc Natl Acad Sci U S A 1989;86(17):6753-6757.

Finkel MS, Oddis CV, Jacob TD, Watkins SC, Hattler BG, Simmons RL.
Negative inotropic effects of cytokines on the heart mediated by nitric oxide.
Science 1992;257(5068):387-389.

Balligand JL, Ungureanu D, Kelly RA, Kobzik L, Pimental D, Michel T, Smith
TW. Abnormal contractile function due to induction of nitric oxide synthesis in
rat cardiac myocytes follows exposure to activated macrophage-conditioned
medium. J Clin Invest 1993;91(5):2314-2319.

Roig E, Orus J, Pare C, Azqueta M, Filella X, Perez-Villa F, Heras M, Sanz G.
Serum interleukin-6 in congestive heart failure secondary to idiopathic dilated
cardiomyopathy. Am J Cardiol 1998;82(5):688-90, A8.

Tsutamoto T, Hisanaga T, Wada A, Maeda K, Ohnishi M, Fukai D, Mabuchi N,
Sawaki M, Kinoshita M. Interleukin-6 spillover in the peripheral circulation
increases with the severity of heart failure, and the high plasma level of
interleukin-6 is an important prognostic predictor in patients with congestive
heart failure. J Am Coll Cardiol 1998;31(2):391-398.

189



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hirano T, Yasukawa K, Harada H, Taga T, Watanabe Y, Matsuda T,
Kashiwamura S, Nakajima K, Koyama K, lwamatsu A, . Complementary DNA
for a novel human interleukin (BSF-2) that induces B lymphocytes to produce
immunoglobulin. Nature 1986;324(6092):73-76.

Lotz M, Jirik F, Kabouridis P, Tsoukas C, Hirano T, Kishimoto T, Carson DA.
B cell stimulating factor 2/interleukin 6 is a costimulant for human thymocytes
and T lymphocytes. J Exp Med 1988;167(3):1253-1258.

Mule JJ, Mclintosh JK, Jablons DM, Rosenberg SA. Antitumor activity of
recombinant interleukin 6 in mice. J Exp Med 1990;171(3):629-636.

Luger TA, Krutmann J, Kirnbauer R, Urbanski A, Schwarz T, Klappacher G,
Kock A, Micksche M, Malejczyk J, Schauer E, . IFN-beta 2/IL-6 augments the
activity of human natural killer cells. J Immunol 1989;143(4):1206-1209.

Fredj S, Bescond J, Louault C, Delwail A, Lecron JC, Potreau D. Role of
interleukin-6 in cardiomyocyte/cardiac fibroblast interactions during myocyte
hypertrophy and fibroblast proliferation. J Cell Physiol 2005;204(2):428-436.

Mohler ER, 11, Sorensen LC, Ghali JK, Schocken DD, Willis PW, Bowers JA,
Cropp AB, Pressler ML. Role of cytokines in the mechanism of action of
amlodipine: the PRAISE Heart Failure Trial. Prospective Randomized
Amlodipine Survival Evaluation. J Am Coll Cardiol 1997;30(1):35-41.

Janssen SP, Gayan-Ramirez G, Van den BA, Herijgers P, Maes K, Verbeken E,
Decramer M. Interleukin-6 causes myocardial failure and skeletal muscle
atrophy in rats. Circulation 2005;111(8):996-1005.

Fritzenwanger M, Meusel K, Foerster M, Kuethe F, Krack A, Figulla HR.
Cardiotrophin-1 induces interleukin-6 synthesis in human monocytes. Cytokine
2007;38(3):137-144.

Matsushita K, lwanaga S, Oda T, Kimura K, Shimada M, Sano M, Umezawa A,
Hata J, Ogawa S. Interleukin-6/soluble interleukin-6 receptor complex reduces
infarct size via inhibiting myocardial apoptosis. Lab Invest 2005;85(10):1210-
1223.

Heymans S, Hirsch E, Anker SD, Aukrust P, Balligand JL, Cohen-Tervaert JW,
Drexler H, Filippatos G, Felix SB, Gullestad L, Hilfiker-Kleiner D, Janssens S,
Latini R, Neubauer G, Paulus WJ, Pieske B, Ponikowski P, Schroen B,
Schultheiss HP, Tschope C, Van Bilsen M, Zannad F, McMurray J, Shah AM.
Inflammation as a therapeutic target in heart failure? A scientific statement from
the Translational Research Committee of the Heart Failure Association of the
European Society of Cardiology. Eur J Heart Fail 2009;11(2):119-129.

Mann DL, McMurray JJ, Packer M, Swedberg K, Borer JS, Colucci WS, Djian
J, Drexler H, Feldman A, Kober L, Krum H, Liu P, Nieminen M, Tavazzi L, van
Veldhuisen DJ, Waldenstrom A, Warren M, Westheim A, Zannad F, Fleming T.
Targeted anticytokine therapy in patients with chronic heart failure: results of

190



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

the Randomized Etanercept Worldwide Evaluation (RENEWAL). Circulation
2004;109(13):1594-1602.

Chung ES, Packer M, Lo KH, Fasanmade AA, Willerson JT. Randomized,
double-blind, placebo-controlled, pilot trial of infliximab, a chimeric
monoclonal antibody to tumor necrosis factor-alpha, in patients with moderate-
to-severe heart failure: results of the anti-TNF Therapy Against Congestive
Heart Failure (ATTACH) trial. Circulation 2003;107(25):3133-3140.

Scallon BJ, Moore MA, Trinh H, Knight DM, Ghrayeb J. Chimeric anti-TNF-
alpha monoclonal antibody cA2 binds recombinant transmembrane TNF-alpha
and activates immune effector functions. Cytokine 1995;7(3):251-259.

Klein B, Brailly H. Cytokine-binding proteins: stimulating antagonists. Immunol
Today 1995;16(5):216-220.

Aukrust P, Gullestad L, Lappegard KT, Ueland T, Aass H, Wikeby L, Simonsen
S, Froland SS, Mollnes TE. Complement activation in patients with congestive
heart failure: effect of high-dose intravenous immunoglobulin treatment.
Circulation 2001;104(13):1494-1500.

Gullestad L, Aass H, Fjeld JG, Wikeby L, Andreassen AK, lhlen H, Simonsen
S, Kjekshus J, Nitter-Hauge S, Ueland T, Lien E, Froland SS, Aukrust P.
Immunomodulating therapy with intravenous immunoglobulin in patients with
chronic heart failure. Circulation 2001;103(2):220-225.

Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic common
myeloid progenitor that gives rise to all myeloid lineages. Nature
2000;404(6774):193-197.

Liu K, Waskow C, Liu X, Yao K, Hoh J, Nussenzweig M. Origin of dendritic
cells in peripheral lymphoid organs of mice. Nat Immunol 2007;8(6):578-583.

Serbina NV, Pamer EG. Monocyte emigration from bone marrow during
bacterial infection requires signals mediated by chemokine receptor CCR2. Nat
Immunol 2006;7(3):311-317.

van FR, Cohn ZA. The origin and kinetics of mononuclear phagocytes. J Exp
Med 1968;128(3):415-435.

Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V,
Panizzi P, Figueiredo JL, Kohler RH, Chudnovskiy A, Waterman P, Aikawa E,
Mempel TR, Libby P, Weissleder R, Pittet MJ. Identification of splenic reservoir
monocytes and their deployment to inflammatory sites. Science
2009;325(5940):612-616.

Gautier EL, Jakubzick C, Randolph GJ. Regulation of the migration and survival

of monocyte subsets by chemokine receptors and its relevance to atherosclerosis.
Arterioscler Thromb Vasc Biol 2009;29(10):1412-1418.

191



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Krutzik SR, Tan B, Li H, Ochoa MT, Liu PT, Sharfstein SE, Graeber TG,
Sieling PA, Liu YJ, Rea TH, Bloom BR, Modlin RL. TLR activation triggers the
rapid differentiation of monocytes into macrophages and dendritic cells. Nat
Med 2005;11(6):653-660.

Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M, Drevets DA,
Leenen PJ. Subpopulations of mouse blood monocytes differ in maturation stage
and inflammatory response. J Immunol 2004;172(7):4410-4417.

Swirski FK, Libby P, Aikawa E, Alcaide P, Luscinskas FW, Weissleder R, Pittet
MJ. Ly-6Chi monocytes dominate hypercholesterolemia-associated monocytosis
and give rise to macrophages in atheromata. J Clin Invest 2007;117(1):195-205.

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal
subsets with distinct migratory properties. Immunity 2003;19(1):71-82.

Auffray C, Fogg D, Garfa M, Elain G, Join-Lambert O, Kayal S, Sarnacki S,
Cumano A, Lauvau G, Geissmann F. Monitoring of blood vessels and tissues by
a population of monocytes with patrolling behavior. Science
2007;317(5838):666-670.

Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo
JL, Libby P, Weissleder R, Pittet MJ. The healing myocardium sequentially
mobilizes two monocyte subsets with divergent and complementary functions. J
Exp Med 2007;204(12):3037-3047.

Panizzi P, Swirski FK, Figueiredo JL, Waterman P, Sosnovik DE, Aikawa E,
Libby P, Pittet M, Weissleder R, Nahrendorf M. Impaired infarct healing in
atherosclerotic mice with Ly-6C(hi) monocytosis. J Am Coll Cardiol
2010;55(15):1629-1638.

Strauss-Ayali D, Conrad SM, Mosser DM. Monocyte subpopulations and their
differentiation patterns during infection. J Leukoc Biol 2007;82(2):244-252.

Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, Leenen
PJ, Liu YJ, MacPherson G, Randolph GJ, Scherberich J, Schmitz J, Shortman K,
Sozzani S, Strobl H, Zembala M, Austyn JM, Lutz MB. Nomenclature of
monocytes and dendritic cells in blood. Blood 2010;116(16):e74-e80.

Tsujioka H, Imanishi T, Ikejima H, Kuroi A, Takarada S, Tanimoto T, Kitabata
H, Okochi K, Arita Y, Ishibashi K, Komukai K, Kataiwa H, Nakamura N, Hirata
K, Tanaka A, Akasaka T. Impact of heterogeneity of human peripheral blood
monocyte subsets on myocardial salvage in patients with primary acute
myocardial infarction. J Am Coll Cardiol 2009;54(2):130-138.

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev
Immunol 2005;5(12):953-964.

Wildgruber M, Lee H, Chudnovskiy A, Yoon TJ, Etzrodt M, Pittet MJ,
Nahrendorf M, Croce K, Libby P, Weissleder R, Swirski FK. Monocyte subset

192



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

dynamics in human atherosclerosis can be profiled with magnetic nano-sensors.
PLoS One 2009;4(5):e5663.

Frankenberger M, Sternsdorf T, Pechumer H, Pforte A, Ziegler-Heitbrock HW.
Differential cytokine expression in human blood monocyte subpopulations: a
polymerase chain reaction analysis. Blood 1996;87(1):373-377.

Shantsila E, Wrigley B, Tapp L, Apostolakis S, Montoro-Garcia S, Drayson MT,
Lip GY. Immunophenotypic characterization of human monocyte subsets:
possible implications for cardiovascular disease pathophysiology. J Thromb
Haemost 2011;9(5):1056-1066.

Buechler C, Ritter M, Orso E, Langmann T, Klucken J, Schmitz G. Regulation
of scavenger receptor CD163 expression in human monocytes and macrophages
by pro- and antiinflammatory stimuli. J Leukoc Biol 2000;67(1):97-103.

Urra X, Villamor N, Amaro S, Gomez-Choco M, Obach V, Oleaga L, Planas
AM, Chamorro A. Monocyte subtypes predict clinical course and prognosis in
human stroke. J Cereb Blood Flow Metab 2009;29(5):994-1002.

Fingerle G, Pforte A, Passlick B, Blumenstein M, Strobel M, Ziegler-Heitbrock
HW. The novel subset of CD14+/CD16+ blood monocytes is expanded in sepsis
patients. Blood 1993;82(10):3170-3176.

Horelt A, Belge KU, Steppich B, Prinz J, Ziegler-Heitbrock L. The
CD14+CD16+ monocytes in erysipelas are expanded and show reduced
cytokine production. Eur J Immunol 2002;32(5):1319-1327.

Vanham G, Edmonds K, Qing L, Hom D, Toossi Z, Jones B, Daley CL,
Huebner B, Kestens L, Gigase P, Ellner JJ. Generalized immune activation in
pulmonary tuberculosis: co-activation with HIV infection. Clin Exp Immunol
1996;103(1):30-34.

Baeten D, Boots AM, Steenbakkers PG, Elewaut D, Bos E, Verheijden GF,
Berheijden G, Miltenburg AM, Rijnders AW, Veys EM, De Keyser F. Human
cartilage gp-39+,CD16+ monocytes in peripheral blood and synovium:
correlation with joint destruction in rheumatoid arthritis. Arthritis Rheum
2000;43(6):1233-1243.

Fingerle-Rowson G, Angstwurm M, Andreesen R, Ziegler-Heitbrock HW.
Selective depletion of CD14+ CD16+ monocytes by glucocorticoid therapy.
Clin Exp Immunol 1998;112(3):501-506.

Ellery PJ, Crowe SM. Phenotypic characterization of blood monocytes from
HIV-infected individuals. Methods Mol Biol 2005;304:343-353.

Nockher WA, Scherberich JE. Expanded CD14+ CD16+ monocyte
subpopulation in patients with acute and chronic infections undergoing
hemodialysis. Infect Immun 1998;66(6):2782-2790.

193



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Greene SJ, Harinstein ME, Vaduganathan M, Subacius H, Konstam MA,
Zannad F, Maggioni AP, Swedberg K, Butler J, Gheorghiade M. Prognostic
value of monocyte count in patients hospitalized for heart failure with reduced
ejection fraction (from the EVEREST Trial). Am J Cardiol 2012;110(11):1657-
1662.

Barisione C, Garibaldi S, Ghigliotti G, Fabbi P, Altieri P, Casale MC,
Spallarossa P, Bertero G, Balbi M, Corsiglia L, Brunelli C. CD14CD16
monocyte subset levels in heart failure patients. Dis Markers 2010;28(2):115-
124.

Fuchs D, Weiss G, Reibnegger G, Wachter H. The role of neopterin as a monitor
of cellular immune activation in transplantation, inflammatory, infectious, and
malignant diseases. Crit Rev Clin Lab Sci 1992;29(3-4):307-341.

Baumgarten G, Knuefermann P, Kalra D, Gao F, Taffet GE, Michael L,
Blackshear PJ, Carballo E, Sivasubramanian N, Mann DL. Load-dependent and
-independent regulation of proinflammatory cytokine and cytokine receptor gene
expression in the adult mammalian heart. Circulation 2002;105(18):2192-2197.

Torre-Amione G. Immune activation in chronic heart failure. Am J Cardiol
2005;95(11A):3C-8C.

Suzuki H, Wildhirt SM, Dudek RR, Narayan KS, Bailey AH, Bing RJ. Induction
of apoptosis in myocardial infarction and its possible relationship to nitric oxide
synthase in macrophages. Tissue Cell 1996;28(1):89-97.

Janeway CA, Jr., Medzhitov R. Innate immune recognition. Annu Rev Immunol
2002;20:197-216.

Niebauer J, Volk HD, Kemp M, Dominguez M, Schumann RR, Rauchhaus M,
Poole-Wilson PA, Coats AJ, Anker SD. Endotoxin and immune activation in
chronic heart failure: a prospective cohort study. Lancet 1999;353(9167):1838-
1842.

Anker SD, Egerer KR, Volk HD, Kox WJ, Poole-Wilson PA, Coats AJ.
Elevated soluble CD14 receptors and altered cytokines in chronic heart failure.
Am J Cardiol 1997;79(10):1426-1430.

Alverdy JC, Spitz J, Hecht G, Ghandi S. Causes and consequences of bacterial
adherence to mucosal epithelia during critical illness. New Horiz 1994;2(2):264-
272.

Takala J. Determinants of splanchnic blood flow. Br J Anaesth 1996;77(1):50-
58.

Sandek A, Bauditz J, Swidsinski A, Buhner S, Weber-Eibel J, von Haehling S,
Schroedl W, Karhausen T, Doehner W, Rauchhaus M, Poole-Wilson P, Volk
HD, Lochs H, Anker SD. Altered intestinal function in patients with chronic
heart failure. J Am Coll Cardiol 2007;50(16):1561-15609.

194



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Akira S, Takeda K, Kaisho T. Toll-like receptors: critical proteins linking innate
and acquired immunity. Nat Immunol 2001;2(8):675-680.

Zarember KA, Godowski PJ. Tissue expression of human Toll-like receptors
and differential regulation of Toll-like receptor mMRNAs in leukocytes in
response to microbes, their products, and cytokines. J Immunol
2002;168(2):554-561.

Foldes G, von Haehling S, Okonko DO, Jankowska EA, Poole-Wilson PA,
Anker SD. Fluvastatin reduces increased blood monocyte Toll-like receptor 4
expression in whole blood from patients with chronic heart failure. Int J Cardiol
2008;124(1):80-85.

Frantz S, Kobzik L, Kim YD, Fukazawa R, Medzhitov R, Lee RT, Kelly RA.
Toll4 (TLR4) expression in cardiac myocytes in normal and failing
myocardium. J Clin Invest 1999;104(3):271-280.

Tavener SA, Long EM, Robbins SM, McRae KM, Van Remmen H, Kubes P.
Immune cell Toll-like receptor 4 is required for cardiac myocyte impairment
during endotoxemia. Circ Res 2004;95(7):700-707.

Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y, Takeda K,
Akira S. Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are
hyporesponsive to lipopolysaccharide: evidence for TLR4 as the Lps gene
product. J Immunol 1999;162(7):3749-3752.

Lien E, Means TK, Heine H, Yoshimura A, Kusumoto S, Fukase K, Fenton MJ,
Oikawa M, Qureshi N, Monks B, Finberg RW, Ingalls RR, Golenbock DT. Toll-
like receptor 4 imparts ligand-specific recognition of bacterial
lipopolysaccharide. J Clin Invest 2000;105(4):497-504.

Satoh M, Shimoda Y, Akatsu T, Ishikawa Y, Minami Y, Nakamura M. Elevated
circulating levels of heat shock protein 70 are related to systemic inflammatory
reaction through monocyte Toll signal in patients with heart failure after acute
myocardial infarction. Eur J Heart Fail 2006;8(8):810-815.

Asea A, Kraeft SK, Kurt-Jones EA, Stevenson MA, Chen LB, Finberg RW, Koo
GC, Calderwood SK. HSP70 stimulates cytokine production through a CD14-
dependant pathway, demonstrating its dual role as a chaperone and cytokine. Nat
Med 2000;6(4):435-442.

Vabulas RM, Ahmad-Nejad P, Ghose S, Kirschning CJ, Issels RD, Wagner H.
HSP70 as endogenous stimulus of the Toll/interleukin-1 receptor signal
pathway. J Biol Chem 2002;277(17):15107-15112.

Tanonaka K, Yoshida H, Toga W, Furuhama K, Takeo S. Myocardial heat shock
proteins during the development of heart failure. Biochem Biophys Res Commun
2001;283(2):520-525.

Anand IS, Latini R, Florea VG, Kuskowski MA, Rector T, Masson S, Signorini
S, Mocarelli P, Hester A, Glazer R, Cohn JN. C-reactive protein in heart failure:

195



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

prognostic value and the effect of valsartan. Circulation 2005;112(10):1428-
1434.

Berton G, Cordiano R, Palmieri R, Pianca S, Pagliara V, Palatini P. C-reactive
protein in acute myocardial infarction: association with heart failure. Am Heart J
2003;145(6):1094-1101.

Yin WH, Chen JW, Jen HL, Chiang MC, Huang WP, Feng AN, Young MS, Lin
SJ. Independent prognostic value of elevated high-sensitivity C-reactive protein
in chronic heart failure. Am Heart J 2004;147(5):931-938.

Ballou SP, Lozanski G. Induction of inflammatory cytokine release from
cultured human monocytes by C-reactive protein. Cytokine 1992;4(5):361-368.

Nakagomi A, Seino Y, Endoh Y, Kusama Y, Atarashi H, Mizuno K.
Upregulation of monocyte proinflammatory cytokine production by C-reactive
protein is significantly related to ongoing myocardial damage and future cardiac
events in patients with chronic heart failure. J Card Fail 2010;16(7):562-571.

Dimmeler S, Zeiher AM. Endothelial cell apoptosis in angiogenesis and vessel
regression. Circ Res 2000;87(6):434-4309.

Verma S, Anderson TJ. The ten most commonly asked questions about
endothelial function in cardiology. Cardiol Rev 2001;9(5):250-252.

Pasceri V, Cheng JS, Willerson JT, Yeh ET. Modulation of C-reactive protein-
mediated monocyte chemoattractant protein-1 induction in human endothelial
cells by anti-atherosclerosis drugs. Circulation 2001;103(21):2531-2534.

Nian M, Lee P, Khaper N, Liu P. Inflammatory cytokines and postmyocardial
infarction remodeling. Circ Res 2004;94(12):1543-1553.

Devaux B, Scholz D, Hirche A, Klovekorn WP, Schaper J. Upregulation of cell
adhesion molecules and the presence of low grade inflammation in human
chronic heart failure. Eur Heart J 1997;18(3):470-479.

Luster AD. Chemokines--chemotactic cytokines that mediate inflammation. N
Engl J Med 1998;338(7):436-445.

Damas JK, Gullestad L, Ueland T, Solum NO, Simonsen S, Froland SS, Aukrust
P. CXC-chemokines, a new group of cytokines in congestive heart failure--
possible role of platelets and monocytes. Cardiovasc Res 2000;45(2):428-436.

Gerard C, Rollins BJ. Chemokines and disease. Nat Immunol 2001;2(2):108-
115.

Gu L, Tseng SC, Rollins BJ. Monocyte chemoattractant protein-1. Chem
Immunol 1999;72:7-29.

Mukaida N, Harada A, Matsushima K. Interleukin-8 (IL-8) and monocyte
chemotactic and activating factor (MCAF/MCP-1), chemokines essentially

196



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

involved in inflammatory and immune reactions. Cytokine Growth Factor Rev
1998;9(1):9-23.

Rollins BJ. Chemokines. Blood 1997;90(3):909-928.

Weber KS, Nelson PJ, Grone HJ, Weber C. Expression of CCR2 by endothelial
cells : implications for MCP-1 mediated wound injury repair and In vivo
inflammatory activation of endothelium. Arterioscler Thromb Vasc Biol
1999;19(9):2085-2093.

Matsukawa A, Hogaboam CM, Lukacs NW, Lincoln PM, Strieter RM, Kunkel
SL. Endogenous MCP-1 influences systemic cytokine balance in a murine
model of acute septic peritonitis. Exp Mol Pathol 2000;68(2):77-84.

Dewald O, Zymek P, Winkelmann K, Koerting A, Ren G, Abou-Khamis T,
Michael LH, Rollins BJ, Entman ML, Frangogiannis NG. CCL2/Monocyte
Chemoattractant Protein-1 regulates inflammatory responses critical to healing
myocardial infarcts. Circ Res 2005;96(8):881-889.

Jiang Y, Beller DI, Frendl G, Graves DT. Monocyte chemoattractant protein-1
regulates adhesion molecule expression and cytokine production in human
monocytes. J Immunol 1992;148(8):2423-2428.

Yamamoto T, Eckes B, Mauch C, Hartmann K, Krieg T. Monocyte
chemoattractant protein-1 enhances gene expression and synthesis of matrix
metalloproteinase-1 in human fibroblasts by an autocrine IL-1 alpha loop. J
Immunol 2000;164(12):6174-6179.

Kolattukudy PE, Quach T, Bergese S, Breckenridge S, Hensley J, Altschuld R,
Gordillo G, Klenotic S, Orosz C, Parker-Thornburg J. Myocarditis induced by
targeted expression of the MCP-1 gene in murine cardiac muscle. Am J Pathol
1998;152(1):101-111.

Aukrust P, Ueland T, Muller F, Andreassen AK, Nordoy I, Aas H, Kjekshus J,
Simonsen S, Froland SS, Gullestad L. Elevated circulating levels of C-C
chemokines in patients with congestive heart failure. Circulation
1998;97(12):1136-1143.

Damas JK, Aukrust P, Ueland T, Odegaard A, Eiken HG, Gullestad L, Sejersted
OM, Christensen G. Monocyte chemoattractant protein-1 enhances and
interleukin-10 suppresses the production of inflammatory cytokines in adult rat
cardiomyocytes. Basic Res Cardiol 2001;96(4):345-352.

Ancuta P, Rao R, Moses A, Mehle A, Shaw SK, Luscinskas FW, Gabuzda D.
Fractalkine preferentially mediates arrest and migration of CD16+ monocytes. J
Exp Med 2003;197(12):1701-1707.

Weber C, Belge KU, von Hundelshausen P, Draude G, Steppich B, Mack M,
Frankenberger M, Weber KS, Ziegler-Heitbrock HW. Differential chemokine
receptor expression and function in human monocyte subpopulations. J Leukoc
Biol 2000;67(5):699-704.

197



141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

Kumar AG, Ballantyne CM, Michael LH, Kukielka GL, Youker KA, Lindsey
ML, Hawkins HK, Birdsall HH, MacKay CR, LaRosa GJ, Rossen RD, Smith
CW, Entman ML. Induction of monocyte chemoattractant protein-1 in the small
veins of the ischemic and reperfused canine myocardium. Circulation
1997;95(3):693-700.

Kakio T, Matsumori A, Ono K, Ito H, Matsushima K, Sasayama S. Roles and
relationship of macrophages and monocyte chemotactic and activating
factor/monocyte chemoattractant protein-1 in the ischemic and reperfused rat
heart. Lab Invest 2000;80(7):1127-1136.

Shioi T, Matsumori A, Kihara Y, Inoko M, Ono K, Iwanaga Y, Yamada T,
Iwasaki A, Matsushima K, Sasayama S. Increased expression of interleukin-1
beta and monocyte chemotactic and activating factor/monocyte chemoattractant
protein-1 in the hypertrophied and failing heart with pressure overload. Circ Res
1997;81(5):664-671.

Behr TM, Wang X, Aiyar N, Coatney RW, Li X, Koster P, Angermann CE,
Ohlstein E, Feuerstein GZ, Winaver J. Monocyte chemoattractant protein-1 is
upregulated in rats with volume-overload congestive heart failure. Circulation
2000;102(11):1315-1322.

Cook DN, Beck MA, Coffman TM, Kirby SL, Sheridan JF, Pragnell 1B,
Smithies O. Requirement of MIP-1 alpha for an inflammatory response to viral
infection. Science 1995;269(5230):1583-1585.

Bosco MC, Puppo M, Blengio F, Fraone T, Cappello P, Giovarelli M, Varesio
L. Monocytes and dendritic cells in a hypoxic environment: Spotlights on
chemotaxis and migration. Immunobiology 2008;213(9-10):733-749.

Andreassen AK, Nordoy I, Simonsen S, Ueland T, Muller F, Froland SS,
Gullestad L, Aukrust P. Levels of circulating adhesion molecules in congestive
heart failure and after heart transplantation. Am J Cardiol 1998;81(5):604-608.

Tsutamoto T, Hisanaga T, Fukai D, Wada A, Maeda Y, Maeda K, Kinoshita M.
Prognostic value of plasma soluble intercellular adhesion molecule-1 and
endothelin-1 concentration in patients with chronic congestive heart failure. Am
J Cardiol 1995;76(11):803-808.

Yin WH, Chen JW, Jen HL, Chiang MC, Huang WP, Feng AN, Lin SJ, Young
MS. The prognostic value of circulating soluble cell adhesion molecules in
patients with chronic congestive heart failure. Eur J Heart Fail 2003;5(4):507-
516.

Yin WH, Chen JW, Young MS, Lin SJ. Increased endothelial monocyte
adhesiveness is related to clinical outcomes in chronic heart failure. Int J
Cardiol 2007;121(3):276-283.

Wilhelmi MH, Leyh RG, Wilhelmi M, Haverich A. Upregulation of endothelial
adhesion molecules in hearts with congestive and ischemic cardiomyopathy:

198



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

immunohistochemical evaluation of inflammatory endothelial cell activation.
Eur J Cardiothorac Surg 2005;27(1):122-127.

Carlos TM, Harlan JM. Leukocyte-endothelial adhesion molecules. Blood
1994;84(7):2068-2101.

Bazan JF, Bacon KB, Hardiman G, Wang W, Soo K, Rossi D, Greaves DR,
Zlotnik A, Schall TJ. A new class of membrane-bound chemokine with a CX3C
motif. Nature 1997;385(6617):640-644.

van Amerongen MJ, Harmsen MC, van RN, Petersen AH, van Luyn MJ.
Macrophage depletion impairs wound healing and increases left ventricular
remodeling after myocardial injury in mice. Am J Pathol 2007;170(3):818-829.

Zandbergen HR, Sharma UC, Gupta S, Verjans JW, van den BS, Pokharel S,
van Brakel T, Duijvestijn A, Van Rooijen N, Maessen JG, Reutelingsperger C,
Pinto YM, Narula J, Hofstra L. Macrophage depletion in hypertensive rats
accelerates development of cardiomyopathy. J Cardiovasc Pharmacol Ther
2009;14(1):68-75.

Chin BS, Blann AD, Gibbs CR, Chung NA, Conway DG, Lip GY. Prognostic
value of interleukin-6, plasma viscosity, fibrinogen, von Willebrand factor,
tissue factor and vascular endothelial growth factor levels in congestive heart
failure. Eur J Clin Invest 2003;33(11):941-948.

Niu G, Wright KL, Huang M, Song L, Haura E, Turkson J, Zhang S, Wang T,
Sinibaldi D, Coppola D, Heller R, Ellis LM, Karras J, Bromberg J, Pardoll D,
Jove R, Yu H. Constitutive Stat3 activity up-regulates VEGF expression and
tumor angiogenesis. Oncogene 2002;21(13):2000-2008.

Hilfiker-Kleiner D, Hilfiker A, Fuchs M, Kaminski K, Schaefer A, Schieffer B,
Hillmer A, Schmiedl A, Ding Z, Podewski E, Podewski E, Poli V, Schneider
MD, Schulz R, Park JK, Wollert KC, Drexler H. Signal transducer and activator
of transcription 3 is required for myocardial capillary growth, control of
interstitial matrix deposition, and heart protection from ischemic injury. Circ
Res 2004;95(2):187-195.

Lambert JM, Lopez EF, Lindsey ML. Macrophage roles following myocardial
infarction. Int J Cardiol 2008;130(2):147-158.

Manoonkitiwongsa PS, Jackson-Friedman C, McMillan PJ, Schultz RL, Lyden
PD. Angiogenesis after stroke is correlated with increased numbers of
macrophages: the clean-up hypothesis. J Cereb Blood Flow Metab
2001;21(10):1223-1231.

Lip GY, Ponikowski P, Andreotti F, Anker SD, Filippatos G, Homma S, Morais
J, Pullicino P, Rasmussen LH, Marin F, Lane DA. Thrombo-embolism and
antithrombotic therapy for heart failure in sinus rhythm. A joint consensus
document from the ESC Heart Failure Association and the ESC Working Group
on Thrombosis. Eur J Heart Fail 2012;14(7):681-695.

199



162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Witt BJ, Brown RD, Jr., Jacobsen SJ, Weston SA, Ballman KV, Meverden RA,
Roger VL. Ischemic stroke after heart failure: a community-based study. Am
Heart J 2006;152(1):102-109.

Uretsky BF, Thygesen K, Armstrong PW, Cleland JG, Horowitz JD, Massie
BM, Packer M, Poole-Wilson PA, Ryden L. Acute coronary findings at autopsy
in heart failure patients with sudden death: results from the assessment of
treatment with lisinopril and survival (ATLAS) trial. Circulation
2000;102(6):611-616.

Chin BS, Conway DS, Chung NA, Blann AD, Gibbs CR, Lip GY. Interleukin-6,
tissue factor and von Willebrand factor in acute decompensated heart failure:
relationship to treatment and prognosis. Blood Coagul Fibrinolysis
2003;14(6):515-521.

Cermak J, Key NS, Bach RR, Balla J, Jacob HS, Vercellotti GM. C-reactive
protein induces human peripheral blood monocytes to synthesize tissue factor.
Blood 1993;82(2):513-520.

Tapp LD, Shantsila E, Wrigley BJ, Pamukcu B, Lip GY. The CD14++CD16+
monocyte subset and monocyte-platelet interactions in patients with ST-
elevation myocardial infarction. J Thromb Haemost 2011.

Sayed D, Amin NF, Galal GM. Monocyte-platelet aggregates and platelet micro-
particles in patients with post-hepatitic liver cirrhosis. Thromb Res
2010;125(5):e228-e233.

Cleanthis M, Bhattacharya V, Smout J, Ashour H, Stansby G. Platelet monocyte
aggregates and monocyte chemoattractant protein-1 are not inhibited by aspirin
in critical limb ischaemia. Eur J Vasc Endovasc Surg 2007;33(6):725-730.

Ashman N, Macey MG, Fan SL, Azam U, Yaqgoob MM. Increased platelet-
monocyte aggregates and cardiovascular disease in end-stage renal failure
patients. Nephrol Dial Transplant 2003;18(10):2088-2096.

Kaplar M, Kappelmayer J, Veszpremi A, Szabo K, Udvardy M. The possible
association of in vivo leukocyte-platelet heterophilic aggregate formation and
the development of diabetic angiopathy. Platelets 2001;12(7):419-422.

Danenberg HD, Kantak N, Grad E, Swaminathan RV, Lotan C, Edelman ER. C-
reactive protein promotes monocyte-platelet aggregation: an additional link to
the inflammatory-thrombotic intricacy. Eur J Haematol 2007;78(3):246-252.

Nieminen MS, Bohm M, Cowie MR, Drexler H, Filippatos GS, Jondeau G,
Hasin Y, Lopez-Sendon J, Mebazaa A, Metra M, Rhodes A, Swedberg K, Priori
SG, Garcia MA, Blanc JJ, Budaj A, Cowie MR, Dean V, Deckers J, Burgos EF,
Lekakis J, Lindahl B, Mazzotta G, Morais J, Oto A, Smiseth OA, Garcia MA,
Dickstein K, Albuquerque A, Conthe P, Crespo-Leiro M, Ferrari R, Follath F,
Gavazzi A, Janssens U, Komajda M, Morais J, Moreno R, Singer M, Singh S,
Tendera M, Thygesen K. Executive summary of the guidelines on the diagnosis

200



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

and treatment of acute heart failure: the Task Force on Acute Heart Failure of
the European Society of Cardiology. Eur Heart J 2005;26(4):384-416.

Folland ED, Parisi AF, Moynihan PF, Jones DR, Feldman CL, Tow DE.
Assessment of left ventricular ejection fraction and volumes by real-time, two-
dimensional echocardiography. A comparison of cineangiographic and
radionuclide techniques. Circulation 1979;60(4):760-766.

Shantsila E, Tapp LD, Wrigley BJ, Montoro-Garcia S, Ghattas A, Jaipersad A,
Lip GY. The effects of exercise and diurnal variation on monocyte subsets and
monocyte-platelet aggregates. Eur J Clin Invest 2012;42(8):832-839.

Heine GH, Ulrich C, Seibert E, Seiler S, Marell J, Reichart B, Krause M, Schlitt
A, Kohler H, Girndt M. CD14(++)CD16+ monocytes but not total monocyte
numbers predict cardiovascular events in dialysis patients. Kidney Int
2008;73(5):622-629.

Rogacev KS, Seiler S, Zawada AM, Reichart B, Herath E, Roth D, Ulrich C,
Fliser D, Heine GH. CD14++CD16+ monocytes and cardiovascular outcome in
patients with chronic kidney disease. Eur Heart J 2011;32(1):84-92.

Zawada AM, Rogacev KS, Rotter B, Winter P, Marell RR, Fliser D, Heine GH.
SuperSAGE evidence for CD14++CD16+ monocytes as a third monocyte
subset. Blood 2011.

McAlister FA, Ezekowitz J, Tonelli M, Armstrong PW. Renal insufficiency and
heart failure: prognostic and therapeutic implications from a prospective cohort
study. Circulation 2004;109(8):1004-1009.

Kang PM, Izumo S. Apoptosis and heart failure: A critical review of the
literature. Circ Res 2000;86(11):1107-1113.

Heidenreich S. Monocyte CD14: a multifunctional receptor engaged in
apoptosis from both sides. J Leukoc Biol 1999;65(6):737-743.

Ziegler-Heitbrock HW, Ulevitch RJ. CD14: cell surface receptor and
differentiation marker. Immunol Today 1993;14(3):121-125.

Beekhuizen H, Blokland I, Corsel-van Tilburg AJ, Koning F, van FR. CD14
contributes to the adherence of human monocytes to cytokine-stimulated
endothelial cells. J Immunol 1991;147(11):3761-3767.

Ma'Y, Zhang X, Bao H, Mi S, Cai W, Yan H, Wang Q, Wang Z, Yan J, Fan G,
Lindsey ML, Hu Z. Toll-like receptor (TLR) 2 and TLR4 differentially regulate
doxorubicin induced cardiomyopathy in mice. PLoS One 2012;7(7):e40763.

Riad A, Meyer zu SH, Weitmann K, Herda LR, Dorr M, Empen K, Kieback A,
Hummel A, Reinthaler M, Grube M, Klingel K, Nauck M, Kandolf R,
Hoffmann W, Kroemer HK, Felix SB. Variants of Toll-like receptor 4 predict
cardiac recovery in patients with dilated cardiomyopathy. J Biol Chem
2012;287(32):27236-27243.

201



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Tapp LD, Shantsila E, Wrigley BJ, Montoro-Garcia S, Lip GY. TLR4
expression on monocyte subsets in myocardial infarction. J Intern Med 2012.

Satoh M, Shimoda Y, Maesawa C, Akatsu T, Ishikawa Y, Minami Y, Hiramori
K, Nakamura M. Activated toll-like receptor 4 in monocytes is associated with
heart failure after acute myocardial infarction. Int J Cardiol 2006;109(2):226-
234.

Wrigley BJ, Shantsila E, Tapp LD, Lip GY. CD14++CD16+ monocytes in
patients with acute ischaemic heart failure. Eur J Clin Invest 2013;43(2):121-
130.

Clauss M, Weich H, Breier G, Knies U, Rockl W, Waltenberger J, Risau W. The
vascular endothelial growth factor receptor Flt-1 mediates biological activities.
Implications for a functional role of placenta growth factor in monocyte
activation and chemotaxis. J Biol Chem 1996;271(30):17629-17634.

Tchaikovski V, Fellbrich G, Waltenberger J. The molecular basis of VEGFR-1
signal transduction pathways in primary human monocytes. Arterioscler Thromb
Vasc Biol 2008;28(2):322-328.

Czepluch FS, Olieslagers S, van HR, Voo SA, Waltenberger J. VEGF-A-
induced chemotaxis of CD16+ monocytes is decreased secondary to lower
VEGFR-1 expression. Atherosclerosis 2011;215(2):331-338.

Damas JK, Eiken HG, Oie E, Bjerkeli V, Yndestad A, Ueland T, Tonnessen T,
Geiran OR, Aass H, Simonsen S, Christensen G, Froland SS, Attramadal H,
Gullestad L, Aukrust P. Myocardial expression of CC- and CXC-chemokines
and their receptors in human end-stage heart failure. Cardiovasc Res
2000;47(4):778-787.

Tachibana K, Hirota S, lizasa H, Yoshida H, Kawabata K, Kataoka Y, Kitamura
Y, Matsushima K, Yoshida N, Nishikawa S, Kishimoto T, Nagasawa T. The
chemokine receptor CXCR4 is essential for vascularization of the
gastrointestinal tract. Nature 1998;393(6685):591-594.

Zou YR, Kottmann AH, Kuroda M, Taniuchi I, Littman DR. Function of the
chemokine receptor CXCR4 in haematopoiesis and in cerebellar development.
Nature 1998;393(6685):595-599.

Seino Y, Ikeda U, Sekiguchi H, Morita M, Konishi K, Kasahara T, Shimada K.
Expression of leukocyte chemotactic cytokines in myocardial tissue. Cytokine
1995;7(3):301-304.

Pyo RT, Sui J, Dhume A, Palomeque J, Blaxall BC, Diaz G, Tunstead J,
Logothetis DE, Hajjar RJ, Schecter AD. CXCR4 modulates contractility in adult
cardiac myocytes. J Mol Cell Cardiol 2006;41(5):834-844.

Liehn EA, Tuchscheerer N, Kanzler I, Drechsler M, Fraemohs L, Schuh A,
Koenen RR, Zander S, Soehnlein O, Hristov M, Grigorescu G, Urs AO, Leabu
M, Bucur I, Merx MW, Zernecke A, Ehling J, Gremse F, Lammers T, Kiessling

202



197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

F, Bernhagen J, Schober A, Weber C. Double-edged role of the
CXCL12/CXCR4 axis in experimental myocardial infarction. J Am Coll Cardiol
2011;58(23):2415-2423.

Fabriek BO, Dijkstra CD, van den Berg TK. The macrophage scavenger
receptor CD163. Immunobiology 2005;210(2-4):153-160.

Topoll HH, Zwadlo G, Lange DE, Sorg C. Phenotypic dynamics of macrophage
subpopulations during human experimental gingivitis. J Periodontal Res
1989;24(2):106-112.

Zwadlo G, Voegeli R, Schulze OK, Sorg C. A monoclonal antibody to a novel
differentiation antigen on human macrophages associated with the down-
regulatory phase of the inflammatory process. Exp Cell Biol 1987;55(6):295-
304.

Kowal K, Silver R, Slawinska E, Bielecki M, Chyczewski L, Kowal-Bielecka O.
CD163 and its role in inflammation. Folia Histochem Cytobiol 2011;49(3):365-
374.

Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med
2000;6(4):389-395.

Shiojima I, Sato K, Izumiya Y, Schiekofer S, Ito M, Liao R, Colucci WS, Walsh
K. Disruption of coordinated cardiac hypertrophy and angiogenesis contributes
to the transition to heart failure. J Clin Invest 2005;115(8):2108-2118.

Pearlman JD, Hibberd MG, Chuang ML, Harada K, Lopez JJ, Gladstone SR,
Friedman M, Sellke FW, Simons M. Magnetic resonance mapping demonstrates
benefits of VEGF-induced myocardial angiogenesis. Nat Med 1995;1(10):1085-
1089.

Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, Ryan TE,
Bruno J, Radziejewski C, Maisonpierre PC, Yancopoulos GD. Isolation of
angiopoietin-1, a ligand for the TIE2 receptor, by secretion-trap expression
cloning. Cell 1996;87(7):1161-1169.

Izumiya Y, Shiojima I, Sato K, Sawyer DB, Colucci WS, Walsh K. Vascular
endothelial growth factor blockade promotes the transition from compensatory
cardiac hypertrophy to failure in response to pressure overload. Hypertension
2006;47(5):887-893.

Fernandez PB, Lucibello FC, Gehling UM, Lindemann K, Weidner N, Zuzarte
ML, Adamkiewicz J, Elsasser HP, Muller R, Havemann K. Endothelial-like
cells derived from human CD14 positive monocytes. Differentiation
2000;65(5):287-300.

Schmeisser A, Garlichs CD, Zhang H, Eskafi S, Graffy C, Ludwig J, Strasser
RH, Daniel WG. Monocytes coexpress endothelial and macrophagocytic lineage
markers and form cord-like structures in Matrigel under angiogenic conditions.
Cardiovasc Res 2001;49(3):671-680.

203



208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Moldovan NI, Goldschmidt-Clermont PJ, Parker-Thornburg J, Shapiro SD,
Kolattukudy PE. Contribution of monocytes/macrophages to compensatory
neovascularization: the drilling of metalloelastase-positive tunnels in ischemic
myocardium. Circ Res 2000;87(5):378-384.

Awad O, Dedkov El, Jiao C, Bloomer S, Tomanek RJ, Schatteman GC.
Differential healing activities of CD34+ and CD14+ endothelial cell progenitors.
Arterioscler Thromb Vasc Biol 2006;26(4):758-764.

Abbott JD, Huang Y, Liu D, Hickey R, Krause DS, Giordano FJ. Stromal cell-
derived factor-lalpha plays a critical role in stem cell recruitment to the heart
after myocardial infarction but is not sufficient to induce homing in the absence
of injury. Circulation 2004;110(21):3300-3305.

Zhang D, Fan GC, Zhou X, Zhao T, Pasha Z, Xu M, Zhu Y, Ashraf M, Wang Y.
Over-expression of CXCR4 on mesenchymal stem cells augments
myoangiogenesis in the infarcted myocardium. J Mol Cell Cardiol
2008;44(2):281-292.

De CE. The AMD3100 story: the path to the discovery of a stem cell mobilizer
(Mozobil). Biochem Pharmacol 2009;77(11):1655-1664.

Bevilacqua MP, Nelson RM, Mannori G, Cecconi O. Endothelial-leukocyte
adhesion molecules in human disease. Annu Rev Med 1994:;45:361-378.

Jang Y, Lincoff AM, Plow EF, Topol EJ. Cell adhesion molecules in coronary
artery disease. J Am Coll Cardiol 1994;24(7):1591-1601.

Noutsias M, Seeberg B, Schultheiss HP, Kuhl U. Expression of cell adhesion
molecules in dilated cardiomyopathy: evidence for endothelial activation in
inflammatory cardiomyopathy. Circulation 1999;99(16):2124-2131.

Golias C, Tsoutsi E, Matziridis A, Makridis P, Batistatou A, Charalabopoulos K.
Review. Leukocyte and endothelial cell adhesion molecules in inflammation
focusing on inflammatory heart disease. In Vivo 2007;21(5):757-769.

Hillis GS, Dalsey WC, Terregino CA, Daskal I, Nangione A. Altered CD18
leucocyte integrin expression and adhesive function in patients with an acute
coronary syndrome. Heart 2001;85(6):702-704.

Azzawi M, Kan SW, Hillier V, Yonan N, Hutchinson IV, Hasleton PS. The
distribution of cardiac macrophages in myocardial ischaemia and
cardiomyopathy. Histopathology 2005;46(3):314-3109.

Cowley HC, Heney D, Gearing AJ, Hemingway I, Webster NR. Increased
circulating adhesion molecule concentrations in patients with the systemic
inflammatory response syndrome: a prospective cohort study. Crit Care Med
1994;22(4):651-657.

Pober JS, Cotran RS. Cytokines and endothelial cell biology. Physiol Rev
1990;70(2):427-451.

204



221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

Cros J, Cagnard N, Woollard K, Patey N, Zhang SY, Senechal B, Puel A,
Biswas SK, Moshous D, Picard C, Jais JP, D'Cruz D, Casanova JL, Trouillet C,
Geissmann F. Human CD14dim monocytes patrol and sense nucleic acids and
viruses via TLR7 and TLR8 receptors. Immunity 2010;33(3):375-386.

Ikeda U, Ikeda M, Kano S, Shimada K. Neutrophil adherence to rat cardiac
myocyte by proinflammatory cytokines. J Cardiovasc Pharmacol
1994;23(4):647-652.

Chong AY, Lip GY. Viewpoint: the prothrombotic state in heart failure: a
maladaptive inflammatory response? Eur J Heart Fail 2007;9(2):124-128.

McGregor L, Martin J, McGregor JL. Platelet-leukocyte aggregates and derived
microparticles in inflammation, vascular remodelling and thrombosis. Front
Biosci 2006;11:830-837.

Serebruany V, McKenzie M, Meister A, Fuzaylov S, Gurbel P, Atar D, Gattis
W, O'Connor C. Whole blood impedance aggregometry for the assessment of
platelet function in patients with congestive heart failure (EPCOT Trial). Eur J
Heart Fail 2002;4(4):461-467.

Erne P, Wardle J, Sanders K, Lewis SM, Maseri A. Mean platelet volume and
size distribution and their sensitivity to agonists in patients with coronary artery
disease and congestive heart failure. Thromb Haemost 1988;59(2):259-263.

O'Connor CM, Gurbel PA, Serebruany VL. Usefulness of soluble and surface-
bound P-selectin in detecting heightened platelet activity in patients with
congestive heart failure. Am J Cardiol 1999;83(9):1345-1349.

Michelson AD, Barnard MR, Hechtman HB, MacGregor H, Connolly RJ,
Loscalzo J, Valeri CR. In vivo tracking of platelets: circulating degranulated
platelets rapidly lose surface P-selectin but continue to circulate and function.
Proc Natl Acad Sci U S A 1996;93(21):11877-11882.

Michelson AD, Barnard MR, Krueger LA, Valeri CR, Furman MI. Circulating
monocyte-platelet aggregates are a more sensitive marker of in vivo platelet
activation than platelet surface P-selectin: studies in baboons, human coronary
intervention, and human acute myocardial infarction. Circulation
2001;104(13):1533-1537.

Vandendries ER, Furie BC, Furie B. Role of P-selectin and PSGL-1 in
coagulation and thrombosis. Thromb Haemost 2004;92(3):459-466.

Burdess A, Nimmo AF, Campbell N, Harding SA, Garden OJ, Dawson AR,
Newby DE. Perioperative platelet and monocyte activation in patients with
critical limb ischemia. J Vasc Surg 2010;52(3):697-703.

Lukasik M, Dworacki G, Kufel-Grabowska J, Watala C, Kozubski W.
Upregulation of CD40 ligand and enhanced monocyte-platelet aggregate
formation are associated with worse clinical outcome after ischaemic stroke*.
Thromb Haemost 2012;107(2).

205



233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

van Gils JM, da Costa Martins PA, Mol A, Hordijk PL, Zwaginga JJ.
Transendothelial migration drives dissociation of plateletmonocyte complexes.
Thromb Haemost 2008;100(2):271-279.

Furman MlI, Barnard MR, Krueger LA, Fox ML, Shilale EA, Lessard DM,
Marchese P, Frelinger AL, 111, Goldberg RJ, Michelson AD. Circulating
monocyte-platelet aggregates are an early marker of acute myocardial infarction.
J Am Coll Cardiol 2001;38(4):1002-1006.

Herzog CA, Ma JZ, Collins AJ. Poor long-term survival after acute myocardial
infarction among patients on long-term dialysis. N Engl J Med
1998;339(12):799-805.

Zhang SZ, Jin YP, Qin GM, Wang JH. Association of platelet-monocyte
aggregates with platelet activation, systemic inflammation, and myocardial
injury in patients with non-st elevation acute coronary syndromes. Clin Cardiol
2007;30(1):26-31.

Chung I, Lip GY. Platelets and heart failure. Eur Heart J 2006;27(22):2623-
2631.

Passacquale G, Vamadevan P, Pereira L, Hamid C, Corrigall V, Ferro A.
Monocyte-platelet interaction induces a pro-inflammatory phenotype in
circulating monocytes. PLoS One 2011;6(10):25595.

da Costa Martins PA, van Gils JM, Mol A, Hordijk PL, Zwaginga JJ. Platelet
binding to monocytes increases the adhesive properties of monocytes by up-
regulating the expression and functionality of betal and beta2 integrins. J
Leukoc Biol 2006;79(3):499-507.

Ray MJ, Walters DL, Bett JN, Cameron J, Wood P, Aroney CN. Platelet-
monocyte aggregates predict troponin rise after percutaneous coronary
intervention and are inhibited by Abciximab. Int J Cardiol 2005;101(2):249-
255.

Weyrich AS, Mcintyre TM, McEver RP, Prescott SM, Zimmerman GA.
Monocyte tethering by P-selectin regulates monocyte chemotactic protein-1 and
tumor necrosis factor-alpha secretion. Signal integration and NF-kappa B
translocation. J Clin Invest 1995;95(5):2297-2303.

Ammon C, Kreutz M, Rehli M, Krause SW, Andreesen R. Platelets induce
monocyte differentiation in serum-free coculture. J Leukoc Biol 1998;63(4):469-
476.

Shebuski RJ, Kilgore KS. Role of inflammatory mediators in thrombogenesis. J
Pharmacol Exp Ther 2002;300(3):729-735.

Makarewicz-Wujec M, Kozlowska-Wojciechowska M. Nutrient intake and

serum level of gamma-glutamyltransferase, MCP-1 and homocysteine in early
stages of heart failure. Clin Nutr 2011;30(1):73-78.

206



245.

246.

247.

248.

249.

250.

251.

Mayr FB, Spiel AO, Leitner JM, Firbas C, Schnee J, Hilbert J, Derendorf H,
Jilma B. Influence of the Duffy antigen on pharmacokinetics and
pharmacodynamics of recombinant monocyte chemoattractant protein (MCP-1,
CCL-2) in vivo. Int J Immunopathol Pharmacol 2009;22(3):615-625.

Mayr FB, Firbas C, Leitner JM, Spiel AO, Reiter RA, Beyer D, Meyer M, Wolff
G, Jilma B. Effects of the pan-selectin antagonist bimosiamose (TBC1269) in
experimental human endotoxemia. Shock 2008;29(4):475-482.

Sarma J, Laan CA, Alam S, Jha A, Fox KA, Dransfield I. Increased platelet
binding to circulating monocytes in acute coronary syndromes. Circulation
2002;105(18):2166-2171.

Braun OO, Johnell M, Varenhorst C, James S, Brandt JT, Jakubowski JA,
Winters KJ, Wallentin L, Erlinge D, Siegbahn A. Greater reduction of platelet
activation markers and platelet-monocyte aggregates by prasugrel compared to
clopidogrel in stable coronary artery disease. Thromb Haemost
2008;100(4):626-633.

May AE, Neumann FJ, Gawaz M, Ott I, Walter H, Schomig A. Reduction of
monocyte-platelet interaction and monocyte activation in patients receiving
antiplatelet therapy after coronary stent implantation. Eur Heart J
1997;18(12):1913-1920.

Rogacev KS, Cremers B, Zawada AM, Seiler S, Binder N, Ege P, Grosse-
Dunker G, Heisel I, Hornof F, Jeken J, Rebling NM, Ulrich C, Scheller B, Bohm
M, Fliser D, Heine GH. CD14++CD16+ monocytes independently predict
cardiovascular events: a cohort study of 951 patients referred for elective
coronary angiography. J Am Coll Cardiol 2012;60(16):1512-1520.

Kittner JM, Jacobs R, Pawlak CR, Heijnen CJ, Schedlowski M, Schmidt RE.
Adrenaline-induced immunological changes are altered in patients with
rheumatoid arthritis. Rheumatology (Oxford) 2002;41(9):1031-1039.

207



208



