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Abstract: Biomarkers for diagnosis and prognosis of heart failure

using label free LC-MSF

In the UK 900,000 people suffer from heart failure, of which 30-40% die within 1 year
of diagnosis. Heart failure is a prevalent disease worldwide and is associated with high
rates of morbidity and mortality. Current biomarkers suffer from poor levels of
accuracy and efficacy. Therefore, accurate, reproducible, and reliable diagnostic and

prognostic biomarkers are needed.

In this study, we have chosen mass spectrometry based proteomics to profile patient
plasma to discover diagnostic and prognostic biomarkers of heart failure. This
experimental method allows simultaneous qualitative and quantitative analysis.
Bioinformatic analysis of the protein profiles to detect protein changes has been
undertaken to identify potential markers of disease.

Upon method development, plasma protein profiles from one hundred acute heart
failure patients were obtained using a Waters Synapt G2 QTOF mass spectrometer post
plasma enrichment (Proteominer™, Bio-Rad) and 2D-RP-RP fractionation. Samples
were analysed using a HDLC-MSF experiment and run in triplicate. Statistical
comparisons of the protein profiles were made using PLGS v2.5.2 and progenesis LC-

MS to identify potential candidates for biomarkers.

Using a label free 2D HDLC-MSF experiment we have found that differences in protein
expression of acute heart failure patient profiles exist. Seven candidate proteins have
been identified and are shown to be involved in many different physiological processes
that play a role in the pathophysiology of heart failure. ELISA analysis of the seven
identified markers has identified SAP as a strong predictor of adverse patient outcome
in acute heart failure. Using multivariate analysis, SAP has been found to be an

independent prognostic marker in acute heart failure patients.

Further studies are needed to verify SAP as a biomarker in a larger patient cohort, and
measure SAP alongside current prognostic markers. A mechanistic study to identify the

role of SAP in heart failure pathology needs to be undertaken.
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Chapter One
Introduction



PART ONE: Heart Failure

1.1 Cardiovascular disease

Cardiovascular disease (CVD) remains one of the leading causes of morbidity and
mortality worldwide. The World Health Organisation (WHO) reports that CVD is
responsible for more than 17.3 million deaths per annum. In 2008, three million of
these deaths occurred in those aged below 60 years of age and could have largely been
prevented (Mendis et al., 2011). The burden of CVD on health economy and mortality
rates is projected to rise, and WHO estimates that there will be approximately 20
million CVD related deaths by 2015 accounting for 30% of death worldwide (Figure
1.1) (Fuster & Kelly, 2010).
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Figure 1.1: Projected global deaths by cause and projected rise in the incidence of CVD disease in the

future. Taken from (Beaglehole & Bonita, 2008).

This strikingly high prevalence of CVD worldwide is reflected in the U.K. accounting
for almost 180,000 deaths in 2010. Approximately 46,000 of these deaths were
premature and 68% of these were in men. CVD places considerable financial burden on
the UK health care system, costing £8.7 billion in 2009 (Townsend N et al., 2012).



CVD is part of a class of many diseases that affect the cardiovascular system i.e.
disorders of the heart and the blood vessels. Some of the most commonly associated
disorders of CVD are coronary heart disease, myocardial infarction (MI), angina
pectoris, stroke, heart valve disease, cardiomyopathy, and heart failure.

1.2 Heart Failure

Heart failure (HF) is a syndrome caused by structural or functional abnormalities of the
cardiac muscle that leads to the impairment of the heart’s circulatory function. The
heart is unable to supply sufficient blood flow to meet the oxygen requirements of the
major organs. The eventual outcome of heart failure is either left ventricular diastolic or
systolic dysfunction (Mosterd & Hoes, 2007). Currently diagnosis of heart failure is
determined by using a combination of medical history, clinical examinations, and non-
specific laboratory tests. A definitive laboratory test for heart failure diagnosis and
prognosis is yet to be discovered (Harris & Thompson, 2012).

1.2.1 Epidemiology

Currently 14 million people in Europe suffer from heart failure with 3.6 million people
diagnosed each year (HFM, 2007). In the UK 900,000 people have heart failure with
equally as many suffering from myocardial damage that have yet to show signs of
eventual heart failure. While the incidence continues to stabilise the prevalence of the
disease appears to be increasing. Approximately one in five hundred people are
discharged from hospital with heart failure making it one of the most common causes
for admission for people aged over 65 years. Of all those hospital admissions, one in
four patients are re-admitted within 3 months (National Institute for Health and Clinical
Excellence, 2010; McMurray & Pfeffer, 2005).

These statistics coupled with the increasing elderly population may lead to heart failure
becoming an increasing economic burden on health care systems worldwide.
Biomarkers have the potential to have a huge impact on early detection, disease
monitoring, therapeutic decision making and clinical outcome for patients and huge

financial savings for health care systems.



1.2.2 Pathophysiology
Heart failure is a multi-organ disorder characterised by abnormalities of the cardiac
muscle, skeletal muscle, and renal function; stimulation of the sympathetic nervous

system; and a complex pattern of neurohormonal changes (Jackson et al., 2000).

None of the progressive pathological explanations for heart failure is mutually
exclusive; they all play a part in progression of the disease. The trigger for progression
to heart failure is an initial acute (e.g. MI) or chronic (e.g. longstanding hypertension)
deleterious event which causes structural or functional damage to the myocardium. A
host of compensatory mechanisms are initiated as the heart attempts to retain the ability
to maintain cardiac output, blood pressure, and fluid balance. These compensatory
mechanisms begin to alter the muscular and biochemical cardiac environment for
damaged and undamaged cells and over time lead to either systolic or diastolic cardiac
dysfunction (Krum & Abraham, 2009; Muslin, 2012; Rathi & Deedwania, 2012).

In response to effects on the myocardium, the human body activates a neurohormonal
response. This includes the adrenergic nervous system and renin-angiotensin-
aldosterone system (RAAS) which is responsible for maintaining cardiac output using
peripheral arterial vasoconstriction, increased contractility and retention of salt and
water. This also activates inflammatory mediators, which carry out cardiac tissue repair
and remodelling. These systems are active in a compensatory manner in acute adaptive
phases, the continued activation of the neurohormonal response is when the chronic
deleterious cardiac dysfunction takes place and leads to heart failure (Rathi &
Deedwania, 2012; Maclver et al., 2013).

The sympathetic nervous system is one of the most important responses and provides
the myocardium with inotropic support to maintain cardiac output (Jackson et al.,
2000). Inhibitory inputs from high-pressure and low-pressure baroreceptors are the
principal inhibitors of the sympathetic outflow. Healthy individuals are able to maintain
a variable heart rate and low sympathetic discharge at rest. In heart failure patients, the
inhibitory input decreases and the excitatory input increases. The activation of the
sympathetic nervous system causes an increase in circulating levels of noradrenalin,
which results in increased heart rate, cardiac contractility, and increased
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vasoconstriction. Chronic activation has harmful effects causing structural and
functional changes. In heart failure patients, the circulating concentrations of
noradrenalin are often elevated 2-3 fold in comparison to healthy individuals (Muslin,
2012).

The activation of the sympathetic nervous system also causes stimulation of the renal
tissue activating RAAS. This leads to increased concentrations of circulating renin,
plasma angiotensin Il and aldosterone. Angiotensin is a potent vasoconstrictor, which
causes vascular and cardiac remodelling and leads to salt and water retention via
aldosterone release. Monocyte released angiotensin Il increases cardiac contractility
that acts as a compensatory mechanism for initial cardiac injury. Chronic activation
leads to the production of growth factors causing myocyte hypertrophy and left
ventricular hypertrophy. Hypertrophy is often seen in chronic heart failure (McMurray
& Pfeffer 2005; Jackson et al., 2000; Steen & Mann, 2004).

Endothelins are vasoactive peptides that increase as heart failure worsens. Endothelin-1
is the most prevalent in plasma. Endothelins are potent vasoconstrictors on renal
vasculature promoting the retention of sodium, cardiomyocyte hypertrophy, cardiac

fibrosis, and increased cardiomyocyte contractile function (Muslin, 2012).

Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are released in
response to atrial and ventricular stress and act on the heart, kidneys, and central
nervous system (Figure 1.2). Both BNP and ANP have a protective role, as they bind to
natriuretic peptide A receptor which results in natriuresis, vasorelaxation, inhibition of
renin and aldosterone and inhibition. Circulating levels of natriuretic peptides increase
in heart failure. BNP is mostly secreted by the ventricles in healthy and heart failure
patients. A precursor of BNP (proBNP) is stored in myocytes and is activated to form
the biologically active BNP and N terminal (NT)—proBNP. The specificity of BNP has
led to BNP and NT-proBNP being measured in heart failure patients (Lee & Burnett,
2007; Levin et al., 1998).
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Figure 1.2: Multi organ effect of natriuretic peptides (NP) in HF. Increased NP reduces blood pressure
and plasma volume. Urodilatin (URO); neutral endopeptidase (NEP); C-type natriuretic peptide (CNP);
natriuretic peptide receptors A, B and C (NPR-A, NPR-B, and NPR-C respectively); arginine vasopressin
(AVP); atrial and brain natriuretic peptides (ANP and BNP); glomerular filtration rate (GFR); urinary
sodium excretion (UNaV); urinary volume (UV); blood pressure (BP). Taken from (Levin et al., 1998).

The sympathetic response, RAAS, natriuretic peptides are the main neurohormonal
responses to heart failure. Other responses include; Prostaglandins (E; and 1,) that
protect renal function by maintaining the glomerular filtration through dilation of
afferent glomerular arterioles. Inflammatory responses to cardiac injury also contribute
to heart failure pathology. Oxygen free radicals inactivate nitric oxide, reducing

myocardial contractility and may induce apoptosis (Camm AJ, 2009).

Cardiac remodelling, particularly left ventricular remodelling, is the consequence of the
continual neurohormonal activation, mechanical and genetic factors that alter
ventricular size, shape, and function (Figure 1. 3). Many clinical triggers initiate the
remodelling cascade such as cardiomyopathy, hypertension, valvular heart disease, and
MI. Consequently, the remodelled cardiac tissue becomes hypertrophied with loss of

myocytes and increase interstitial fibrosis (Jessup & Brozena, 2003).



Other mechanisms also contribute to the pathology of hypertrophied ventricles. The
extracellular matrix provides scaffolding and differentiates cardiac and non-cardiac
muscle. Modification to the matrix causes ventricular remodelling. After a cardiac
injury, there is an increased deposition of fibrous proteins such as collagen and
fibronectin that alter the mechanical properties of the ventricle. These alterations are
propagated by the activation of RAAS and production of aldosterone, which in turn is
responsible for extracellular matrix proliferation and increased fibrous tissue deposits
within the ventricles, directly affecting the ventricle and altering the coronary

microcirculation (Rathi & Deedwania, 2012).
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Figure 1. 3: Ventricular remodelling after a MI (A) and in systolic and diastolic heart failure (B). Post-MI
there is little change to the ventricular wall; over a few hours, the area affected by the infarct expands and
becomes thinner. Over a long period, the entire ventricle can remodel itself to become dilated, causing
reduced systolic function, mitral valve dysfunction, and possible aneurysm formation. In diastolic and
systolic heart failure the remodelling, results in a normal size left ventricle cavity with thickened ventricle
walls and preserved systolic function (diastolic HF). In systolic HF, the ventricle will undergo dilation
and become spherical, with decreases systolic function and distortion of the mitral valve (Jessup &
Brozena, 2003).



1.2.3 Signs and symptoms
The classic characteristic symptoms in heart failure are shortness of breath, fatigue, and
oedema. The most common presenting symptom is shortness of breath at either exertion
or rest. Additional symptoms are summarised in Table 1.1 (Harris & Thompson, 2012;
Remme & Swedberg, 2001).

Table 1.1: Common symptoms of heart failure

Common symptoms used to make initial Uncommon symptoms that cannot be
diagnosis of Heart failure used to make diagnosis of heart failure
Shortness of breath Nocturia
Exercise intolerance Anorexia
Fatigue Abdominal bloating
Oedema Constipation

Cerebral symptoms

Determining the severity of cardiac dysfunction from symptoms alone is imprecise as
symptoms are extremely non-specific. In contrast, highly specific symptoms also lack
sensitivity. For example, upon physical and clinical examination patients may have an
elevated jugular venous pressure (JVP) which is highly suggestive of heart failure when
it is the suspected diagnosis. While elevated JVP has a specificity of 97%, the
sensitivity of the test is only 10% (Harris & Thompson, 2012).

The diagnosis of heart failure based on signs and symptoms requires an accurate patient
history to accompany the clinical examination to achieve accurate diagnosis. A
biomarker led diagnosis and prognosis could achieve the accuracy, sensitivity, and
specificity needed to deal with heart failure.

1.2.4 Risk factors

Many risk factors are associated with, and predispose patients to heart failure as
summarised in Figure 1.4. Heart failure does not present in isolation; underlying cardiac
defects such as hypertension, coronary heart disease (CHD) and many other risk factors

are present. Consequently, heart failure often presents with co-morbidities.



Hypertension is a well-established risk factor of heart failure. Hypertension is thought
to initiate cardiac remodelling by promoting myocyte hypertrophy, myocardial fibrosis
and loss of myocardial contractile tissue (Kenchaiah et al., 2004). In follow up studies
of the original Framingham study and Framingham Offspring study, 91% of patients
with hypertension went on to develop heart failure, of which males had a 2-fold
increased risk and females a 3-fold risk of developing heart failure in their life time
(Mosterd & Hoes, 2007).

Coronary heart disease profoundly increases the risk of developing heart failure due to
restricted supply of oxygen to the cardiac muscle. Patients who develop heart failure
from CHD are associated with a worse prognosis than those who do not (Cas et al.,
2003).
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Figure 1.4: Clinical risk factors associated with heart failure

Myocardial infarction influences changes to the hearts muscle leading to heart failure
through cardiac remodelling, increasing mechanical wall stress, neurohormonal
activation, and cytokine release. Seven to eight years post-Ml, 36% of patients go on to
develop heart failure and with increased probability in patients with left ventricular

systolic dysfunction (Pfeffer & Braunwald, 1990).



Obesity is an increasingly common risk factor of heart failure; obese patients double
their risk of developing heart failure (Cas et al., 2003). In addition to these risk factors,
valvular heart disease, genetic predisposition and lifestyle risk factors such as smoking,
poor diet, and a sedentary lifestyle all confer an increased risk of heart failure.

Diabetes is a well-documented co-morbidity and risk factor of heart failure. Diabetic
patients have a grossly increased risk, and are associated with a worse prognosis, once a
cardiac event has taken place. The Framingham study found patients who were
diagnosed with diabetes had a 4-fold increase in the male population and 8-fold risk in

the female population of developing heart failure (Kannel & McGee, 1979).
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Figure 1.5: Prevalence of co-morbidities in patients with heart failure (BLUE) compared to age matched
controls (RED) (Deursen et al., 2012).

Other co-morbidities that are often observed in heart failure include; anaemia, renal and
hepatic impairment, obstructive sleep apnoea, and chronic obstructive pulmonary
disease (Figure 1.5) (McMurray & Pfeffer, 2005). The co-morbidities along with the
pathology of heart failure and increasing age greatly determine the progression and
prognosis of disease. Those at risk from heart failure may lead to the progression of

asymptomatic or symptomatic heart failure (Figure 1.6).
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Figure 1.6: Stages of heart failure. The stages show the progression of co-morbidities and risk factors

lead to the progression of disease. Adapted from (Krum & Abraham, 2009).

1.2.5 Classification of Heart Failure

1.2.5.1 Chronic and Acute Heart Failure

Heart failure can be chronic and acute, chronic heart failure develops gradually whereas
acute heart failure develops rapidly after an event such as MI that leads to death of
cardiac tissue or rupture of a cardiac valve. Acute heart failure can clinically present in
different forms; acute pulmonary oedema secondary to cardiac dysfunction, cardiogenic
shock characterised by hypotension, oliguria and peripheral vasoconstriction and acute

worsening of chronic heart failure (Mosterd & Hoes, 2007).

1.2.5.2 Systolic and Diastolic Heart Failure
The heart circulates blood around the circulatory system through a pump-like action by
contracting and relaxing the cardiac muscle; these two phases are termed systole and

diastole respectively. Traditionally heart failure was thought to result from the

11



impairment in the heart’s ability to pump sufficient volumes of blood into the arteries
and circulation (systolic dysfunction). However, heart failure is also found to occur in
patients with normal systolic function but where higher pressures are required to refill
the heart with blood (diastolic dysfunction) (Maclver et al.).

Patients are diagnosed with either systolic of diastolic heart failure after the ejection
fraction (stroke volume/end diastolic volume of ventricular chamber) of a patient is
determined, usually by echocardiogram (ECHO). Patients with diastolic heart failure
have preserved left ventricular ejection fraction greater than 50% and those with
systolic heart failure have reduced ejection fraction less than 40-45%. However, this is
a very subjective classification as there is still disagreement regarding the cut-off for
preserved ejection fractions (Authors/Task Force Members et al., 2012). This thesis will

focus on acute systolic heart failure.

1.2.6 Diagnosis

Heart failure can either present in an acute or chronic setting to their general
practitioners (GP’s) which, leads to both over and under diagnosis. Approximately 25-
60% of patients referred to hospital specialists by their GP’s due to suspected heart
failure symptoms eventually end with the diagnosis of heart failure (Fonseca, 2006).

Diagnosis of heart failure uses a number of techniques and assessments to determine
specific types of heart failure (e.g. systolic or diastolic). Patients are diagnosed
clinically upon presentation of cardinal signs and symptoms. Diagnosis is confirmed
using bio-imaging e.g. electrocardiogram, chest x-ray, and echocardiogram. Laboratory
testing of biochemical markers is used to exclude patients that are likely to be free of
heart failure and do not need a scan such as BNP and NT-proBNP (Gaggin & Januzzi
Jr).

1.2.6.1 Bio-imaging

Patients who present with reduced myocardial function (i.e. ejection fraction) are easier

to diagnose than those with preserved function. Electrocardiograms (ECG) determine

the level of myocardial function; display rhythm, rate, and conduction but are best used

to diagnose left ventricular systolic dysfunction. Assessment of diastolic function
12



remains complex, in patients with diastolic dysfunction tissue doppler imaging is used
to aid diagnosis but with limited improvement. Chest radiographs identify pulmonary
oedema, pleural effusions or cardiomegaly and blood chemistry and haematological
tests use circulating biomarkers to identify disease (see section 1.2.6.2). The use of MRI
with gadolinium contrast is becoming a popular imaging technique, it provides precise

assessment of ventricular structure and function (Harris & Thompson, 2012).

A limitation of bio-imaging techniques is they are user specific, requiring skilled
interpretation for the test to be of accurate diagnostic value and leaving little room for
misdiagnosis (Remme & Swedberg, 2001; Authors/Task Force Members et al., 2012).

1.2.6.2 Biomarkers

Laboratory tests for circulating biomarkers in patient biofluids are used to confirm
diagnosis of heart failure, some of the routine tests include; full blood count, urea and
electrolyte, CRP, TNF-a, etc. The use of NP is increasing in the diagnostic process of
heart failure. Heart failure biomarkers are broadly divided into groups based on the
pathophysiology of heart failure. Figure 1.7 lists all the diagnostic and prognostic

biomarkers that are proposed or established in routine laboratory testing.

Myocardial biomarkers such as troponins (T and I) are essential in acute presentation as
elimination for MI. Other tests such as serum uric acid, c-reactive protein (CRP) and
thyroid stimulating hormone are occasionally used as confirmatory markers. Elevated
creatinine and urea is common in treated or severe heart failure as reduced glomerular
filtration rate and renal dysfunction can cause these to change. Liver enzymes such as
aspartate aminotransferase and alanine aminotransferase are also elevated because of
heart failure, are thought to be induced by reduced hepatic blood flow, and may be

prognostically significant (Kubo et al., 1987).

BNP and NT-proBNP are currently the most studied and developed for clinical use as
heart failure biomarkers. Pro-BNP is cleaved at the N terminus to produce BNP and
inactive counterpart NT-proBNP. The levels of these biomarkers are significantly
increased above baseline levels upon ventricular stress. This makes them ideal
biomarkers to measure, with half lives of 22 min for BNP and 60-120 min for NT-
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proBNP (Isaac, 2008). BNP and NT-proBNP are used as elimination tests; a normal
plasma concentration of either in untreated patients indicates heart failure is unlikely.
Equally, elevated concentrations of either identify patients who require further
investigations e.g. ECHO. However, natriuretic peptides are affected by previous

patient treatment causing the peptide circulating concentration to fall within the normal

range (Camm AJ, 2009).
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Figure 1.7: Current and proposed biomarkers of heart failure based on disease pathology. Adapted from

(Braunwald, 2008)
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1.2.7 Prognosis

Poor prognosis is another feature of heart failure, 30-40% of patients diagnosed with
acute heart failure die within 1 year of initial diagnosis and 60-70% within 5 years. This
five-year survival rate is worse than the survival rate for breast and prostate cancer
(Askoxylakis et al., 2010).

Prognosis of heart failure remains difficult. Typically, prognosis is determined using the
following criteria: patient characteristics and co-morbidity, laboratory assessments,
functional parameters with ventricular function and patient treatment plan. Sudden
cardiac death is the major cause of mortality in patients and decompensated heart

failure is a frequent occurrence requiring rehospitalisation (Mosterd & Hoes, 2007).

Although assessing different criteria may help clinicians estimate the prognosis of a
patient, the method is far from precise. Nor is it a clear indicator of a patient’s
worsening condition. Prognostic information regarding patients undergoing change in
therapy, such as plasma marker variations and long-term prognosis is scarce
(McMurray & Stewart, 2000).

Biomarker monitoring for prognosis would allow intervention or change in therapeutic
approach to take place before rehospitalisation or cardiac death. Prognostic biomarkers
will enable clinicians to monitor patients, make timely and accurate decisions regarding

patient therapy, tailored to their condition.

1.2.8 Treatment

There are many pharmacological treatment options for heart failure. Patients can be
treated with either one or a combination of the following drugs: angiotensin converting
enzyme inhibitors, beta blockers, aldosterone antagonists, angiotensin receptor
blockers, hydralazine or isosorbide dinitrate, digoxin, diuretics, anti-coagulants
(warfarin), anti-platelet agents, and HMG CoA reductase inhibitor (statins). Surgical or
device interventions are typically avoided as a treatment option however, in some cases
it is required (National Institute for Health and Clinical Excellence, 2010; Dickstein et
al., 2009).
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The key to successful treatment and management lies in greater understanding of the
underlying pathology and effective use of biomarkers. If greater precision, specificity,
and sensitivity are introduced to diagnostic and prognostic biomarkers, individualisation
of treatment or personalised targeted medicine may help tailor treatment plans and

reduce the mortality and morbidity in heart failure.

1.2.9 Limitations of current Diagnostic and Prognostic methods

ECHO is the gold standard technique for diagnosis and prognosis in heart failure.
However, there is some evidence that biomarkers may be more sensitive than ECHOs in
some clinical conditions (Emdin et al., 2009). A meta-analysis by Ewald et al.
discovered that, in symptomatic heart failure, BNP was a better indicator of severity
than ECHO assessment (Ewald et al., 2008). Biomarkers are becoming increasingly
important in clinical practice as they do not suffer from human error associated with

human operated techniques such as bio-imaging.

Current biomarkers also have limitations. Circulating plasma concentrations of BNP
and NTproBNP are affected by many variables such as impaired renal function, obesity,
age, and gender. The specific use of NP as a diagnostic and prognostic tool is not
recommended as it is affected by a multitude of cardiac conditions, making the peptides
ideal markers of diagnostic exclusion not inclusion (Chen et al., 2010; McLean et al.,
2008).

A study by Latini et al. found chronic heart failure could be detected in 92% of patients
using a high sensitivity troponin T assay (Schunkert et al., 2011; Latini et al., 2007).
However, patients have to wait 12 hours for the troponins to peak in plasma to become
detectable. MacLean et al. suggested troponins lack sensitivity and specificity as they
are elevated in chronic and acute CVD as well as patients with non-CVD diseases such
as renal failure, trauma, and sepsis (McLean et al., 2008). Therefore, although the test is
sensitive and specific for myocyte injury as a diagnostic and prognostic test, it is not

specific for heart failure.

Evidently, due to the high rates of morbidity, mortality, economic burden and the
limitations of current biomarkers of heart failure, rapid, reliable and reproducible
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diagnostic and prognostic biomarkers are needed which are not subject to variation as
seen with the NP and troponin. As discussed, heart failure arises due to the activation of
many different systems and multiple organs are involved in the progression of the
disease. A multi-marker strategy is the most comprehensive model for obtaining
information about a patient’s heart failure pathology. The discovery of new biomarkers
could open the gateway for more effective diagnosis and prognosis with new and

stronger therapeutic targets for heart failure.
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PART TWO: Proteomics and biomarker discovery

1.3 Proteomics

Proteomics is the large-scale study of the proteome, particularly in respect of the
expression, structure, function, modifications, interactions, and changes in different
environments and conditions (Mallick & Kuster, 2010). The term proteome was first
introduced by Wilkins et al., in 1994 (Wilkins et al., 1996) as the PROTEin
complement of the genOME (Figure 1.8). The number of proteins exceeds the number
of genes, as proteins can be expressed in their native form, with post-translational
modifications or gene-splicing induced changes.
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Figure 1.8: Expression of the proteins from genes. Taken from (Gerszten & Wang, 2008)

Proteomics has rapidly gained interest as an approach to help identify novel diagnostic
and prognostic protein biomarkers. Bio-fluids are the sample of choice for proteomic
biomarkers as they are easily accessible. Hypothetically, tissue that is in contact with
biofluids such as plasma, urine and cerebral spinal fluid, release its protein components
into the circulation. In a diseased state the proteins released from the tissue or in
circulation could increase, decrease or the protein expression profile could change
entirely. Proteins that undergo such changes would be ideal candidates for disease
biomarkers. Proteomic analysis of the body fluid could build a protein profile of
different disease states and reveal new biomarkers of disease. Proteins are currently
used in various conditions for diagnosis such as prostate specific antigen for prostate
cancer (Wang et al., 1981) or cardiac troponins for acute MI (Mair et al., 1992; Antman

et al., 1996). As these proteins exist in low concentrations, profiling or discovery

18



proteomic studies that search for all tissue leakage proteins could provide new disease

biomarker candidates.

1.3.1 Plasma in proteomic analysis

Plasma is the most comprehensive and complex human proteome containing receptor
ligands, proteins that have leaked from cells into circulation, secretions from diseased
tissue. Despite its complex nature, the plasma proteome is the most comprehensive of
the entire human proteome than any other tissue or biofluid and is how most clinical
markers are measured. However, its complexity also poses an analytical challenge,
which is not trivial (Street & Dear, 2010). Plasma was the biofluid of choice for this

study and is discussed with regard to proteomics applications here on in.

1.3.2 Complexity of Plasma
The plasma proteome consists of a variety of different proteins, and as suggested by
Anderson and Anderson (Anderson & Anderson, 2002) these proteins can be divided

into several functional groups:

e Proteins secreted by solid tissues and act in plasma, largely secreted by the liver
and intestines.

e Immunoglobulins, thought to be up to 10 million different sequences of
antibodies in circulation.

e Long distance receptor ligands, this includes peptide and protein hormones and
come in different sizes.

e Local receptor ligands such as cytokines and other mediators of cellular
responses are good indicators of diseases such as sepsis.

e Temporary passengers, non-hormonal proteins such as lysosomes that are
secreted and taken up via receptors for sequestration in lysosomes.

e Tissue leakage proteins, these proteins normally function within a cell and
release into plasma due to cell damage or death, these make up an important
class of plasma biomarkers such as cardiac troponins.

e Aberrant secretions such as tumour proteins and diseased tissue proteins that
release into circulation are another functional group and often thought to have

little functional requirement.
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Foreign proteins that are secreted by parasites that are released into circulation

From the list, it is clear that the human plasma proteome is incredibly complex. Protein

concentrations in plasma range below nanogram per millilitre-milligram per millilitre,

with a dynamic range from 10-12 orders of magnitude. As Figure 1.9 demonstrates,

twenty two plasma proteins dominate 99% of the proteome, exceeding the dynamic

range most analytical techniques available to measure proteins. Therefore, the design

and implementation of proteomic strategies needs to be thorough (Surinova et al.,
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Figure 1.9: Dynamic range of the plasma proteome separated into three main protein groups. The red dots

indicate proteins identified by the HUPO plasma proteome project and the yellow dots indicate currently

used laboratory biomarker. Taken from (Surinova et al., 2011)
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1.3.3 Proteomic strategies in biomarker discovery

When conducting discovery proteomic studies, it is essential to understand the
hallmarks of an ideal diagnostic biomarker. A biomarker needs to be specific to the
disease and a low false positive rate is essential. The biomarker must be robust and
must not be sensitive to rapid or drastic change. Finally, the biomarker must be reliable,
reproducible and of clinical utility. Clinicians must be able to use the biomarker(s) to

make accurate and informed medical decisions (Boja et al., 2011).

Mass spectrometry (MS) based proteomics has the ultimate advantage over other
techniques for biomarker discovery as it can detect, identify and quantify proteins over
a wide range of concentrations and can measure the slightest biochemical changes. A
discovery proteomic project, which aims to characterise the plasma proteome of a
disease state needs to contain two distinct stages. The initial discovery phase where
differentially expressed candidate proteins between disease and control are identified
and the second verification stage that assesses the validity of the candidates in a larger

number of samples.

Briefly, all proteomic studies include:
e Sample preparation to de-convolute the plasma proteome.
e Sample analysis using technologies such as gel electrophoresis or MS.
e Data analysis to produce a list of candidate proteins with protein concentrations
(quantification).
e Verification to confirm the concentration of proteins, as well as the change

characterised by the discovery phase.

1.4 Pre-analytical strategies

1.4.1 Proteomic biomarker discovery

Extensive pre-analytical treatment is required to overcome the dynamic range of plasma
and make samples amenable to MS analysis. This can be achieved through a variety of
methods such as: 1D/2D gel electrophoresis, isoelectric focusing, liquid
chromatography, immunoprecipitation, immunoenrichment and immunodepletion. The
choice of pre-analytical method needs to ensure that in-depth proteomic mass

spectrometry analysis can take place as well as be robust, specific, and reproducible.
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1.4.2 Reverse-Phase Solid Phase Extraction

Reverse-phase solid phase extraction (RP-SPE) is a method that allows purification of
peptides prior to MS and separates analytes according to their relative polarities.
Typically, RP-SPE consists of a polar mobile phase (liquid matrix), a non-polar solid
stationary phase (C18) and a mid-nonpolar analyte (plasma). Before preparing a
sample, the column solid phase needs priming with a solvent such as methanol. Priming
activates the surface and enhances the bonding abilities of the column. Methanol is
replaced with another solvent with a similar composition to the sample that is to be
analysed, conditioning the column in preparation for sample. The sample passes
through the SPE column, the plasma proteins adsorb onto the stationary phase, and the
column is washed with a solvent. The solvent used does not remove the bounded
proteins on the stationary phase but removes any non-proteinaceous material. The
bound proteins are eluted from the stationary phase with a nonpolar organic solvent

(such as acetonitrile) and collected for MS analysis (Berrueta et al., 1995).

1.4.3 Organic solvent precipitation

Enrichment of low molecular weight species without depletion is possible by protein
precipitation using acetonitrile (ACN). Protein solubility is poorest at its pl where it
carries no net charge. Insolubility is a result of its polar interactions with agqueous
solvents, ionic interactions with salts and repulsive electrostatic forces between similar
charge molecules. Above the pl, proteins carry a net negative charge and below the pl, a
net positive charge. There are many different types of protein precipitation methods
including organic solvent, salt, acid and metal ion precipitation. An organic solvent
causes the water molecules within the hydrophobic regions of proteins to displace,
which reduces the hydrophobic interactions between proteins and increases the
electrostatic interactions causing aggregation of proteins (Polson et al., 2003). Thus, the
addition of ACN to plasma or serum causes high molecular weight abundant proteins to
form a pellet, precipitating out of solution, leaving low molecular weight proteins in
solution, ready for MS analysis and suitable for biomarker discovery. Kay et al. found
ACN to be the best organic precipitant (Kay et al., 2008).
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1.4.4 Immunodepletion

Immunodepletion is the removal of proteins through affinity interactions using pre-
selected antibodies. The purpose of immunodepletion is to remove the high abundance
proteins that dominate the plasma proteome and achieve greater proteome coverage
(Figure 1.10). The cibacron blue dye method which solely depletes albumin and was
one of the earliest depletion methods. However, the method lacks specificity and
sensitivity and causes mass depletion of multiple proteins. The development of
monoclonal antibody methods on resins and chromatography columns has improved the
use of targeted removal of proteins (Hu et al., 2006; Fang & Zhang, 2008). Many
companies have developed the monoclonal antibody technology to produce
commercially available kits or columns for multiple affinity protein removal, allowing
the depletion of several high abundance proteins simultaneously. Some examples of the
multiple protein removal kits available are the MARS 14 IgG protein depletion HPLC
column, Seppro IgY 14 protein HPLC depletion column and the Proteoprep20 protein

depletion resin.
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Figure 1.10: Principles of immunodepletion. A sample enters an antibody coated column with pre-
selected antibodies raised to high abundance proteins. Through immunoaffinity interactions, high
abundance proteins are removed and low abundance proteins remain in solution and flow through the

column.
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1.45 ProteoMiner™ Beads

An alternative to depletion of high abundance proteins is enrichment of the low
abundance proteins. The conformational arrangement of amino acids within a protein
establishes the protein’s properties such as charge, density, hydrophobicity and
conformation. The conformation also determines the binding and interaction of proteins
with other molecules such as peptide ligands. This forms the basis of ProteoMiner ™ or
equalizer bead technology, which is the treatment of complex protein samples with a
large, highly diverse, library of hexapeptides bound to chromatographic support that
perform protein separation by affinity chromatography. The solid-phase combinatorial
libraries of hexapeptides are synthesised via a short spacer on
poly(hydroxymethacrylate) beads, using a modified Merrifield approach using the split,
couple, recombine method (Merrifield, 1965). The peptide ligands are represented
throughout the beads structure and each bead has millions of copies of a single, unique
ligand and each bead could also possibly have different ligands (Thulasiraman et al.,
2005). The beads are synthesised from 20 natural amino acids, the library contains a
population of linear hexapeptides amounting to 20e°, i.e. 64 million different ligands.

The binding capacity of the beads is limited to the number of ligands available, once the
binding capacity of a ligand for a specific protein is reached, that specific protein ligand
Is saturated. This means that high abundance proteins saturate their ligands quickly,
leaving excess protein to be washed away. Conversely, low abundance proteins are
concentrated on their specific ligands, thereby compressing or decreasing the dynamic
range of proteins by affinity interactions. The net result is the enrichment of low
abundance proteins and reduction in the concentration of high abundance proteins
(Righetti et al., 2005; Boschetti & Righetti, 2009; Righetti et al., 2010). When the
bound proteins are eventually eluted, due to equal numbers of ligands on the beads for
all proteins, the dynamic range should be reduced and the protein concentrations

‘equalized’ (Figure 1.11).
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Figure 1.11: Mechanism of equalizer bead interaction with sample. Taken from (Biorad)

1.4.6 Liquid chromatography

Mass spectrometry based proteomics is highly dependent upon separation technologies
to reduce the complexity of analytes (peptides) prior to MS analysis and reduce
unambiguous identifications. The two main separation technologies employed in
protein analysis are either gel-based or gel-free. Liquid chromatography (LC) is a gel-
free separation. The development and the direct coupling of LC systems to MS
instruments through an electrospray source has overcome some of the limitations faced
with gel-based techniques. Due to the development of the electrospray, High
Performance Liquid Chromatography (HPLC) or Ultra High Performance Liquid
Chromatography (UPLC) has become a standard and essential front-end separation
technique for proteomics (Yates et al., 2009). Despite the success of electrospray and
LC, a few limitations to the method remain with respect to poor analyte ionisation and
subsequent detection. For example, hydrophilic compounds cannot be analysed with
good sensitivity using high flow rate techniques. The high flow rate also introduces a
large number of analytes to the mass spectrometer at once causing analyte signal

suppression (Schmidt et al., 2003).
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In 1994, further development of the electrospray source by Wilm and Mann (Wilm &
Mann, 1996) lead to the development of nano-electrospray (nano-ESI). The
introduction of the nano spray lead to the reduction in the flow rates from pl/min to
nl/min, requiring only pl of sample for analysis without loss of analyte ions and most
importantly high-throughput quantitative proteomic analysis was now possible. A nano-

UPLC system was used in this study.

Reverse-phase (RP) chromatography is a popular choice for the separation of peptides
in bottom up proteomics and uses a hydrophobic stationary phase and polar hydrophilic
mobile phase. The peptides are the analytes of interest and are injected onto a RP
column in low organic solvent, which contains a hydrophobic stationary phase such as
C,g that bind the peptides. The low organic solvent retains the salts and artefacts from
digestion, effectively desalting and concentrating the sample. Separation of the peptides
occurs when the organic solvent in the mobile phase is ‘ramped’ or increased in a
gradient fashion. The polar hydrophilic mobile phase (e.g. organic solvent) disrupts the
interaction between the stationary phase and the peptides thus, peptides elute according
to their hydrophobicity i.e. the hydrophilic peptides elute first (Di Palma et al., 2012).

In proteomic studies, use of buffers and different enzymatic methods may introduce
artefacts that can interfere with the nanoUPLC-ESI source causing signal suppression.
Although the RP column is equipped to clean the sample, sometimes this step alone is
insufficient. Thus, a de-salting step prior to LC analysis can be used and in this study, a
trapping column prior to the analytical RP-LC column was used to de-salt peptide
samples. The trapping column is similar to the LC column however is of a larger

diameter and particle size.

The resolving power or the number of peaks a chromatographic system is able to
separate within a given gradient time period is measured as the peak capacity. The peak
capacity of a single chromatography system for complex peptides still lacks the
resolving power with many peptides co-eluting. Multi-dimensional chromatography
using orthogonal separation maximises the peak capacity by combining two LC
systems, with two separate peak capacities, prior to MS analysis. Theoretically, the
overall separation power is the product of each dimension or LC platform, allowing co-
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eluting analytes to be resolved in the orthogonal second dimension (Di Palma et al.,
2012). Different multidimensional systems have been reviewed elsewhere (Zhang et al.,
2010) in this study two-dimensional (2-D) RP-RP was the multidimensional method of
choice (See Chapter Four).

1.5 Analytical strategies

1.5.1 Mass spectrometry

A number of advancements have taken place since Nobel laureate J. J. Thomson’s
experiment in 1897, where he discovered the electron and determined its mass-to-
charge ratio and was later awarded the Nobel Prize in 1906 and knighted in 1908
(Thomson, 1899). His work on the electrons lead to the construction of the first
parabola spectrograph (mass spectrometer) where he observed positively and negatively
charged ions. The very first mass spectra of oxygen, nitrogen, carbon monoxide and
dioxide were obtained alongside isotopes of neon (Thomson, 1899). F. W. Aston
continued to develop the mass spectrometer, developing velocity focusing with the
addition of electromagnetic focusing, increasing the sensitivity and resolving power.
Leading to further naturally occurring isotopes to be identified (Aston, 1919). Aston
was awarded the Nobel Prize for his work in 1922 and went on to measure mass defects
in 1923. It is from this point that mass spectrometry rapidly gained speed, ever
increasing sensitivity and resolving power through the developments of different mass
analysers to ion sources. Since 1897, the mass spectrometer has become a universal tool
amongst scientists for various applications in physics, chemistry and biology. Since
1984 when J. B. Fenn (Fenn et al., 1989) used electrospray ionisation with mass
spectrometry for biomolecules, MS become a vital tool in the characterisation of the
human proteome. Further development of the electrospray came in 1994 when Wilm
and Mann (Wilm & Mann, 1996) introduced the nano-electrospray allowing
hydrophilic compounds (e.g. carbohydrate) to be characterised with greater sensitivity

and improved ESI tolerance of salt contaminants.

Mass spectrometry is an analytical technique that measures the mass to charge ratio
(m/z) of a charged ion in the gas phase under a vacuum. Mass spectrometers are
essentially made up of three main sections; an ion source where ionisation occurs, a

mass analyser that measures m/z ratio and a detector which detects ions at each m/z. The
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ions are separated according to their m/z ratio and are detected by eliciting a change in
either charge or current. The more ions the greater the change detected, and the
response is recorded as a mass spectrum. The mass spectrum contains all information

on ionised components, in this case peptides, in the samples.

1.5.2 lonisation

Proteins and peptides are polar, non-volatile and thermally unstable structures that
readily degrade during ionisation but since the 1980’s and the development of soft
ionisation techniques, proteins and peptides have been ionised without extensive
degradation (Yates et al., 2009). Barber et al. described the advent of fast atom
bombardment as the first soft ionisation technique developed for biomolecules without
the need for chemical derivatisation (Barber et al., 1981). Fast atom bombardment
allowed the extension of the mass range and resolution of mass spectrometers. In fast
atom bombardment, the sample is mixed with a matrix and the matrix is bombarded
with a beam of inert gas ions such as Argon. This action produces either a protonated
[M+H]" or deprotonated [M-H]" molecule for mass analysis. Although fast atom
bombardment was used initially, this technique was quickly replaced with other softer

ionisation techniques.

The 1980°s saw the development of the two most widely used ionisation techniques in
proteomics, matrix assisted laser desorption/ionisation (MALDI) and electrospray
ionisation (ESI). In 2002, J. Fenn and K. Tanaka were awarded the Nobel Prize for their
work in soft ionisation methods in mass spectrometry for biomolecules. Michael Karas
and Franz Hillenkamp (Karas & Hillenkamp, 1988) improved Tanaka’s soft ionisation
method to include a matrix, this was known as matrix assisted laser desorption
lonization (MALDI).

In 1988, J. Fenn realised the potential of the ESI technology when the first spectra of
protein above 20,000 Da was obtained (Fenn et al., 1989; Yamashita & Fenn, 1984). In
ESI, a high voltage is applied creating a stream of ions. The analyte is dissolved in a
polar solvent and flows through an emitter set at 2-4 kV. The charged analyte solution
forms a Taylor cone and the liquid disperses into droplets. This forms an aerosol when
it exits the emitter under atmospheric pressure, producing a stream of ions induced by
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the combined effects of electrostatic attraction and a vacuum. These ions are analysed
by the mass spectrometer (Figure 1.12) (Aebersold & Mann, 2003).
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Figure 1.12: Electrospray ionisation. Taken from (Steen & Mann, 2004)

Furthermore, ESI can form highly charged ions without causing fragmentation, where
more than one charge state of an ion can be observed. Peptides produced from tryptic
digests have two protonation sites, these are the N-terminal and the C-terminal residue
(lysine or arginine). These sites can be protonated with a charge remaining on the C-
terminus, N-terminus, both C and N-terminus or remain neutral with no charge (Figure
1.13). Tryptically digested proteins produce primarily doubly charged ions in ESI that
are readily fragmented into b and y ion series, making calculation of peptides molecular
masses possible. For example, an m/z separation of +2 ion are separated by m/z value of
0.5, enabling true molecular mass calculations to be determined from the original mass
spectrum (Yates, 1998).
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Figure 1.13: Protonation sites for ionisation in ESI. (Taken from ionsource.com)

As mentioned previously mentioned, development of nano-ESI allows flow rates of
solutions to be as low as nL/min for ionisation with little sample volume requirement.
The lower flow rate in nano-ESI produces smaller droplets, this undergoes the same
desolvation process, and less solvent is present in the ion source chamber.
Consequently, a greater overall analyte (peptide) volume is present in the droplet thus; a
greater number of peptide ions are produced for MS analysis. This was best
demonstrated by Wilm and Mann (Wilm & Mann, 1996) where they reported a 510
times higher efficiency of ions transferring from solution to detector with the nano-ESI
source in comparison to an ESI. Due to the low volume of solvent present in the
droplets produced, the nano-ESI source lends itself to higher solvent salt and
contamination tolerance. Advantages offered by the nano flow greatly improve
sensitivity of analysis, and its compatibility with RP chromatography makes nano-ESI a
more desirable ionisation technique over its normal flow counterpart for bottom-up

proteomics.

1.5.3 Mass analyser

Pivotal to MS analysis is the mass analyser, which separates ions according to their m/z.
The resolving power of a mass analyser i.e. the ability to separate ions with similar m/z,
varies. For proteomic research the analyser needs to provide high resolution, high mass

accuracy, high sensitivity and provide data rich mass spectra of peptide fragmentation.
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The most common analysers used for proteomics are ion traps (IT), Fourier transform
ion cyclotron (FT-ICR), Orbitrap, time-of-flight (TOF), quadrupole (Q).

1.5.4 lon trap, Fourier Transform lon Cyclotron Resonance and Orbitrap

The trapping mass spectrometers lon Traps, Fourier Transform lon Cyclotron
Resonance and Orbitrap all separate ions by m/z according to the ions resonance
frequency. lon trap instruments traps or stores ions in a two or three-dimensional field
with an oscillating quadrupolar electric field, by varying the electric field, ions of
different m/z values are ejected from the IT and detected. In FT-ICR ions are excited
with an oscillating electric field, ions with different m/z ratios display different
trajectories, they cluster or fall in phase and the ions induce a charge detected as a time
and frequency function. This information is then fourier transformed into a mass
spectrum. The resolution of FT-ICR analysers is inversely proportional to m/z and is
dependent on observation time and the strength of the vacuum field, which is a notable

limitation to this technique (Comisarow & Marshall, 1974).

Proposed by Makarov in a patent in 1999 and an article in 2000 (Makarov, 2000) the
Orbitrap is an electrostatic ion trap instrument that uses Fourier transformation to
produce a mass spectra. The Orbitrap (Figure 1.14) separates ions by m/z based on
oscillation frequencies along a central spindle within an ion trap chamber. Every ion
oscillates around a central spindle in spirals and induces an oscillating image current
which is Fourier transformed to produce a mass spectrum. The resolution of the
Orbitrap instrument is inversely proportional to (m/z)” thus, as the mass increases the
resolution decreases. For example, when acquiring at a scan rate of 1 second the
resolution of the Orbitrap is 60,000 at m/z 400. Other mass analysers such as time of

flight (TOF) maintain their resolution across a mass range.
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Figure 1.14: The Orbitrap showing a stable ion trajectory. The outer electrode is separated by a small gap,
which contains the inner electrode which is spindle like to which a DC voltage is applied. The voltage
causes the ions to move around the central electrode while oscillating along the z-axis, giving them a

spiral like trajectory. Taken from (Makarov, 2000)

1.5.5 Quadrupole

The quadrupole consists of four parallel rods with opposing electric fields. The
quadrupole functions as a mass filter, principally ions of different m/z value have
different stable oscillations in a quadrupole field. The electric field is created by
applying an oscillating electrostatic field to the two pairs of parallel rods. This means at
pre-set field frequencies and amplitudes, ions of a single m/z value or range can travel
through the analyser in spiralling stable trajectories and reach the detector. All ions with

unstable trajectories, spiral into the quadrupole rods.

Quadrupoles can scan and detect for specific m/z by altering the amplitudes of the
applied electric fields, producing a full and detailed mass spectrum, lending themselves
as ion guides (see section 1.5.8). In RF-mode, a wide mass range of ions can pass
through the quadrupoles with stable trajectories, in a static field a narrow mass range of
ions pass through. Quadrupoles are extremely sensitive and thus, lends itself to

quantitative mass spectrometry (Paul & Steinwedel, 1953).

1.5.6 Time-of-Flight

Stephens first described the TOF mass analyser in 1946 but it was Wiley and
McLaren’s linear TOF described in 1955 that commercialised the instrument (Wolff &
Stephens, 1953; Wiley & McLaren, 1955). The TOF mass analyser measures the m/z
value of ions by measuring the time it takes for an ion to travel over a fixed distance in
the MS. Time is a function of the square root of the m/z value. Therefore, peptides with

low m/z values travel faster than peptides with high m/z values. The flight time of an
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unknown ion is converted to m/z value by using a calibration standard with a known m/z
value (Yates, 1998).

The upper mass range for a TOF analyser in theory is non-existent as it relies on flight
time and an ions kinetic energy, making it suitable for soft ionisation techniques and the
study of biomolecules. TOF analysers obtain a spectrum over a broad mass range in a
matter of micro-seconds, this high transmission frequency of ions leads to high
sensitivity. Although this provides speedy analysis, it comes at the expense of detector
saturation and kinetic energy spread leading to insufficient precision of mass or

abundance measurements.

The loss of spectral information and peak broadening due to ions of the same m/z
having varying velocities and therefore kinetic energies, was addressed by the advent of
delayed pulse extraction (primarily applies to MALDI). This applies a time lag between
the formation and extraction of ions. The ions first expand into a field free region in the
source and after a time delay; a voltage is applied to extract these ions from the source.
The ions in the field free region gather and separate according to their kinetic energies.
The extraction pulse transmits more energy to the ions that gather in the source for a
longer period. Thus, the ions that initially had a less kinetic energy have been supplied
enough energy to correct for the energy dispersion of the ions with the same m/z ratio
correcting for the Kkinetic energy spread and improving the resolution of the TOF

analyser.

Additionally the incorporation of the electrostatic reflectron has greatly improved the
resolution and peak broadening of TOF analysers. The reflectron is situated in the flight
tube behind the field free region as opposed to the ion source. The reflectron creates a
retarding field that acts as a mirror by reducing the ion velocity to zero, deflecting the
ions, sending them through the flight tube to the field free region and the ions are
detected. This corrects for the kinetic energy dispersion, as ions with greater Kkinetic
energy and greater velocity penetrate the reflectron deeper than those with lower kinetic
energy and velocity. Therefore, the ions with greater velocity spend more time in the
relfectron and reach the detector as the same time as the slower ions with the same m/z
(Figure 1.15). This has been further developed to incorporate two reflectron regions
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(first region is high electric field and second low), increasing the range of kinetic

energies the TOF analyser is able to analyse (Guilhaus et al., 2000).
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Figure 1.15: Schematic representation of a TOF analyser operating in the reflectron mode. o and e
represents bundles of ions having same m/z value but different velocities. ® has higher velocity than o.
With appropriate settings, both kinds of ions reach the detector simultaneously. Taken from (Jiwan et al.,
2011)

For years TOF analysers were best suited to pulsed ionisation techniques (MALDI) due
to TOF systems working best with pulsed ion beams rather than continuous ion beams
(ESI). Orthogonal acceleration time of flight mass spectrometry (oa-TOF) is the best
technique for coupling ESI with TOF-MS. In 0a-TOF the ion are continuously
produced at the source, ion guides focus the ions into a beam and directs the beam to
the orthogonal accelerator. The orthogonal accelerator space (pusher) fills with ions,
and then an injection pulse voltage is applied which pushes the ions in an orthogonal
direction to their original trajectories. The ions then enter the flight tube and TOF mass
separation takes place. Whilst these ions are analysed by the TOF analyser, more ions
are able to enter the pusher chamber, ready for orthogonal acceleration pulse once the
highest m/z of the previous ions has been recorded (Figure 1.16) (Guilhaus et al., 2000).
As the time taken for the ions flight path in the flight tube is approximately equal to the
time taken to re-fill the pusher chamber, a high duty cycle of analysis is possible. The
duty cycle is further improved with the incorporation of an RF-only ion guide prior to
the pusher region, where the ions released in packets by the ion guide are synchronised

with a delayed pusher pulse. As the ions travel in m/z packets it is possible to
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synchronise the oa-TOF pusher with the ion packet to enhance the duty cycle over a
defined m/z range (Giles et al., 2004). The ability to interface with ESI, which is well
suited to peptides and the high duty cycle, makes oa-TOF suitable for proteomic studies

and is used in this study.
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Figure 1.16: Schematic for an oa-TOF taken from (Guilhaus, 2000)

1.5.7 lon mobility

lon mobility mass spectrometry (IM-MS) is a gas phase electrophoretic technique that
allows analytes to be identified according to their mass, charge and collision cross
section area (i.e. size and shape) (Creaser et al., 2004). lon mobility measures ion
velocity through a drift tube filled with a buffer gas, such as helium, in the presence of
an electric field gradient. The ions mass, charge, size and shape determine the time
(drift time) it takes an ion to migrate through the drift tube and forms the basis of
separation. As the ion travels through the drift tube it collides with the buffer gas, the
larger the ion (or the greater the collision cross-section) the greater the surface area for

the buffer gas collision. This collision action impedes the ion’s ability to pass or drift
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through the tube. This method allows separation of isomers, isobars and conformers;
reduction of chemical noise; and measurement of ion size (i.e. cross sectional area),
which is impossible with mass spectrometers alone. lon mobility has been interfaced
with many different mass spectrometers including the TOF-MS adding an additional

dimension of separation.

A recent development in ion mobility instrumentation is the travelling wave ion guide
ion mobility (TWIG-IM) and is found in Waters Synapt HDMS analyser, and is used in
this project. In these instruments, the ion mobility takes place in the centre of a stacked
ring ion guide (see section 1.5.8) region known as the TRIWAVE. The first ion guide
traps the ions prior to IM separation and the third transfers the ions into an oa-TOF. In
the TWIG-IM, the ions travel through a buffer gas in a travelling wave fashion due to
sequential superimposed DC and RF voltages that are applied to adjacent electrodes,
providing radial confinement of the ions and propelling the ions through the buffer gas.
The ions travelling wave time-path through the buffer gas with the applied voltage
depends on the ions mobility (Harvey et al., 2011). To improve the resolution, a helium
cell is placed before the TWIG-IM and consists of four RF-only ring electrodes, the
helium slows down the ions travelling to the TWIG-IM and slowly introduces ions to
the travelling wave (Giles et al., 2011). The sensitivity and high throughput analysis
makes TWIG-IM ideal for proteomics.

1.5.8 lon Guide

Transportation of ions without separation and loss of sensitivity is often required in
mass spectrometry, especially in tandem mass spectrometry. lon guides help to re-focus
ions and transport them efficiently through the MS analyser, as ions that enter the ion
guide through the source can be spread due to mutual ion repulsion or collision with
solvent molecules. Quadrupoles operating in the RF-only mode are used to stream line
the ions to a focussed trajectory and this has been extended to hexapoles and octapoles.
(Giles et al., 2004).

Another focusing ion guide uses a series of stacked ring electrodes with a fixed inner
diameter and RF of opposite polarities is applied to consecutive electrodes (Figure 1.17)
creating an effective potential that radially confines the ions within the ion guide. This
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is known as a stacked ring ion guide and is used in this study. An improvement of the
ion guide’s performance to reduce the loss of ions saw the introduction of a neutral
buffer gas. However, this led to collisions of the ions with the buffer gas and a
reduction in the kinetic energy of the ions, increasing transit time through the ion guide.
This was a problem for tandem mass spectrometry. Giles et al. (Giles et al., 2004)
solved this with the use of a travelling voltage wave that is superimposed on the radially
confining RF-voltage, causing ion’s to ‘surf’ through the ion guide and reducing the
transit time of the ions. This new method has allowed the new travelling wave ion guide
to act as a collision cell for tandem mass spectrometry, ion mobility cell and a delivery

ion guide for oa-TOF mass spectrometer.
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Figure 1.17: Schematic of RF-only stacked ring ion guide taken from (Giles et al., 2004).

1.5.9 Detector

The detector detects the ions at different m/z values and channels this information into
electrical currents. This electrical current is visualised in the form of a peak on the mass
spectrum. The intensity of the peak represents the number of times the ion is detected.
The mass spectrum is displayed with the ion intensity on the y-axis and the m/z ratio on

the x-axis.

1.6 Tandem mass spectrometry

Tandem mass spectrometry is where precursor ions are subjected to sequential
separation in different analysers often with the production of product ions because of
fragmentation/dissociation. Product ions can be used to elucidate structure or, in the
case of peptides, the amino acid sequence. In this study a Q-TOF was used to perform

all tandem MS.
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In tandem mass spectrometry, there are two different ways of performing experiments,
in space and in time. In space experiments use two distinct mass analysers with a
collision cell (for product ions to form) separating them, such as the triple quadrupole
(QQ9Q), Q-TOF and TOF/TOF. In time experiments use ion storage devices such as the
ion traps and FT-ICR and perform the tandem experiment using a single instrument but
in successive steps. In time analysers can repeatedly undergo rounds of fragmentation

(MS") but this comes at the expense of sensitivity.
There are a number of ways to measure or scan for ions of interest in tandem MS, each
with their own strengths. As this project focuses on product ions produced with inert

collision gas, there are three main scanning modes:

1. Product ion scan — where the first analyser is static selecting precursor ions of a

chosen m/z ratio and the second analyser scans all the product ions produced by
collision-induced dissociation.

2. Precursor ion scan — where the second mass analyser remains static to a specific m/z

of a product ion and the first mass analyser scans for all precursor ions that
generates the product ion.

3. Selected reaction monitoring (SRM) — where the first and second mass analysers

are static to pre-defined m/z. The first mass analyser selects the precursor ion m/z
and the second analyser is static for a corresponding product ion m/z characteristic

of the analyte in question.

Tandem mass spectrometry requires fragmentation to occur for precursor ions to
produce product ions. The different types of fragmentation techniques include collision
induced dissociation (CID), electron transfer dissociation (ETD), and electron capture
dissociation (ECD) with CID being the most commonly used in Q-TOF instruments. In
CID, a precursor ion undergoes multiple collisions with inert gas molecules (e.g. argon)
causing the kinetic energy to translate to an internal vibration energy of the ion,
breaking chemical bonds at the lowest energy cleavage sites fragmenting the ion. With
peptide ions this typically occurs at the peptide bond generating b series (N terminal
peptides) and y series (C terminal peptides) product ions (Hoffmann, E.D., Stroobant,

V., 2006). In this study, a RF only ion guide was used as the collision cell prior to oa-
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TOF analysis. Once the product ions were generated post CID, the product ions were

separated according to the m/z in the oa-TOF and detected to produce a mass spectrum,

1.6.1 Fragmentation nomenclature
In 1984 Roepstorff and Fohlman (Roepstorff & Fohlman, 1984) introduced the nomenclature for

fragmentation observed in peptide ions using tandem MS (

Figure 1.18). For the peptide ion to be detected a charge (which starts typically as a
doubly charged ion) must remain on the ion. There are three sites at which peptide
fragmentation can occur, these are Ca-C, C-N or N-Ca, producing six types of
fragments a ,b, or ¢ when the positive charge remain at the N terminal fragment ion or
X, y or z when the positive charge remains at the C terminal fragment ion. The subscript
number ) denotes the number of amino acids in the fragment (Hoffmann, E.D.,
Stroobant, V., 2006).

H ﬂ\
H,N J\N/J\ N w OH
Y H

R, O R, O

;bcch

Figure 1.18: Schematic of peptide fragmentation nomenclature.

With this information interpretation of the spectra produced by peptides in tandem MS
can be determined manually or de novo. However, many software algorithms have been
developed to correctly and confidently sequence the peptides and interpret the tandem

MS spectra, allowing peptides to be assigned to their proteins.
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1.6.2 Proteomic approaches using tandem mass spectrometry

Mass spectrometry based proteomics has three objectives, the first of which is to
characterise a proteome, these are typically profiling projects where the objective is to
profile an entire proteome of a given sample. The second is comparative projects also
known as discovery proteomics, where the objective is to identify and relatively
quantify proteins in numerous samples for a given proteome. The relative quantitation
identifies proteins that change their expression in different conditions and are reported
as fold-changes relative to each other. The third is absolute quantitation or targeted
proteomics where the exact amount of protein in a proteome is reported in molarity,
mass or copies/cell, with the use of an internal standard. A select panel of proteins are
generated from discovery proteomic projects to form the basis of targeted studies.
Proteins can be studied intact this is known as top-down proteomics, or studied as
digested proteins as a peptide mixture this is known as bottom-up proteomics (Figure
1.19).

1.6.2.1 Bottom up proteomics

Bottom up proteomics is the analysis of digested complete proteomes i.e. peptide
mixture and is the method used in this study. The proteins are digested by an enzyme,
typically trypsin which hydrolyses protein bonds at C terminal of proteins, specifically
lysine and arginine, to form a peptide mixture. The peptide mixture that is produced by
trypsin (1-3k Da) span a wide range of hydrophobicities making the peptides ideal from
fractionation by liquid chromatography before MS analysis (Zhang & Ge, 2011). This
method produces a y-ion series of peptide product ions that can be used for protein
identification. This approach is particularly attractive for discovering biomarkers as it is
more sensitive, capable of greater proteome coverage and is amenable to tandem mass

spectrometry thus, accessing the low abundance proteins.
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Figure 1.19: Proteomic approaches. (A) Bottom up: a protein is digested with an enzyme (i.e. trypsin)
into many small peptides. The recovered peptides are analysed by tandem MS to identify the origin of the
peptide i.e. which protein it is derived from. (B) Top-down MS: the whole protein is analysed by MS
without digestion so the full information of the modification state is preserved. A specific protein form
can be isolated and fragmented by tandem MS to locate the modification sites. All modifications can be

identified with full sequence coverage. Taken from (Zhang & Ge, 2011)

1.6.2.2 Data dependant acquisitions

As mentioned previously bottom up proteomics utilises tandem MS, with the capability
to apply different scanning modes for data acquisition (see section 1.6). One particular
scanning mode is data dependant acquisition (DDA). In DDA the tandem MS performs
a survey scan (MS scan) where the most abundant precursor ions are isolated, typically
3-8. The pre-selected precursor ions are fragmented and the associated product ions are
scanned. This process is repeated for a defined time-period or number of scans. This
scan method is hampered by the pre-selection as there is bias towards higher abundance
proteins limiting the dynamic range of MS analysis, co-selection of ions, large number
of single peptide identifications and compromised quantification accuracy due to serial
MS and tandem MS scanning. Michalski and Mann et al. identified more than 100,000
isotope features which were likely to be peptides, eluted in a single LC-tandem MS run

but were unidentified by a typical DDA experiment (Michalski et al., 2011).
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1.6.2.3 Data independent acquisitions

Data independent acquisition (DIA) attempts to overcome the limitations of DDA
analysis by removing the pre-selection of precursor peptides. In place of pre-selected
ions, a group of precursor ions within a mass window are co-fragmented as a parallel
process. The product ions have the same retention time profiles as the precursors, which
allows retention time alignment of all precursor and product ions. In 2003, a pioneering
DIA experiment conducted by Purvine et al. utilised different nozzle-skimmer voltage
differentials on an ion trap. The nozzle-skimmer voltage was set to both high and low to
collect product ions and minimise in-source fragmentation respectively. The authors
suggested the use of retention times to align precursor and product ions and the
experiment was feasible using Q-TOF instruments, providing software could be
developed to correctly and confidently analyse the data produced by such experiments
(Purvine et al., 2003). These DIA experiments lead to the development of various
methods such as: all ion fragmentation using the Orbitrap, SWATH MS, and MSE. This
study utilised MSF data acquisition, which performs low energy and high energy scans

in parallel with a Q-TOF mass spectrometer (Shliaha et al., 2013).

1.6.2.4 Data analysis in mass spectrometry based proteomics

Tandem MS is the preferred platform for bottom-up proteomics and protein profiling.
In order to elucidate the identity of proteins, individual peptides undergo tandem MS to
reveal partial or full sequence of the peptides. The informatics process first identifies

the peptide and then the proteins that are present in the original sample (Vitek, 2009).

The process of data analysis can be described as a simple workflow: peptide
sequencing, protein database searching, validation of protein assignment. Data
produced by MS is typically transferred in its original format to a data processing
machine where the raw data is subjected to data mining methods. This can be de novo
sequencing where without any prior knowledge or reference database, all mass spectra

are assigned and proteins identified.

This is a long and time-consuming process. The other method is to use a reference
database such as UNIPROT (http://www.uniprot.org/) where a FASTA file is
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downloaded with all known and theoretical protein sequences. With the latter method,
the raw data file contains all the tandem mass spectra information on the ions that are
detected by the mass spectrometer is subjected to a database search. The observed raw
data is paired to theoretical product ion data that is associated with a known protein.
This is an iterative process of running individually observed product ion data against
theoretical protein sequences found in FASTA files. Positive identifications are only
made when a match between the observed and theoretical data has the same precursor
m/z within a defined tolerance (Deutsch et al., 2008).

Subsequent to initial identifications, various steps are undertaken to ensure the correct
assignments of peptides have been made through database searching. A score is
assigned to each candidate peptide match. Then in a two-step process incompatible
peptide and precursor ion masses are filtered out and a new score is assigned
incorporating new information of features such as peak intensity, post translational
modifications (PTM’s) etc. To further filter the data and enhance the information mined
from the raw data, a false discovery rate (FDR) is used to assign confidence in
identifications and quantify error rates. Due to stochastic variation in the spectra or
incomplete databases, a statistical tool such as FDR can add a measure of confidence. In
this study, a database where the sequences are scrambled, known as a reverse database,
Is used to determine false positive identifications and the FDR. Once all these measures
are taken into consideration protein inferences can be made, meaning all the peptides
have now been identified and scored, so proteins can be confidently assigned. It is
important to correctly assign peptide sequences to proteins as insufficient
discrimination of peptide sequences to proteins can lead to false or incorrect
assignments. To ensure minimum mis-assignments occur predefined cut off criteria can
be set, an example of controllable criteria is the number of peptide sequences needed
for positive protein identification (Vitek, 2009; Domon & Aebersold, 2006).

1.7 Quantitative proteomics

Quantitative analysis in MS proteomics is either relative or absolute with or without the
use of peptide labelling. Absolute quantification calculates the exact concentration of
every protein present in a sample (e.g. a measure of the protein’s concentration in

nanomoles, and uses internal standards). Relative quantitation determines the change in
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protein concentration by comparing samples (i.e. calculates up or down regulation of a
protein relative to different sample groups). The up or down regulation is denoted as a
fold change. Relative quantitation between samples can be calculated with either
chemical or metabolic labels or be label free where quantitation is based on spectral

counting or peak intensity.

1.7.1 Relative quantitation

1.7.1.1 Labelled approaches

Isotopically labelled compounds are chemically and physically identical to their
endogenous counterparts except in mass. There are a number of different labelled stable
isotope methods for quantitative shotgun proteomics including; isotope coded affinity
tag (ICAT), Stable isotope labelling by amino acids in cell culture (SILAC), **N / *N
metabolic labelling, *0/ 'O enzymatic labelling, isotope coded protein labelling
(ICPL), Tandem mass tags (TMT) and Isobaric tags for relative and absolute
quantification (iTRAQ). Even though these methods have been developed extensively
they suffer from limitations such as increased sample processing time, compressed
dynamic range and adds to sample complexity. Thus, an alternative label free
quantitative method has become increasingly popular in shotgun proteomics (Zhu et al.,
2010; Elliott et al., 2009).

1.7.1.2 Label free approaches
Relative label free proteomics has two approaches, spectral counting and peak intensity
measurements. Relative quantitation using spectral counting is based on the concept
that the number of tandem MS spectra identified for a given peptide is correlated to the
quantity of that peptide. The spectra are counted and using an algorithm the
concentration for all measured proteins and peptides is determined. Lui et al. showed
that a linear correlation over two orders of magnitude could be observed with spectral
counting (Liu et al., 2004). Spectral counting is possible because, as the abundance of
proteins and associated peptides increase, so do the number of tandem MS events;
resulting in greater number of spectral counts for that given peptide and protein. When
spectral counts are compared over multiple data sets, relative quantities of proteins can
be determined. However, it was observed that measuring small changes between
proteins was less accurate than measuring large changes. To ensure accurate and
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reliable detection of proteins, normalisation and statistical analysis of spectral counting
methods is necessary to monitor protein changes in biological samples due to bias
towards abundant peptides and the masking of lower abundance peptides (Florens et al.,
2006; Nilsson et al., 2010).

In relative quantitation using peak intensity ESI LC-MS analysis, an ion’s detected
intensity directly correlates with the ion’s concentration (Voyksner & Lee, 1999).
Chelius et al. performed a study of myoglobin digests with varying loading
concentrations from 10 fmol-100 pmol and analysed these samples using nano-LC ESI
tandem MS. The chromatographic MS1 peak areas or area under the curve (AUC)
correlates linearly to the concentration of the myoglobin peptide loaded (r’=0.991).
Once all the data for individual peptides has been collated, the correlation between the
combined peak area and total protein concentration remains linear. Additionally,
myoglobin was also spiked into a human serum sample and the myoglobin peptides
were still detected within a complex mixture and the correlation improves with the use
of normalised peak areas (r*=0.9978) (Zhu et al., 2010; Chelius & Bondarenko, 2002).

Li et al. (Li et al., 2009) investigated the use of the top three ion approach to provide
the absolute quantity of all proteins identified in a sample for their search algorithm.
Complex samples were spiked with known concentrations of yeast alcohol
dehydrogenase (60, 12 and 15 fmol) to determine absolute concentrations of protein in
each sample. The molar amounts show the same relationship as the intensity ratios for
the identified peptides thus, peptides are correctly assigned to the correct protein
sequence for each sample. Further investigation using product ions show the relative
intensities of product ions are consistent and ratios of product ion intensities follow

those of the precursors.

Using just accurate mass-retention time pairs, relative abundance of proteins in different
samples can be determined through statistical comparisons, where significant changes
are highlighted as a relative change in protein abundance. Silva et al. have
demonstrated that with efficient and reproducible sample preparation methods, the
quantitative coefficient of variation (CV) using this label free method lies between 11-
14% CV (Silva et al., 2005).
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However, there are some limitations when using this quantitation method in complex
mixtures. Peak intensities can vary run to run thus; normalisation is required to account
for variation. Experimental drift in retention time using a chromatographic column in
constant use can also occur. Therefore, high resolution mass measurements and
reproducible LC retention time with peak alignment is needed to collect sufficient curve

data points and compare sample runs accounting for any drift in retention times.

In MS methods such as DDA, data normalisation is needed to reduce experimental
variation between sample injections with the use of internal standards or total ion area.
In DDA, AUC data (survey scan) is collected when tandem MS scans are not taking
place as tandem MS scans in a DDA experiment are for protein identification. In
comparison, DIA overcomes this limitation with MSF. The alternating low energy and
high energy MS scan means that quantitative information (low energy scans) and
peptide identification (high energy scans) is achieved in a parallel fashion. Removing
bias towards higher abundance proteins and reinstating confidence in the quantitative
information produced by AUC methods (Wilm, 2009).

1.7.2 Absolute quantitation

It is possible to do absolute label free analysis using emPAI (exponentially modified
protein abundance index). Whereby, the number of identified peptides divided by the
number of theoretically observed tryptic peptides for each protein, estimates protein
abundance. Another method is a modified spectral counting method called absolute
protein expression (APEX) where the absolute protein concentration per cell from the
proportionality between the protein abundance and the number of peptides is observed
(Zhu et al., 2010).

Hi3 absolute quantitation is based on the average MS signal response for the three most
intense peptides from a protein per mole being constant or linear. The average MS
signal response is determined for the three most intense peptides of an internal standard
and this information is used to calculate a universal signal response factor (counts/mol
of protein). This is applied to all other identified proteins in the sample and their
corresponding absolute concentrations are determined (Silva et al., 2006). Hi3 absolute
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and relative quantitation generated by LC-(HD)MSF data has been used in this study for

both one dimensional and two dimensional peptide separation MS analysis.

SRM quantitation is well suited to quantitative proteomics and is ideal for detecting a
specific target from a complex background. Typically, in SRM a labelled isotopic
internal standard analog (*H, *C or * N) to the target analyte is spiked into the sample

and the MS is set to scan for the target analyte and spiked standard.

1.7.3 ELISA

An alternative to MS for quantifying plasma proteins at high sensitivity is enzyme
linked immunosorbant assay (ELISA). The ELISA assay was conceptualised and
developed by P. PerImann and E. Engvall et al. at Stockholm University in 1971 using
the theory of radioimmunoassay’s but with an enzyme rather than a radioactive reporter
label (Engvall & Perlmann, 1971). Since then ELISA’s have become the gold standard
technique for biomarker detection and quantitation in clinical laboratories, as the assay
can be applied to a large numbers of samples with a high degree sensitivity, robustness
and low cost. The limits of detection achieved by the ELISA technique is in the sub-

ng/ml range, making it ideal for a clinical setting (Stahl-Zeng et al., 2007).

In principle, ELISA involves an enzyme covalently linked to a specific antibody that
recognises the target antigen (target protein). If there is antigen present in the sample,
the antibody-enzyme complex binds to the antigen and the enzyme reacts with a
substrate, producing a coloured product. The antibodies can be either polyclonal or
monoclonal but monoclonal yield more reliable results. There many variations of
ELISA methods, direct, indirect, sandwich and competitive. Here we shall consider the
indirect ELISA and sandwich ELISA in more detail.

Indirect ELISA detects the presence of an antibody or an antigen (Figure 1.20). In
indirect assays, the antigen is absorbed onto the wells, a non-reacting protein (bovine
serum albumin) is added to the wells to block any sites in the well that remain uncoated
by the antigen. Primary antibodies from a patient a sample is added to the antigen-
coated wells and the antigen and antibody are left to bind. Finally, enzyme linked
antibodies from another species, such as goat or rabbit, is added and reacts within the
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well. All unbound antibodies are washed away and a substrate is applied. If the
substrate reacts with the enzyme a colour change is observed, implying that the enzyme
link antibody bound to the human antibodies suggesting that the patient sample had
antibodies to the antigen. The extent of the colour change is measured using a
spectrometer to allow quantitative information to be derived for patient samples against
a standard curve. An example of a clinical application of such an assay is HIV testing
(Berg et al., 2002).

(A) Indirect ELISA

Wash

Antigen- Specific antibody Enzyme-linked Substrate is added and
coated well binds to antigen antibody binds to converted by enzyme into
specific antibody colored product; the rate

of color formation is
proportional to the amount
of specific antibody
(B) Sandwich ELISA

Wash

Monoclonal Antigen binds A second monoclonal Substrate is added and
antibody- to antibody antibody, linked to converted by enzyme into
coated well enzyme, binds to colored product; the rate
immobilized antigen of color formation is

proportional to the
amount of antigen

Figure 1.20: Indirect ELISA and Sandwich ELISA (A) In indirect ELISA, the production of colour
indicates the amount of an antibody to a specific antigen. (B) In sandwich ELISA, the production of

colour indicates the quantity of antigen. Taken from (Berg et al., 2002)

The sandwich ELISA is able to detect and quantify sample antigen (Figure 1.20). A
capture antibody to a specific antigen is absorbed to the well, then the antigen (from a
patient sample) is added and the antigen binds to the antibody. The specific detecting
antibody is added and this binds to the antigen to form an antibody-antigen-antibody
sandwich in the wells. In this assay, either the detecting antibody contains the enzyme
(direct) or an additional antibody that is enzyme-linked is added to this sandwiched
complex (indirect), along with a chemical substrate to produce a signal. In this instance,
the signal produced by the reaction is directly proportional to the antigen concentration.
With the use of a standard curve, the presence and quantity of antigen can be
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determined. Examples of clinical applications for sandwich ELISA is hepatitis B,

Giardiasis and food allergy testing (\Voller et al., 1978).

The sandwich ELISA was the verification method of choice for this study. The ELISA
was used to confirm the results of the discovery mass spectrometry data for a select
panel of statistically relevant biomarkers for acute heart failure. Use of ELISA to verify
the panel of biomarkers was chosen due to the long establish role and gold standard

status in clinical laboratories.
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PART THREE: Aims and objectives

Part one and two of this chapter introduced the topics of heart failure and MS led

proteomics for biomarker discovery. This project aims to bring these two areas together

to identify biomarkers of heart failure. Recent studies in proteomic led discoveries

found statistically relevant proteins and peptides for many different forms of CVD as

summarised in Table 1.2. Suggesting this approach is able to identify biomarkers in

biological samples.

Table 1.2: Biomarkers in plasma and serum for CVD and associated proteomic strategies. Adapted from

(Napoli et al., 2013)

Protein identified

Tissue

B 2 microglobulin

Proteomic
strategies

References

(Fung et al., 2008)

SELDI-TOF MS
a-1-B-glycoprotein, Acute coronary syndrome 2DE-DIGE (Dardel= et al., 2010)
Hakata antigen, tetranectin,
tropomyosin
Amyloid Ala, S-sulfate Myocardial infarction MALDI-TOF (Kiernan et al., 2006)
% transthyretin
o Haptoglobin a, serum Ischemic stroke 2D-DIGE-MS (Brea et al., 2009)
amyloid A
Phospholipid-associated Atherosclerosis vascular MS and density (Gordon et al., 2010)
proteins disease gradient (Davidsson et al., 2010)
ultracentrifugation (Vaisar et al., 2010)
(Heinecke, 2009)
Apolipoprotein Al Myocardial infarction 1D and 2D SDS- (Davidsson et al., 2010)
PAGE
Apolipoprotein J Myocardial infarction 2-DE-MALDI- (Cubedo et al., 2011)
TOF
cTnl, CK, CK-MB Myocardial infarction SELDI-TOF MS (Silbiger et al., 2011)
HSP-27 Atherosclerosis vascular 2DE (Martin-Ventura et al., 2004)
disease
e STWEAK Atherosclerotic plaques, PAD, 2-DE-MALDI- (Blanco-Colio et al., 2009)
; Coronary artery disease, heart TOF (Urbonaviciene et al., 2011)
failure, myocardial infarction
CRP, C3a, C5a Myocardial infarction, 2D-DIGE (Distelmaier et al., 2009)
abdominal aortic aneurism
Peroxiredoxin-1 Abdominal aortic aneurism 2D-DIGE (Martinez-Pinna et al., 2010)
Leucine-rich a2-glycoprotein Heart failure 2D-DIGE MS (Watson et al., 2011)
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1.8 Project aims

This study tests the hypothesis that biomarkers of heart failure can be identified in
plasma using state of the art label free mass spectrometry technology coupled with
sophisticated informatics. The primary aim of this project is to discover blood-based

biomarkers of heart failure.

This study will bring together novel pre-analytical techniques with mass spectrometry
analysis to characterise the plasma proteome and discern biomarkers of heart failure.
The effectiveness and applicability of the pre-analytical methods will be explored and
developed to determine which method provides the most comprehensive coverage of
the plasma proteome. The optimised method was evaluated using DIA mass
spectrometry (MSF) and bioinformatics for a biomarker discovery study in heart failure

for both diagnostic and prognostic markers.

Thus, the main objectives are:

e To assess a number of sample preparation methods that allows the greatest
coverage of the proteome and number of proteins to be ascertained. The method
will have to generate a rich protein profile for identification and quantification
using label free MSF, the method will have to be reproducible for the human

plasma samples.

e Evaluate the use of ion mobility in biomarker discovery for heart failure using a
MSF vs. HDMSF approach. Compare this approach to the Orbitrap technology
using DDA.

e The method will be applied to carefully selected human plasma samples that
allow the discrimination of heart failure biomarkers to be achieved for both
diagnosis and prognosis using bioinformatic approaches.

e A panel of biomarkers will be verified using ELISA technology to see if the
proposed biomarkers can be reliably detected, measured and help move the

work into the clinical laboratory.
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Chapter Two
Material and Methods



2.1 Materials

2.1.1 General chemicals and kits

All reagents and kits were purchased from Sigma-Aldrich Company Ltd (Poole, UK) at
HPLC grade, Fisher Scientific Ltd (Loughborough, UK) at Optima LC-MS grade, Bio-
Rad Laboratories Ltd (Hemel Hempstead, UK) and Agilent (Cheadle, UK) unless stated

otherwise.

2.1.2 Specimen collection

All samples were collected through written explanation and consent from hospital
patients. Whole blood samples were collected in 5 mL vacutainer collection tubes with
EDTA as the chosen anti-coagulant (BD Vacutainers, Oxford, UK). The plasma was
separated through centrifugation at 3000 rpm for 15 minutes, and stored in 1.5 mL
eppendorf tubes (Eppendorf UK Ltd, Cambridge, UK) at -80°C, until required.

2.1.3 Mass spectrometry standards

Lyophilised Waters MassPREP™ alcohol dehydrogenase (ADH) digestion standard
(yeast origin, saccharomyces cerevisiae) was used for quantitative analysis. One vial of
ADH was reconstituted in 1 mL of 10% acetonitrile (v/v), giving a peptide
concentration of ~1 pmol/ul. A 25 pl aliquot of the stock solution was further diluted in
0.1% formic acid (FA) (v/v), giving a final concentration of 50 fmol/ul of the ADH

standard in solution.

Lyophilised MassPREP™ Enolase digestion standard (yeast origin, saccharomyces
cerevisiae) was used to assess nano-UPLC performance. One vial of enolase was
reconstituted in 1 mL 10% acetonitrile (v/v) giving a peptide concentration of ~1
pmol/ul. A 25 pl aliquot of the stock solution was further diluted in 0.1% FA (v/v),
giving a final concentration of 50 fmol/ul of the enolase standard in solution.

Lyophilised Glu-Fibrinogen peptide (GFP) was used for mass calibration. One vial was

reconstituted in 50% aqueous acetonitrile with 0.1% FA (v/v) to give a final
concentration of 500 fmol/pl.

53



Lyophilised Leucine Enkephalin was used to check the detector performance of the
mass spectrometer. One vial was reconstituted in 50% aqueous acetonitrile with 0.1%

FA (v/v) to give a final concentration of 5 ng/ul.

2.2 Methods

Many pre-MS methods have been applied to plasma proteomics for biomarker
discovery to obtain the maximum proteomic data from MS analysis. For this study three
pre-analytical techniques of enrichment with equalizer bead, organic solvent
precipitation with acetonitrile and SPE with RP-C18 and C18 extra wide pore (EWP)
have been tested. Chromatographic separation was used in one dimensional (1D) and
two dimensional (2D) setting. Preceding all MS analysis sample protein concentration
was either determined by bicinchoninic acid assay (BCA) or spiking MS samples
equally with an internal standard such as ADH. All protein samples were digested using

optimum grade trypsin for bottom up proteomic peptide analysis.

2.3 Solid phase extraction

23.1 C18

To prepare the plasma sample for the Sep Pak C18 columns (Sep Pak C18 3cc, Waters,
Manchester), 1 mL of 0.1% trifluroacetic acid (TFA) was added to 100 pl plasma and
precipitated by centrifugation at 16,000 rpm for 2 min. The supernatant was removed

and placed in an eppendorf for use later.

The C18 columns were primed with 2 mL methanol and washed with 2 mL 0.1% TFA
three times. The supernatant of the precipitated sample was then placed on column, the
eluent was collected, this step was repeated. The column was washed again with 2 mL
0.1% TFA three times and the proteins eluted with 2 mL of 60% aqueous ACN in 0.1%

TFA. The elutions were collected, evaporated to dryness and lyophilised overnight.

232 EWP

To prepare the plasma sample for the EWP Bond Elute columns (C18-EWP Bond Elute
3 mL, Varian, USA), 1 mL of 0.1% TFA was added to 100 ul plasma and precipitated
by centrifugation at 16000 rpm for 2 min. The supernatant was removed and placed in

an eppendorf for use later.
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The EWP columns were primed with 2 mL methanol and washed with 2 mL deionised
water twice and 2 mL 0.1% TFA twice. The supernatant of the precipitated sample was
then placed on column, the eluent was collected and this step was repeated. The column
was washed again with 2 mL 0.1% TFA twice and 2 mL of deionised water twice. The
proteins were eluted with 1.2 mL of 60% aqueous ACN in 0.1% TFA and 1.2 mL 90%
aqueous ACN in 0.1% TFA. The elutions were collected, evaporated to dryness and

lyophilised overnight.

2.4 Organic solvent precipitation
Methods were taken and adapted from Kay et al. (Kay et al., 2008).

2.4.1 Acetonitrile precipitation

To an eppendorf 20 pl human plasma was transferred and 40 ul deionised water was
added and vortexed. To this mix 90 pl ACN was added and the sample was sonicated
for 10 min. The sample was vortexed and sonicated again for 10 min. The protein
precipitate was pelleted by centrifugation at 12000g for 10 min at room temperature.
The supernatant was transferred to a clean eppendorf tube and evaporated to dryness.
The sample was lyophilised overnight. The sample was reconstituted in 16 pl 50 mM
ammonium bicarbonate at pH 8.2 ready for MS analysis.

2.4.2 Acetonitrile precipitation with urea

To an eppendorf 20 pl human plasma was transferred and 40 pl deionised water was
added and vortexed. To this mix 90 pl ACN was added and the sample was sonicated
for 10 min. The sample was vortexed and sonicated again for 10 min. The protein
precipitate was pelleted by centrifugation at 12000g for 10 min at room temperature.
The supernatant was transferred to a clean eppendorf tube and evaporated to dryness.
The sample was then lyophilized overnight. The sample was reconstituted in 12 M urea
in 50 mM ammonium bicarbonate, reduced with Dithiothreitol (DTT) at final
concentration of 15 mM and alkylated with lodoacetamide (IAA) at a final
concentration 20 mM. The urea was dialysed out of the sample with 2000 MW cut off

tubes in 50 mM ammonium bicarbonate pH 7.6 for two days, ready for MS analysis.
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2.4.3 Acetonitrile precipitation: reconstitution of the pellet

To an eppendorf 20 pl human plasma was transferred and 40 ul deionised water was
added and vortexed. To this mix 90 pl ACN was added and the sample was sonicated
for 10 min. The sample was vortexed and sonicated again for 10 min. The protein
precipitate was pelleted by centrifugation at 12000g for 10 min at room temperature.
The supernatant was transferred to a clean eppendorf tube and the protein pellet was re-
suspended in 100 pl of the following solvent — 25% ACN: 25% Methanol: 50%
deionised water. The sample was evaporated to dryness and lyophilised overnight. The
sample was reconstituted in 16 pl 50 mM ammonium bicarbonate at pH 8.2 ready for

MS analysis.

2.5 Equalizer beads

The ProteoMiner ™ Kit reduces the dynamic range of plasma making it easier to analyse
and detect lower abundance proteins. This is achieved by using the pre-packed column
which contains beads made up of a library of combinatorial peptide ligands. Once the
plasma sample is applied to the beads, the high abundance proteins saturate their
ligands quickly depleting the excess in several wash stages whereas, the medium and
low abundance proteins take longer to saturate their ligands causing them to concentrate
or enrich. This dual action reduces the difference in plasma protein concentration in the

proteome without a loss of proteins that were present in the untreated sample.

2.5.1 Equalizer beads protein binding

The pre-packed columns containing the beads (ProteoMiner™ Protein Enrichment Kit,
catalog #163-3003, Bio-Rad, Hemel Hempstead, UK) were prepared for plasma
incubation according to the manufacturer’s instructions till the elution stage, where
method development took place. The change in elution buffer was made due to the
presence of CHAPS in the kit elution reagent buffer which causes signal suppression in

mass spectrometry.

The columns were spun at 1000 x g for 60 seconds to remove storage material. The
columns were washed with 600 pl of PBS buffer (150 mM NaCl, 10 mM NaH2PO4,
pH 7.4) and 1 mL of plasma was added and incubated for 2 hours at room temperature

for protein binding. Unbound plasma proteins were removed by centrifugation. The
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column was washed four times with 600 pl PBS buffer at pH 7.4, followed by a wash

with 600 pl de-ionised water.

The bead bound proteins were eluted with various elutions reagents through
centrifugation at 1000 x g for 2 min. Each of these elution reagents were tested to see
which would obtain the maximum protein recovery. The different elution reagents

methods are discussed below.

2.5.2 Equalizer beads elution with differential elutions

The bead bound protein was treated with 100 pl of 9 M urea at pH 3.3 for 15 min, with
3 min vortex cycles throughout. The elution was collected, stored and the entire step
repeated a second time. Then a differential elution was performed using 100 pl organic
solvent (16.6% ACN; 33.3% Isopropanol; 0.5% TFA; 49.5% deionised water). The
beads were treated with the organic solvent for 15 min, with 3 min vortex cycles
throughout. The organic solvent precipitation was repeated twice. The elutions were
pooled and stored at -80°C.

2.5.3 Equalizer beads with peptides and elution with organic solvent

A plasma sample was digested with trypsin estimating 80 mg/ mL protein and 1 mL of
digested plasma proteins was used as the sample and the same process of equalizer bead
binding took place. The bead bound peptides were treated with 100 pl organic solvent
(16.6% ACN; 33.3% Isopropanol; 0.5% TFA; 49.5% deionised water) the beads were
treated with the organic solvent for 15 min, with 3 min vortex cycles throughout. The
organic solvent precipitation was repeated twice. The elutions were pooled and stored at
-80°C.

2.5.4 Equalizer beads elution with trypsin on column
The bead bound protein was treated with 100 pul 50 mM ammonium bicarbonate at pH
7.6 and vortexed. The bead bound proteins were reduced using a final concentration of
15 mM DTT and incubated at 50 °c for 30 min and protein were alkylated using IAA at
20 mM final concentration in the dark for 30 min. The beads were incubated with 10 pg
trypsin (proteomics grade, Sigma Aldrich, Poole, UK) at 37 °C overnight. The elution
was collected and acidified with formic acid to give an overall 0.1% FA concentration.
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2.5.5 Equalizer beads with acetonitrile depleted plasma and trypsin on column

The protein sample (1 mL) was depleted using acetonitrile depletion (see section 2.4.1)
and this sample was used for equalizer bead binding, the same process of equalizer bead
binding took place. The bead bound protein was treated with 100 pul 50 mM ammonium
bicarbonate at pH 7.6 and vortexed. The bead bound proteins were reduced using a final
concentration of 15 mM DTT and incubated at 50 °C for 30 min and proteins were
alkylated using IAA at 20 mM final concentration in the dark for 30 min. The beads
were incubated with 10 g trypsin (proteomics grade, Sigma Aldrich, Poole, UK) at
37°C overnight. The elution was collected and acidified with FA to give an overall

0.1% concentration.

2.5.6 Equalizer beads with 2% sodium deoxycholate

To the bead bound protein 2% sodium deoxycholate (SDC) in 50 mM ammonium
bicarbonate pH 7.6 was added followed by incubation at 60 °C for 60 seconds, then the
elution was collected. This step was repeated three times. The elutions were pooled and
stored at -80 °C.

2.5.7 Post bead desalting

Empore columns (Sigma-Aldrich, Poole, UK) were used to remove all salts that may
interfere with MS analysis. The Empore columns were primed with 1 mL of methanol
and washed with 1 mL of 0.1% FA three times. The protein sample was added to the
column and recirculated. The column was washed a further three times with 0.1% FA
followed by sequential elution of 60 and 80% ACN (both in 0.1% formic acid). The
elutions were pooled and the volume was reduced by lyophilisation. The protein pellets
were dissolved in 50 mM ammonium bicarbonate pH 7.6 and the protein concentration

was determined by BCA.

2.6 Protein assay

To determine the proteins concentration of the samples, a standard known amount of
another protein needs to be used to produce a standard curve. The protein amount of an
unknown solution can then be ascertained using the known standard curve. In this case

bovine serum albumin (BSA) is used as the known protein. BCA was used in this study
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to determine all protein concentrations. The assay is formed of two reactions; the first is
the reduction of Cu?* to Cu** by protein in an alkaline medium, followed by chelation
of bicinchonic acid with the Cu'* ion which produces a purple coloured product which
Is absorbed at 562 nm (Smith et al., 1985).

2.6.1 BCA working solution

BCA working solution was made by combining 50 pl solution C (0.4 g Copper sulphate
in 10 mL deionised water) to 1.25 mL solution B (0.25 g of Bicinchoninic acid in 6.25
mL of deionised water) and 1.35 mL solution A (0.8 g sodium carbonate, 0.16 g sodium

tartrate in 10 mL deionised water and solution made to pH 11.25), in that order.

2.6.2 BCA assay

To a 96 well plate, 100 ul of deionised water was added to an entire row of the plate
(i.e. wells A-H) for the standard curve. To this 80 pg BSA was added to well A and B.
Then from well B a doubling dilution was carried out until well G, leaving well H with
just 100 pl deionised water (BSA protein concentration from 80 ug; 40 pg; 20 pg; 10
Mg; 5 Mg; 2.5 ug; 1.25 pg; 0 pg). For the samples to be analysed 99 pul deionised water
were added to adjacent rows wells and 1 pl of sample was added to the well, each
sample was analysed in triplicate. To all the standard curve and sample wells 100 pl
BCA working reagent was added and the plate was sealed with film and incubated at 60

°C for 1 hour, the plate was read using a spectrophotometer at 562 nm.

2.7 Tryptic digestion

Digestion of protein samples is usually the penultimate step before MS sample analysis.
In order to ensure that the digestion of the protein is thorough, DTT and IAA are used.
The DTT is a reducing agent and reduces the disulfide bonds to sulfhydryl groups in the
presence of heat to denature and enhance the action which unfolds the proteins. The
protein is alkylated using IAA to ensure reformation of disulfide bonds doesn’t take

place after reduction.

For digestion of all samples they were first reduced with 100 mM dithiothreitol made
up in 50 mM ammonium bicarbonate (NH4,HCO3) and was used at a final concentration

of 15 mM. The samples were vortexed and incubated at 50 °c for 30 min. The samples
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were cooled to room temperature then alkylated with 100 mM lodoacetamide in 50 mM
NH4HCO; used at final concentration of 20 mM and left in the dark at room

temperature for 30 min.

A vial of 20 pg trypsin (Proteomics grade, Sigma Aldrich, Poole, UK) was re-
solubilised in 20 pl of 50 mM ammonium bicarbonate and used at a ratio of 1 pg of
trypsin for every 50 pg plasma protein. The trypsinised sample was incubated overnight
at 37 °c. Following overnight incubation, the samples were acidified using FA at a final
sample concentration of 0.1% (v/v), the addition of acid hydrolysed the remaining

trypsin and the samples were ready for MS analysis.

2.8 Chromatography

2.8.1 One dimensional configuration

All nano liquid chromatographic separations were performed using a directly coupled
NanoAcquity UPLC system (Waters Corporation, Milford, MA, USA). The system was
comprised of an auxiliary solvent, binary solvent and sample manager fitted with an

analytical column heating and trapping component.

LC separations were performed using a Symmetry C18 trapping column (180 pm x 20
mm 5 um) and a BEH C18 analytical column (75 pm x 250 mm 1.7 pm). The solvents
for the nano separations were made up of solvent A which contained 0.1% v/v aqueous

formic acid and solvent B which contained 0.1% v/v formic acid in acetonitrile.

For sample analysis, an aliquot of each sample containing 1:1 internal standard ADH
was injected onto the trapping column and flushed with 0.1% solvent B for 3 min at 5
puL/min. The sample was eluted from the analytical column at a flow rate of 300
nL/min, with the organic solvent (solvent B) increasing in concentration from 3-85%
over various time periods as discussed in Table 2.1. The sample eluted to a nanoESI
sprayer (Waters Corporation, Milford, MA, USA) and a capillary voltage of 2.5 kV was

applied. All sample analysis was conducted in triplicates for statistical accuracy.
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Table 2.1: Elution gradients used in for 20 min (A), 50 min (B) and 110 min (C) NanoAcquity UPLC

analysis

(A) 20 min
Time(min) Flow %A %B Curve
Rate(puL/min)
Initial 0.3 99.0 1.0
10.00 0.3 50.0 50.0 6
10.33 0.3 15.0 85.0 6
11.60 0.3 15.0 85.0 6
12.00 0.3 99.0 1.0 6
(B) 50 min
Time(min) Flow %A %B Curve
Rate(pL/min)
Initial 0.3 99.0 1.0
30.00 0.3 60.0 40.0 6
32.00 0.3 15.0 85.0 6
34.00 0.3 15.0 85.0 6
35.00 0.3 97.0 3.0 6
(C) 110 min
Time(min) Flow %A %B Curve
Rate(pL/min)
Initial 0.3 99.0 1.0
85.00 0.3 60.0 40.0 6
87.00 0.3 15.0 85.0 6
100.00 0.3 15.0 85.0 6
100.10 0.3 97.0 3.0 6

Prior to and after each set of samples, a quality control (QC) injection of 50 fmol
Enolase was analysed using LC-MSF to determine the quality of the chromatographic
resolution and the data was processed by PLGS (Figure 2.1). The acceptable peptide
sequence coverage was 40%. The starting peptide sequence coverage of enolase was
monitored throughout sample acquisition and the peptide sequence coverage was
checked to ensure there was not a decrease/increase of coverage by +10%. Where the
peptide sequence coverage fell outside of the pre-determined limits for enolase, no
further sample data was collected and the cause of the loss or increase of peptide

identification was investigated and resolved.
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Figure 2.1: Example of an enolase chromatogram used to assess chromatographic resolution (above) and

extracted ion chromatogram (below). The nanoUPLC performance is assessed by the chromatogram and
intensity of individual peaks at 643.9, 644.9, 708.9, 789.9, 878.6 Da. When judging the chromatogram

the retention time, peak width and peak intensity all need to be checked. The raw data is then applied to

the PLGS programme and equal to or greater than 40% coverage is expected for the nanoUPLC to be

deemed fit for purpose.
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2.8.2 Two dimensional configuration

2.8.2.1 High pH RP- Low pH RP concatenation

All high pH RP separations were performed offline using a Waters Alliance 2690
HPLC system (Waters Corporation, Milford, MA, USA). The system consisted of a
binary solvent system, an injection valve and fraction collector. The column used was
Gemini NX C18 110 A, 150 x 3 mm analytical column with 3 pm particles
(Phenomenex Inc., Cheshire, UK) and was kept at room temperature. Mobile phase A
consisted of 10% 200 mM aqueous ammonium formate at pH 10 and mobile phase B
consisted of 10% 200 mM ammonium formate in acetonitrile at pH 10. Tryptically
digested samples were loaded onto the column and equilibrated with 10% 200 mM
aqueous ammonium formate at 0.5 mL/min. 800 pg of sample was injected on column
and the following gradient was run over 95 mins for sample separation. In the first 10
mins 0% to 5% B, from 20-70 mins solvent B was ramped from 5 to 35%, from 70-85
mins solvent B was ramped to 70%, held at 70% for an additional 10 mins and ramped
back down to 0% at 100 mins. The sample elution was observed at UV 214 nm. The
elutions were collected every minute thus, 100 elutions were collected from the first
dimension in total. These samples were then concatenated into groups of ten (Table
2.2).

The concatenated samples were evaporated for 2 hours and lyophilised overnight. The
samples were reconstituted in 20 pl of 0.1% formic acid in 50 mM ammonium
bicarbonate and spiked with 100 fmol ADH at 1:1 ratio.

The sample was applied to the second low pH RP dimension for analytical separation
using nanoscale LC separations with a NanoAcquity UPLC system (Waters
Corporation, Milford, MA, USA) couple to MS. The system was composed of an
auxiliary solvent, binary solvent, and sample manager with a column heating and
trapping column section. All chromatographic separations were performed using a BEH

C18 column (75 pum x 200 mm 1.7 um) using 300 nL/ min flow rate.
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Table 2.2: Collection order for concatenation of samples, here the minute of collection is stated for each

of the pooled samples.

Sample number Collection time point (min)
10,20,30,40,50,60,70,80,90
11,21,31,41,51,61,71,81,91
12,22,32,42,52,62,72,82,92
13,23,33,43,53,63,73,83,93
14,24,34,44,54,64,74,84,94
15,25,35,45,55,65,75,85,95
16,26,36,46,56,66,76,86,96
17,27,37,47,57,67,77,87,97
18,28,38,48,58,68,78,88,98
19,29,39,49,59,69,79,89,99
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2.9 Synapt G2 HDMS analysis

2.9.1 The Mass Spectrometer

A high definition nanoUPLC with ESI coupled to a Quadrupole—Travelling wave ion
mobility-Time of Flight mass spectrometer (nanoUPLC-ESI-Q-TWIMS-TOF
commercially known as the Waters Synapt™ G2), was used to analyse complex plasma
samples from various heart failure patients (Figure 2.2). The reason for choosing this
platform in place of other available technologies is the Synapt™ G2’s ability to extend
its analytical dynamic range over five orders of magnitude, operate in data independent
mode (MSF), and to incorporate ion mobility separation in a single experiment
(HDMSF) without loss of analytical time, ensuring high resolution and high mass

accuracy mass spectrometry data.
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Figure 2.2: Design of the Synapt G2 mass spectrometer

The pre-digested plasma samples are introduced post-chromatographic separation on a
C18 RP column from the nanoUPLC to the Q-TWIMS-TOF via a silicon emitter tip. As
the peptides exit the emitter tip they undergo electrospray ionisation and enter the Z-
spray source. The Z-spray source is designed to reduce background ions and neutral
ions from interfering with MS analysis. The ions pass through the source to the
quadrupole, the quadrupole is set to allow all ions to filter through to the TRIWAVE
region of the mass spectrometer where separation of the ions occur with (HDMSF) or

without (MSF) ion mobility separation.

The TRIWAVE cell is made up of three sections: trap cell; IMS cell; and transfer cell.
Both the trap and the transfer cells can act as the collision cell i.e. where CID
fragmentation takes place and produce fragments before and/or after separation by ion
mobility. In MSF the collision cell is set to exchange between low (4 eV) and high
collision energy (ramped between: 15 — 40 eV) whilst data acquisition takes place. In
low collision energy, no fragmentation occurs thus, all ions travel through the mass
spectrometer and this is recorded as the precursor ion spectrum. In high collision energy
the ions travel from the ion source to the collision cell where the energy ramping occurs
producing product ions, these ions are recorded as the product ion spectrum. The
parallel scanning between the precursor and product ions produces a peptide fragment
pattern which is time aligned (i.e. product ions are paired with their precursor ions) by
matching the retention times profiles of each ion, this is known as data independent
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acquisition (Figure 2.3). To ensure that accuracy is maintained throughout data
acquisition and analysis, a reference spray or LockSpray is used to infuse Glu-
Fibrinopeptide B (GFP) and this is scanned every 30 seconds. This detected GFP m/z
peak can be compared to the theoretical GFP m/z peak (785.84265 [m+2H]"), a

correction value is calculated with this data and applied to the sample spectra.
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Figure 2.3: Comparison of data dependant acquisition (top) and data independent acquisition (bottom).
The Synapt G2 uses data independent acquisition or MSE.

MSF experiments can be enhanced using ion mobility (LC-IMS-DIA-MS or HDMSF)
There is now the incorporation of the IMS separation cell in the TRIWAVE (Figure
2.4) with further separation of ions using TWIMS (see section 1.4.3.2). The ion
mobility cell consists of two chambers, the first chamber is flooded with an inert buffer
gas (helium) and acts as passage into the second chamber which is filled with nitrogen.
The second nitrogen filled chamber is where the TWIMS takes place. The nitrogen acts
as the buffer gas to the travelling ions, which travel in a waveform due to the
differential voltage potentials, applied across the cell. The smaller ions are able to

overcome the potential gradients with more ease than larger ions therefore, smaller ions
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takes less time than the larger ions to travel through the IMS cell. Thus, ions can be
separated according to size and shape and the time it takes an ion to ‘drift’ through the
cell. The drift time is independent of the m/z value of an ion adding an extra degree of
separation and information than the traditional MSF analysis. In HDMSF, the
fragmentation is set to take place in the transfer cell (low and high collision) prior to
TOF analysis and detection, meaning we have both retention time and drift time

alignment, improving specificity.
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Figure 2.4: Schmeatic of the TRIWAVE cell within the Synapt G2 mass spectrometer

2.9.2 Preliminary checks

To analyse the results produced by the Synapt G2 HDMS, preliminary checks of the
Synapt were undertaken to ensure optimal performance. These checks allow the
assessment of the nanoUPLC and the MS individually and highlighted any areas of
performance that could be a source of error. The preliminary checks which took place
prior to sample analysis were; detector check, mass calibration and nanoUPLC check.

The detector check was carried out by infusing 5 ng/ul Leucine Enkephalin at 0.5
pl/min and an m/z of 556.2771 was observed and measured. Once this signal was
observed the sensitivity of the detector was checked by ramping the detector voltage up
and down. The detector checks the voltage that produces the best signal for leucine

enkephalin.

67



GFP was used for lockmass correction and TOF mass calibration. For calibration 500
nL/ min of 500 fmol/ ul GFP was infused via the nanoESI spray source and an MS/MS
spectrum was obtained from the doubly charged precursor of GFP peptide (m/z
785.84265) from 50 to 1500 Da. The calibration was accepted only when the average
ppm error across the mass range was <5 ppm. GFP was also used for lockmass
correction and was infused through the NanoLockSpray at 500 nL/ min at 500 fmol/ pl

and sampled every 30 seconds during data acquisition.

2.9.3 Data acquisition MSF

Data independent acquisition was used for all MS analysis in this study. The mass
spectrometer was set to exchange between low and high collision energy. In low
collision mode data was collected at constant trap collision energy of 4 eV. In high
collision energy mode the trap collision energy was set to ramp between 15-40 eV. The
transfer collision energy was held at 22 eV and 11 eV for low and high energy
respectively. The parallel scanning between the precursor and product ions produced a
peptide fragment pattern that was time aligned (i.e. product ions were paired with their
precursor ions) by matching the retention time profiles of each ion. The spectral
acquisition scan rate was set at 0.9 sec with a 0.1 sec interscan delay. All data was
lockmass corrected using the monoisotopic ion of the doubly charged precursor peptide
GFP with m/z 785.84265.

2.9.4 Data analysis
All MS data generated in this study was processed, identified and quantified using
Protein Lynx Global Server (PLGS) version 2.4-2.5.2. PLGS applies a series of
algorithms purpose built for MSF data. These algorithms deconvolute precursor and
product ion data by smoothing, removing background noise, centering, deisotoping,
reducing the charge state and correcting the mass of data which then lends the data to
initial assignments. This iterative process increases the selectivity, specificity and
sensitivity of the data analysis and subsequent protein assignments through a series of
re-ranking and re-scoring steps until a pre-defined FDR is exceeded.
The raw data (mass spectrums) from all LC-MSF runs is collected in three different
functions: Low energy, High energy and LockSpray. The information is submitted to
ion detection where data from function 1 and 2 are compiled into a list containing
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information on accurate mass-retention time components. The components that are
taken into consideration include monoisotopic accurate mass, a calculated mass
deviation, summed peak area of all isotopes in all charge states, calculated area
deviation, the apex retention time, the chromatographic peak start and end retention

times and fractional charge state (Silva et al., 2005).

The precursor and product ions are time-aligned from information gathered during the
ion detection process and the peak apex. The time-alignment algorithm performs on the
basis that the high energy ions calculated apex retention time is equal to the low energy
apex retention time; £ 10% of the chromatographic peak width of function 1. In the case
of co-eluting peptides, the resultant product ions are assigned to multiple precursors
until further along the process where these are refined and depleted using mass

accuracy data and protein assignments.

Prior to any search algorithms all time aligned precursor and product ions are filtered
eliminating all low energy precursors under 750 Da and high energy precursors ion
under 350 Da as these are typically tryptic peptides that have high sequence similarity
therefore, lacking specificity. These are nonessential until later in the data processing
and analysis stage. Further filtering steps include removal of product ions higher in
intensity and mass than the precursor ions.

The filtered precursor and product data is prepared for submission to a database search
algorithm however, preceding all database searching a database is specified and a
randomised database is created from this within PLGS. Once this is established a pre-
assessment survey where a presearch of time-aligned precursor and product ion tables is
conducted. During the presearch the algorithm adjusts the model parameters of peptides
in the gas/liquid phase. If the peptide numbers do not meet the criteria or thresholds that
are set, a default model of parameters is applied, if the peptide number exceeds
approximately 250 the algorithm develops a new model for these set of peptides. The
models that are tested and adjusted include: a real-time retention time model, a
monoisotopic product ion mass distribution, fragmentation model. Comparisons of
sequence length, charge state and precursor intensities to the summed number of
identified product ions. The summed product ion intensity is related to the precursor ion
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intensity and the total number of continuous and complementary identified b and y ions.
Furthermore, comparisons of observed peptide charge states (both sequence order and
composition) are made with the summed y/b ion intensity ratios. The data is now ready
for the iterative database searching algorithms.

Database search pass 1 is the first iteration where precursor/ product ion tables is
queried against the protein sequence database in which only completely cleaved tryptic
peptides are considered for identification. For a putative identification to be made the
precursor peptides must fit within precursor mass tolerance of < 10 ppm and contain at
least 3 product ions with a precursor mass tolerance of < 20 ppm. These putative
peptide identifications are scored and then re-scored when compared with a defined
model for identifications. Peptide scores are re-defined repeatedly when compared to
numerous models generated such as retention time, product ions generated from neutral
loss of water or ammonia from peptides containing certain amino acids, presence of
certain amino acids near the N-terminus affecting the y/b ion intensities and
complementary N- and C- terminal product ions. Additional re-scoring occurs when the
peptide identifications are compared with the predicted fragmentation model. The
highest scoring tentative peptide identifications are given a peptide rank value of 1 and

all others 0.

All peptides now with a rank value of 1 are assigned to their tentative proteins and are
re-scored and re-ranked by summing the intensity of product ions. The protein
identification with the highest total product ion intensity is given the rank 1 and others
are ordered in descending order to this identification. It is at this point that the protein
score is derived from matching tryptic peptides with a rank value of 1 and normalised to
the peptide length and summed intensity of the three best ionising peptides. These
scores are adjusted according to various physiochemical properties and models defined
by the presearch. Once the protein scoring process is complete, the highest scoring
protein and all precursor and product ions associated with the top rank peptide sequence
for that protein are eliminated from subsequent database identifications.
The ranking and scoring process continues until either the FDR exceeds the acceptable
value or no protein identification exceeds the minimum score. When the highest scoring
reverse/random identification is made, the number of proteins identified prior to this is
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determined. This number of identifications is multiplied by the chosen FDR to
determine the maximum reverse/random identifications that are allowed to occur. This
calculation is repeated with every reverse/random identification in the list until the
number of reverse/random identifications is equal to the calculated acceptable number.

This marks the end of database pass 1.

Database search pass 2 is set to identify peptide modifications (such as in-source
fragmentation ions, loss of water/ammonia) and non-specific cleavage products for
proteins assigned in database pass one. A subset database of protein identified in pass 1
is created and using accurate mass-retention time information all non-identified
components form pass 1 are re-determined with the addition of programme-modified
pass one proteins. The software modifies the subset proteins in various ways such as by
adding in-source fragments, in-source loss of water and ammonia, missed cleavages and
PTM’s.

The first iteration, in-source fragments are assigned to their respective product ions if
they can be time aligned using the accurate mass of fragments. The second iteration
looks for precursor ion that have a loss of water or ammonia and the third and final
iteration identifies missed cleavages, oxidised methionines, deamidations and other
modifications. In the event of peptides being assigned to more than one possible
variant, the variant containing the largest number of matched product ions and have
fragments indicating the point of modification, is selected as the best match. Where the
accurate mass-fragment ion information is insufficient to confirm a variant, the

modifications are excluded from assignment.

Database search pass 3 once again realigns all data that remains unassigned from the
first two databases passes. In this database pass the precursor and product ion tables are
searched without product ion intensity restriction. This accounts for potential in-source
fragmentation of highly labile peptides. Like pass one all identifications are scored,
ranked and assigned to their proteins repeatedly until the minimum protein score and/or
FDR criteria is met (Li et al., 2009).
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Quantitative information in MSF is discerned from low and high energy scans using the
peak intensity of the mass spectra (see section 1.7.3). The low energy scans are used for
quantitative information and the high energy scans for peptide identification. It has been
observed that the summed intensity of the top three most intense precursor ions of a
given protein is proportional to its molar amount; this relationship can be used to

estimate the protein quantity in complex samples (Silva et al., 2006).

2.9.4.1 Data analysis parameters
The processing parameters, workflow and database were set at the following: The

database was downloaded from UniProtkKB database (http://www.uniprot.org/) in the

FASTA format. The database used was for Homo Sapiens, reviewed, canonical
sequence. The processing parameters were set to included low energy threshold set to
150 counts, elevated energy threshold set to 40 and the intensity threshold 1000 counts.
The workflow was set to identify protein according to the predetermined rules. The
fragment ion per peptide had to be greater than 2, fragment ions detected per protein
needed to be at least 5 or more and a minimum of 1 peptide per protein was needed for
identification using a 4% FDR. ADH was specified as the internal standard and the
concentration (fmol) was specified in the workflow for Hi3 estimation of protein
concentration. Modifications were also pre-described to include fixed modification of
carbamidomethyl cysteine, two missed trypsin cleavage sites with variable
modifications including deamidation of asparagine and glutamine, acetyl N-terminus,

and oxidation of methionine.

All protein identifications produced in PLGs for a given sample were exported into
Microsoft Office Excel™ where protein identifications from technical replicates were
filtered for replication to produce a master list of proteins identified from each plasma

sample.

2.10 ELISA

Principally ELISA assays use an enzyme to detect the binding of an antigen to an
antibody, which is indicated when a colourless substrate is converted to a coloured
product through an enzymatic reaction. Initially a specific coating antibody to an

antigen is immobilized onto a plastic surface, the antigen is added (plasma sample) and
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the coating antibody captures the antigen. Once bound, a detection antibody labelled
with a colourless substrate is added, this binds specifically to another antigen site.
Excess unbound labelled detection antibody is washed away and an enzymatic reaction
of the bound antibody-antigen-antibody complex generates a colorimetric signal. In this
study, an immunoluminometric assay (ILMA) was used for verification of proteins,
which differs from ELISA only in the final step, where detection utilised flash

chemiluminescence of methyl-acridinium ester labelled streptavidin.

2.10.1 Chemiluminescence

In this thesis Methyl Acridinium Ester (MAE) was the chemiluminescent label used for
luminescence produced by the biotin-streptavidin reaction. MAE produces light under
alkaline conditions with the use of dilute hydrogen peroxide (H20,).

2.10.2 Biotin — Streptavidin Interaction

In this study immunoassays, biotinylated antibodies were used. Streptavidin was
labelled with MAE, and biotin — streptavidin interaction linked the antigen and
signalling molecule, thereby allowing the detection and quantification of antigen in the

sample measured in relative light units (RLU).

2.10.3 Sandwich ILMA

A non-competitive ILMA also known as a sandwich ELISA was designed specifically
for the detection of Cystatin D (CYS D), Insulin like growth factor 2 (IGF2) and Serum
amyloid P component (SAP). The general procedure for the sandwich assays is detailed
below, with specific antibody and concentration is specified in Table 2.3.

96-well ELISA plate were coated with a coating antibody at 100 pl made up in PBS
(8 mmol/L NaH,PO4, 1.2 mmol/L KH;PO,4, 2.7 mmol/L KCI and 137 mmol/L NaCl)
and were left to coat on a shaker at room temperature overnight. The plates were
washed with PBS and blocked with 200 pl of 0.5% BSA for 2 hours at room
temperature. The plate was washed in wash buffer (1.5 mmol/L Na;HPO,, 8 mmol/L
NaH,PO4, 340 mmol/L NaCl, 0.5 g/L Tween and 0.1 g/L sodium azide) and a standard
curve was constructed using a specific antigen (recombinant human protein) of varying
concentrations (Table 2.4) made up in 100 pl ILMA (1.5 mmol/L Na;HPO,4, 8 mmol/L
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NaH,PQO4, 140 mmol/L NaCl, 1.0 g/L BSA, 1.0 mmol/L EDTA, Triton X100 0.1% and
0.1 g/L sodium azide). To sample wells 100 pl of ILMA buffer was added with chosen
plasma volume (Table 2.4) the plate was left on the shaker at room temperature
overnight. The plate was washed in wash buffer and the detection antibody was added
at 10 ng pl in 100 pl ILMA. The plate was left at room temperature for 4 hours.

The plate was washed in wash buffer and 100 pl of 2:1000 MAE — labelled streptavidin
in ILMA buffer was pipetted in each well and left at room temperature to incubate for
1.5 hours in the dark. After washing in wash buffer the plate was read in the Dynex
MLX Luminometer (Virginia, USA). The plate was read using 100 ul of 0.1 M nitric
acid (HNO3) with 0.005% hydrogen peroxide (H,O;) then 100 ul of 250 mmol/L
sodium hydroxide (NaOH) followed by 0.25% cetyl trimethylammonium bromide
(CTAB) 4 seconds later. The chemiluminescence was measured in the subsequent 2

seconds and the measurement units were relative light units (RLU).

2.10.3.1 Biotinylation of serum amyloid P component antibody

The detection antibody requires biotin to be attached for the streptavidin to react, for the
serum amyloid P component detection antibody the biotinylation was performed
separately. The monoclonal mouse 1gG anti-serum amyloid P antibody (Chemicon,
Millipore, UK) was biotinylated using NHS-biotin (Pierce antibodies, Thermo
Scientific, UK). The NHS biotin was added to the antibody in 20 molar excess and
mixed for 15 mins. The reaction was quenched with the addition of 100 pl lysine for 1
hour and kept at 4 °C. The biotinylated antibody was filtered using a 30 mwco spin
filter (Millipore, UK) at 140009 for 30 min, the filtration step was repeated three times.
The supernatant was collected and this was the in house biotinylated monoclonal mouse
IgG anti-serum amyloid P antibody, as used in the above serum amyloid P component

method.
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Table 2.3: Coating and detection antibody source and concentration for sandwich ELISA assays

Protein name

Coating antibody

Cystatin D

Insulin like
growth factor
2

Serum amyloid

Human cystatin D
anti-lgG mouse
monoclonal
antibody (R&D
systems, UK)
Human IGF - 11
mouse monoclonal
1gG antibody (R&D
systems, UK)

Anti-serum amyloid

Coating Detecting antibody Detecting
antibody antibody
concentration concentration
(per well in PBS) (per well in

ILMA)
100 ng Polyclonal goat IgG 10 ng
human cystatin D
biotinylated
antibody (R&D
systems, UK)
100 ng Polyclonal goat 1gG 10 ng
human IGF - II
biotinylated
antibody (R&D
systems, UK)
100 ng In house biotinylated 10 ng

monoclonal mouse

P component P 1gG mouse
monoclonal IgG anti-serum
antibody (Millipore, amyloid P antibody
UK) (Chemicon,
Millipore, UK)

Table 2.4: Antigen, standard curve dilution concentration and plasma sample dilution concentrations for
sandwich ILMA assays

Protein name

Recombinant protein name

Standard curve

Plasma sample dilution (in

100 pl ILMA)

Cystatin D

Insulin like
growth factor 2
Serum amyloid

P component

Recombinant human cystatin D

(R&D systems, UK)

Recombinant human IGF - 11

(R&D systems, UK)

serum amyloid P component

antigen (Calbiochem, EMD
millipore, UK)

100 pg -0 pg
500 pg -0 pg

100 pg-0pg

10 pl plasma in 100 pl ILMA
50 pl plasma to 100 pl ILMA

1in 100,000,000 dilution of

plasma in ILMA

75



2.10.4 Indirect ILMA

An indirect ILMA was designed specifically for the detection of Cholesteryl ester
transfer protein (CETP), Mannan binding lectin serine protease 2 (MASP2),
Phospholipid transfer protein (PLTP), 15-Hydroxyprostaglandin dehydrogenase (15
PGDH).

96-well ELISA plates were coated with the antigen using plasma samples, plasma
samples was diluted 1 in 20,000 in PBS and coated onto the plate. The standard curve
was constructed using an antigen containing pooled heart failure plasma sample at
various plasma dilutions (1 in 20,000; 1 in 10,000; 1 in 5000; 0) made up in PBS, 100
pl of each dilution was added to the standard curve wells. The plate was left on the
shaker at room temperature overnight. The plates were washed with PBS and blocked
with 200 pl of 0.5% BSA for 2 hours at room temperature. The plates were washed in
wash buffer and the detection antibody (Table 2.5) was added at 10 ng/ul in 100 pl
ILMA. The plate was left on the shaker at room temperature overnight.

The plates were washed in wash buffer to remove any unbound detection antibody.
As the detection antibodies for MASP2, PLTP and CETP were not biotinylated, a
biotinylated anti-rabbit 1gG was necessary to detect antibody bound specifically onto
the ELISA plate. Biotinylated anti-rabbit (Rockland, Inc., USA) was used at 1:100000
made in ILMA, 100 ul was added to each well, and plate was incubated for 1 hour at
room temperature. This step was not needed for 15-PGDH, since that antibody was

biotinylated.

The plates were washed in wash buffer and 100 pl of 2:1000 MAE - labelled
streptavidin in ILMA buffer was pipetted in each well and left at room temperature to
incubate for 1.5 hours in the dark. After washing in wash buffer the plate was read in
the Dynex MLX Luminometer (Virginia, USA). The plate was read using 100 ul of
0.1 M nitric acid (HNO3) with 0.005% hydrogen peroxide (H,O;) then 100 ul of
250 mmol/L sodium hydroxide (NaOH) followed by 0.25% cetyl trimethylammonium
bromide (CTAB) 4 seconds later. The chemiluminescence was measured in the

subsequent 2 seconds and the measurement units were relative light units (RLU).
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Table 2.5: Detection antibody source and concentration for the Indirect ELISA assays

Protein name Detecting antibody Detecting antibody
concentration (per well in
ILMA)
Cholesteryl ester transfer Polyclonal rabbit IgG CETP antibody 10 ng
protein (BIOSS, USA)
Mannan binding lectin serine  Polyclonal rabbit IgG human MASP2 10 ng
protease 2 antibody (Abnova, Taiwan)
Phospholipid transfer Polyclonal rabbit 1IgG PLTP antibody 10 ng
protein (BIOSS, USA)
15-Hydroxyprostaglandin Polyclonal rabbit IgG 15-PGDH 10 ng
dehydrogenase biotinylated antibody (Pierce

antibodies, Thermo Scientific, UK)
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Chapter Three
Method Development



3.1 Introduction

Discovery proteomic studies require a reliable and reproducible workflow, which can
confidently identify biomarkers of disease. The three main stages to a proteomic
workflow are sample preparation, sample analysis and data analysis (Figure 3.1). This
chapter focuses on the development in the first stage, sample preparation. The role of
sample preparation and development is three fold, firstly to make samples amenable to
mass spectrometry analysis and detection. Secondly, improve the observed dynamic
range of a sample and thirdly, ensure samples are reliably prepared and analysed to

enable meaningful cross sample comparisons to be made.

Sample preparation Sample analysis

*Protein depletion/ « Chromatographic
enrichment separation

Data analysis

« ldentification

* Buffer exhange
*Protein concentration »Mass Spectometry
+Digestion analysis

*Quantification

*Expression analysis

Figure 3.1: Three principle stages in proteomic workflows.

There are many variations to the methods used at each of the stage in a proteomic
workflow to identify biomarkers from plasma. In heart failure proteomics, STWEAK
(soluble form of TNF weak inducer of apoptosis) was identified as biomarker using 2D
electrophoresis with MALDI-TOF (Blanco-Colio et al., 2009). De Souza et al. used dog
heart tissue protein extracts and conduced 2D-DIGE-LC-IT-IT experiments and found
up-regulation in cardio-protective heat shock protein (De Souza et al., 2010). Watson et
al. performed an experiment on heart failure serum using 2D-DIGE with nano-LC-

Orbitrap and found elevated levels of leucine rich alpha-2-glycoprotein to be indicative

79



of heart failure (Watson et al., 2011). Most recently, Mebazaa et al. identified Quiescin
Q6 as a biomarker for acute heart failure in human plasma using metabolically labelled
peptides (*°0/*®0) separated by nano-LC and analysed using MALDI-TOF-TOF
(Mebazaa et al., 2012).

Many of the techniques used previously involve the use of 2D-gels for protein or
peptide separation to identify biomarkers however, limitations of gel-based techniques
are widely known. Liquid chromatography is less susceptible to variation, is
reproducible, and is able to separate low abundance peptides in complex mixtures (Shi
et al., 2004). The most recent development of liquid chromatography systems is
nanoLC coupled to mass spectrometers and is commonly used in proteomic analysis
(Aebersold & Mann, 2003). Traditionally, nano-LC separated peptides undergo DDA
using MS/MS instrumentation. However, further mass spectrometry based development
has led to the incorporation of ion mobility within the traditional nano-LC-MS/MS
workflow. The incorporation of ion mobility increases the orthogonal separation space
for peptides during analysis and provides drift time data for each peptide, increasing
confidence in the protein identifications (Valentine et al., 2005). This new ion mobility
incorporated MS/MS method is known as HDMSE, this combines DIA acquisition with
ion mobility separation. Thus far, there has been no publication on the use of the
proposed HDMSF proteomic workflow with human heart failure plasma. In addition,
unlike previous publications, quantification is determined by an absolute label free
method termed Hi3 quantitation (Silva et al., 2006).

This chapter introduces a proteomic workflow based on the three stages suggested in
figure 3.1. In sample preparation, solid phase extraction, organic solvent precipitation
using acetonitrile and equalizer beads were all tested using healthy control human
plasma. In the case of organic solvent precipitation and equalizer beads many different
variations based on an existing method were made. In sample analysis, the use of
different gradient times was evaluated and a comparison of MSF (DIA) and HDMSE

(DIA with ion mobility) was made.
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The aims of this chapter were three-fold:
1. Identify the optimum nano-LC gradient length
2. Compare ion mobility enabled MS analysis with non-ion mobility enabled MS
analysis

3. Identify the optimum plasma protein preparation method prior to MS analysis

3.2 Materials and Methods

3.2.1 Materials

Healthy donor plasma was supplied by from the NHS New and Emerging applications
of technology funded study “Screening for heart failure” (for sample collection
protocol see appendix). The samples were centrifuged and plasma was separated from
the red blood cells and buffy layer. For all method development work, a superpool was
created of ten healthy plasma samples. This superpool sample was used to test all
methods and allow direct comparisons to be made between methods.

ProteoMiner™ Protein Enrichment Kit (Bio-Rad, Hemel Hempstead) was used which
contained PBS wash buffer and 1 mL equalizer bead columns. Two SPE columns were
used, C18 (Sep Pak C18 3cc, Waters, Manchester) and EWP (C18-EWP Bond Elute 3
mL, Varian, USA). Acetonitrile solvent was used for all organic solvent precipitation
(HPLC grade, Sigma-Aldrich Company Ltd, UK). Digestion reagents dithiothreitol,
iodoacetamide and proteomics grade trypsin were supplied by Sigma Aldrich (Poole,
UK). Mass spectrometry standards Glu'-fibrinoginogen peptide, alcohol dehydrogenase
and enolase were purchase from Waters (Manchester, UK). Mass spectrometry solvents
were all purchased at optima LC-MS grade from Fisher Scientific Ltd (Loughborough,
UK).

3.2.2 Sample preparation

3.2.2.1 Solid phase extraction: C18 and C18-EWP

This study exploited the hydrophobicity separation for separating proteins in a plasma
sample. Acidified plasma (100 pl of plasma) from control patient samples was
separated using SPE, the elutions were collected and protein concentration was
estimated by BCA. Once the protein concentration was determined the samples were

tryptically digested and analysed using LC-MSF analysis. An internal standard, in this
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case ADH, was included at 50 fmol/ ul (at a 1:1 ratio) for estimation of protein
concentration for each sample injection. The protein concentration for each sample was

determined once the sample was processed using PLGS software.

3.2.2.2 Organic solvent precipitation

A 20 pl healthy control plasma was added to 40 pl deionised water, ACN was added
and the mix was vortexted and sonicated twice. The sample was centrifuged and the
supernatant extracted, evaporated to dryness and lyophilised. Samples were
reconstituted in either 50 mM ammonium bicarbonate or urea, digested and stored at -
80 °C prior to MS analysis. In the case of the reconstituted pellet, the pellet was
retained rather than the supernatant. The sample was evaporated to dryness and
lyophilised overnight. The samples were stored at -80 °C prior to MS analysis.

3.2.2.3 Equalizer beads

Each plasma sample was thawed from -80 °C at room temperature and vortexed to
ensure homogeneity, 1 mL plasma sample was incubated with the equalizer beads and
eluted with various elutions reagents. These elution reagents were: trypsin, urea,
organic solvent and 2% SDC (see chapter 2 for full details). The elutions were digested

and lyophilised and stored at -80 °C prior to MS analysis.

Additionally, plasma was pre-treated with acetonitrile precipitation prior to equalizer
bead incubation and eluted with trypsin. Plasma was also digested prior to equalizer

bead incubation and eluted with organic solvent.

3.2.3 Data Acquisition

All samples were run using the following methods and equipment unless otherwise
specified; nanoAcquity UPLC coupled to an ESI source, which is interfaced to a Synapt
G2 mass spectrometer (Waters Ltd., Manchester, UK). All samples were run using
(HD)MSE MS acquisition method, all data produced was analysed and proteins

assigned and quantified using PLGS version v2.5.2.
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3.2.4 Processing of MSF data

LC-MSF data produced was processed using PLGS v2.5.2. Lockspray (GFP) data was
collected during the LC-MSF runs through a reference spray. The protein identification
and assignment process has been described in detail in Chapter two section 2.9.4.
Precursor and product ions were time aligned and various data interrogation steps took
place to ensure protein identifications were confidently assigned (Li et al., 2009). Data
was processed using the following processing parameters; 15, 80, 750 for the low,
elevated and intensity threshold respectively.

A Uniprot (http://www.uniprot.org/) human reviewed database was used and amended

to include ADH (yeast). ADH was specified as the internal standard with the
concentration in fmol, for Hi3 quantification. Protein identification criteria was set to
determine detection if the following criteria was met, at least two fragment ions per
peptide, five fragment ions per protein and a minimum of one peptide per protein and

the false discovery rate was set at 4%.

Fixed modification of carbamidomethyl cysteine and one missed tryptic cleavage site
with variable modifications of oxidation of methionine, acetyl N-terminus, deamidation
of asparagines and glutamine were all included in the search parameters of the MSF
workflow. All identifications made by PLGS were exported to Microsoft Excel, where

further data interrogation and filtering of data to remove duplicates took place.
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3.3 Results

3.3.1 Solid phase extraction method

Two SPE methods were tested, these were C18 (Sep Pak C18) and EWP (C18 - EWP
Bond Elute). In this study, it was found that both the C18 and EWP method were unable
to separate plasma samples enough for in-depth proteomic analysis and protein
profiling. For the C18 method technical replicates, 27, 24, and 22 proteins were
identified and the protein concentration reported by PLGs analysis was 500 ng £ 20%
for each replicate. For the EWP technical replicates, 39, 34 and 35 proteins were
identified and protein concentration reported by PLGs analysis was 500 ng + 34%
(Figure 3.2).
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Figure 3.2: This graph displays the average number of proteins identified by both the C18 and EWP
method. The BLUE columns indicate the C18 solid phase extraction method and the RED columns
indicate the EWP solid phase extraction method. Three samples of superpool control plasma were used
for each sample run and each sample was run in triplicate and error bars indicate the standard deviation of
protein identifications indicating the reproducibility of the method.

Further analysis of the protein lists generated by PLGS v2.5.2 for both SPE methods

found that the protein lists consisted mostly of the same proteins and was still
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dominated by the presence of high abundance proteins such as, serum albumin,
apolipoprotein Al, fibrinogen alpha and beta chain and serotransferrin. These five
proteins were also the most dominant proteins in the LC-MSF analysis as they ranked
amongst the highest proteins with respect to peptide coverage and sequence coverage.
For example, serum albumin had a sequence coverage of >70% for both SPE methods.
The number of peptides identified for each of these proteins varied between SPE
methods (Figure 3.3). The EWP method identified more peptides for each of the high
abundance proteins than the C18 method.
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Figure 3.3: This graph displays the average number of peptides identified by both the C18 and EWP
method for the five most abundant proteins measured and identified by each method. The BLUE columns
indicate the C18 solid phase extraction method and the RED columns indicate the EWP solid phase
extraction method. Three samples of superpool control plasma were used for each sample run and each
sample was run in triplicate and error bars indicate the standard deviation of peptide identifications
indicating the reproducibility of the method. As the graph shows the number of peptides identified by the
EWP method is much greater than the C18 method for the top five most dominant proteins.
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The results from both the C18 and EWP methods were much lower than had been
expected and this can be attributed to the inability of the method to reduce the dynamic
range of plasma which spans over nearly 12 orders of magnitude. As the mass
spectrometer typically spans 5 orders of magnitude and the nano-UPLC possibly 2
orders of magnitude, the sample from the SPE methods were too complex for MS and
PLGS data analysis to successfully process. Literature detailing the plasma proteome
identifies 423 proteins that are known to be present reproducibly in plasma using MSF
analysis (Levin et al., 2010). The ability to identify 423 protein using MSF analysis
highlights the importance of overcoming the dynamic range of plasma for proteomic

based biomarker discovery using optimised sample preparation.

3.3.2 Organic solvent precipitation method

3.3.2.1 Acetonitrile precipitation

The acetonitrile precipitation method for serum proteomic analysis was described by
Kay et al. 2008 (Kay et al., 2008). In this paper, it was demonstrated that acetonitrile
precipitation was, reproducible, and successful in extracting low molecular weight
proteins using nano-LC-triple quadrupole analysis of SDS-PAGE extracts. In this study,
the acetonitrile precipitation method was tested with human plasma and LC-MSF
analysis. Plasma from control samples was tryptically digested and ADH was added at
50 fmol/ pl for estimation of sample protein concentration from each injection. In
addition to testing the acetonitrile precipitation method for plasma proteome profiling,
the chromatographic run times were also tested. The reported chromatographic method
used in Kay et al. lasted a total of 95 min, the chromatographic run times in this study
were tested with a 50 min and 110 min runs using nanoAcquity UPLC-MSE. The

different runs times were expected to yield different results in protein numbers.

Across the three technical replicates for the 50 min run an average of 15, 16 and 13
proteins were identified for each sample, and for the 110 min runs and average of 15, 13
and 12 proteins were identified. The average sequence coverage for 50 min runs was
40% and for the 110 min runs 38%. As Table 3.1 shows, the number of proteins
identified per sample is below a 1.5 standard deviation of the mean number of proteins
for both the 50 min and 110 min method. Figure 3.4 shows the average protein numbers
obtained from the three samples were approximately the same for both the 50 min and
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110 min chromatographic runs for the acetonitrile precipitation method, with the 50 min
run showing a slight advantage in protein numbers. A paired two tailed t-test of the
average protein numbers produced by both the 50 and 110 min run times calculated a p
value of >0.2. Thus, the use of a shorter or longer chromatographic run time for this

sample preparation method offers no apparent advantage.

Table 3.1: The table displays the number of proteins identified for each replicate of three different
samples using acetonitrile precipitation. The average number of proteins from replicate is shown for both
the 50 min and 110 min runs, along with the standard deviation of the average number of proteins for

samples 1 -3.
50 min run 110 min run
Standard Standard
deviation of deviation of
Number Average Number | Average
Sample the average the average
of number of of number of
name ) ) number of ) ) number of
proteins proteins ) proteins proteins ]
proteins for proteins for
samples 1 -3 samples 1 -3
18 17
Sample 1 16 15 15 15
10 13
19 13
Sample 2 15 16 1.53 14 13 1.39
13 12
14 10
Sample 3 13 13 14 12
11 13

The number of proteins identified by the acetonitrile method was lower than those
identified by the C18 and EWP SPE methods. Once again this method was unable to
profile the plasma proteome using LC-MSF technology and overcome the dynamic
range of plasma. Further analysis of the individual protein profile generated by each
sample, found that high abundance proteins were still mostly being observed in each
sample run. The most confidently assigned proteins using PLGS software for the
acetonitrile precipitation method were apolipoprotein A1, apolipoprotein A2 and serum

albumin. The average number of peptides identified for apolipoprotein Al was 30,
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apolipoprotein A2 was 32 and serum albumin 28. In addition, the average percentage
coverage for all three proteins was 41% and above. These proteins in theory should
remain in the protein pellet post precipitation. The observation of the high abundance
proteins lead to two further variations of this method.
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Figure 3.4: This graph displays the average number of proteins identified by the acetonitrile precipitation
method. Three samples of superpool control plasma were used for each sample run and each sample was
run in triplicate and error bars indicate the standard deviation of protein identifications indicating the
reproducibility of the method. The data displayed in BLUE is the average number of proteins identified
by the 50 min chromatographic method for acetonitrile precipitation. The data displayed in RED is the
average number of proteins identified by the 110 min chromatographic method for acetonitrile
precipitation.
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3.3.2.2 Acetonitrile precipitation with urea digestion and with reconstitution of
the pellet
Due to the high abundance proteins identified, two approaches for developing the
acetonitrile precipitation method were tested using control plasma. The first was the
addition of urea to denature proteins to aid tryptic digestion of the sample followed by
LC-MSF analysis. The second method development was the reconstitution of the
protein precipitate and LC-MSF analysis of the precipitated proteins. As the proteins
identified by the original acetonitrile method still contained high abundance proteins
and so few proteins were identified, it was thought that the protein precipitate may

contain proteins of interest.

Plasma samples were prepared using the acetonitrile precipitation method with the
addition of urea and acetonitrile precipitation with reconstitution of the pellet. The
samples were run using 110 min LC-MSF runs, 2 pl injection volume was used and all

data was processed using PLGS v2.5.2.

Table 3.2: The results for the average number of proteins identified for each sample triplicate for

precipitation with urea and reconstitution of the protein pellet.

Acetonitrile precipitation with urea digestion Acetonitrile precipitation with reconstitution of
the pellet
Standard Standard
deviation deviation
Standard of the Standard of the
Average L Average L
Sample Number deviation average Number deviation average
) number of ) ) number of )
name of proteins . of the proteins | of proteins . of the proteins
proteins o proteins o
triplicate for triplicate for
samples 1 samples 1
-3 -3
13 5
Sample 1 7 10 3.06 4 5 0.58
9 5
14 6
Sample 2 12 13 1.15 5.60 8 9 3.06 2.31
14 12
20 6
Sample 3 20 21 1.15 4 5 1.15
22 4

89




The technical replicates for acetonitrile precipitation with urea digestion produced
similar average protein numbers (see Table 3.2) to the original acetonitrile precipitation
method. The total average protein numbers profiled by 110 min LC-MSF analysis for
acetonitrile was 13, this was only marginally improved with acetonitrile with urea with
an average protein number of 14. However, the average number of proteins identified
by the acetonitrile reconstitution of the pellet was a lot lower than the previous methods
as shown in Table 3.2. It was also observed that the standard deviation of the two
developed acetonitrile methods was higher than that of the original method. Thus, these
two developed methods did not succeed in improving the protein profiling of the human

plasma proteome.

The best method for the acetonitrile precipitation method was the original as described
by Kay et al. in 2008. The original method managed to produce a protein profile using
LC-MSF analysis which was reproducible and within the acceptable standard deviation.
Although the original acetonitrile precipitation method produced the best overall results
for protein profiling in this study, the proteins that dominated were of high abundance
and in particular were of apolipoprotein origin which was in keeping with data reported
by the original study. Key et al. confirmed the identification of 29 of the 57 reported
proteins by MRM analysis. In comparison of the average number of protein produce by
the original method (57 proteins); in this study, proteins of this number were not
achieved. Although similarities of proteins identified can be drawn with the original

study, the differences in average number of protein identified cannot be overlooked.

Acetonitrile precipitation, like SPE, failed to provide a method that was successful in
producing a comprehensive protein profile of plasma by LC-MSF analysis. Although
the proteins were identified with great confidence with 40% or more coverage for the
top proteins, once again the inability to overcome the dominating proteins in plasma is

insufficient for biomarker discovery and profiling of low abundance proteins.
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3.3.3 Equalizer beads

3.3.3.1 Elution method development

Due to the lack of success in protein profiling using SPE and ACN based methods, an
alternative sample preparation method was required. The equalizer beads have been
extensively studied for protein enrichment and various method development strategies
have been undertaken to produce protein profiles. The best elution methods and type of
MS analysis have been studied for a variety of biofluids. Methods using equalizer beads
with biofluids such as plasma or serum have been analysed mainly by either 2D-PAGE
gel and SELDI-MS (Boschetti & Righetti, 2009; Boschetti et al., 2007; Righetti &
Boschetti, 2007; Righetti et al., 2004); Guerrier et al., 2006). Thus, in this study
equalizer beads have been used with human plasma samples and analysed by in solution
label free nanoUPLC-MSE analysis in an attempt to create a protein profile

characterising the human plasma proteome.

The equaliser bead commercial pack provided an elution reagent however, the elution
reagent was for SDS-PAGE analysis and contained CHAPS reagent. CHAPS is highly
incompatible with mass spectrometry analysis. Therefore, the initial objective of the
equaliser beads method development was to investigate alternative elution reagents that

were amenable to label free nanoUPLC-MSF analysis.

3.3.3.2 Equalizer beads with differential elutions

As an alternative to the CHAPS reagent provided with the equaliser beads, a differential
elution method was tested with an acidic urea elution at pH 3.3 followed by a hydro-
organic elution using an organic solution. The use of the differential elutions was to
ensure maximum protein recovery from the equalizer beads was achieved. This was
also the reason the two elution reagents were chosen, as they act on different protein-
bead bonds. A study by Righetti et al. (Righetti et al., 2006) discussed the use of
different elution reagents the have been used with equalizer beads. In this paper, it was
noted that acidic urea at pH 3.5 was strong enough to desorb mostly all bound proteins
from beads. This was the reason the acidic urea was chosen as the first elution and
followed by a hydro-organic elution to recover any protein that may remain on the

beads. Additionally, Righetti’s paper focused mainly on 2D map analysis of the eluent,
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whereas this study used nanoUPLC-MSF analysis. Thus, elution reagents chosen for this

study had to be compatible with MS analysis.

All samples were tryptically digested following elution from the equalizer beads. To
ensure all proteins were identified, samples were run as single injections for each
elution reagent and protein identifications were combined manually. Each sample
contained an internal standard of ADH at 50 fmol/ pul was used at a ratio 1:1 and
analysed using 110 min LC-MSF run, the data was processed using PLGS v2.5.2 and

exported to Excel.

The samples were run in triplicate for both the acidic urea elution and the hydro-organic
elution. Using Excel, the protein identifications were transferred into a spread sheet and
protein information was filtered. The conditional formatting function in Excel
highlighted all duplicate protein identifications so these could be removed from the
average protein identifications reported. After filtering using Excel the average number
of proteins identified by the acidic urea and hydro-organic elutions for samples 1 — 3
are shown in Figure 3.5. In addition to the average number of proteins for each sample
per elution method, data for the average number of proteins of combined elutions for
samples 1 — 3 is also displayed. The duplicate identifications were removed to ensure
no protein identifications were replicated. By combining the entire protein identification
data for all samples, a total of 22 protein identifications were made using equalizer

beads with the differential elutions with all duplicate identifications removed.
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Figure 3.5: This graph displays the average number of proteins identified by the Equalizer beads with
differential elutions method. Three samples of superpool control plasma were used for each sample run
and each sample was run in triplicate and error bars indicate the standard deviation of protein
identifications indicating the reproducibility of the method. The data displayed in BLUE is the average
number of proteins identified acidic urea elution. The data displayed in RED is the average number of
proteins identified by hydro-organic elution. The data displayed in is the average number of

protein identified by the two combined methods. All duplicate protein identifications were removed.

As the graph of the average number of proteins shows, there is very little protein
identification overlap. Sample one identified no overlapping proteins, the acidic urea
and hydro-organic elutions produced unique proteins. Sample two showed a single
overlapping protein identification, in this case olfactory receptor 5K4. Sample three
showed two overlapping protein identifications these were fibrinogen alpha chain and
complement factor H-related protein 1. Thus, the two different elution reagents used

with the equalizer beads targeted different protein populations.

Although the use of two different elution methods produced different protein
identifications and maximised the elution of proteins from the equalizer beads, the total
number of proteins identified for the entire method was a lot lower than expected. It has
been shown that the equalizer beads are capable of identifying 285 non-redundant
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serum proteins using labelled 2D-LC-QTOF analysis from 2D-gels extracts (Dwivedi et
al., 2010). Another study by Capriotti et al. (Capriotti et al., 2012) found the equalizer
beads were able to identify 267 proteins using nano-HPLC-tandem MS with an LTQ
Orbitrap using in solution digestion. Although the studies published by Dwivedi et al.
and Capriotti et al. were methodically different, the difference in protein number
identified is difficult to overlook therefore, further elution methods needed to be

considered.

3.3.3.3 Equalizer beads with peptide elution

The equalizer beads have attached to them a library of combinatorial peptides which
bind to the proteins in a sample. The combinatorial peptides consist of amino acid
chains; it was hypothesised that so long as there were peptides or amino acids within a
sample that were able to bind to the ligands, the mechanism of equalization would
remain. Therefore, the objective of the pre-treated plasma study was to test the elution
of peptides from the equalizer beads using the best eluent from the differential elution

method, in this case organic solvent.
The sample was analysed using 110 min run in triplicate. All samples underwent

nanoUPLC-MSF analysis and the data was processed using PLGS v2.5.2 and exported
to Excel.
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Figure 3.6: This graph displays the average number of proteins identified by the Equalizer beads with
peptides method. Three samples of superpool control plasma were used for each sample run and each
sample was run in triplicate and error bars indicate the standard deviation of protein identifications
indicating the reproducibility of the method.

As shown is Figure 3.6, the highest number of proteins identified for this method was 8.
Using Excel, the protein identifications were transferred into a spread sheet and protein
information was filtered. The conditional formatting function in Excel highlighted all
duplicate protein identifications so that these could be removed from the average
protein identifications reported. Using this function, the total number of proteins
identified was 10 and the standard deviation for this method was 2.6. The number of
proteins identified was too low for proteomic profiling of plasma for biomarker studies
upon further analysis it was observed that the most commonly identified protein was
serum albumin which had the greatest sequence coverage and approximately 50% more
sequence coverage than the second most highly sequenced protein. This method was
unsuitable for plasma proteome profiling.
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3.3.3.4 Equalizer beads with trypsin

The equalizer beads are attached to combinatorial peptide library ligands and bind
protein through amino acid interaction. The addition of trypsin to the bound protein as
an elution method has been suggested previously (Righetti et al., 2010). The advantage
of using trypsin is twofold, no addition of an elution reagent is required and the
supernatant of the centrifuged peptides can be used directly for proteomic analysis with
mass spectrometry, post acidification. Due to the advantages of digesting the equalized
proteins on the bead, this method was tested with various permutations.

3.3.3.4.1 Equalizer beads with trypsin elution
The first experiment chosen for the equalizer beads with trypsin involved directly
reducing, alkylating and digesting proteins bound to the beads. The protein peptides

were eluted post-overnight digestion through centrifugation.

All samples were tryptically digested following elution from the equalizer beads, each
sample contained an internal standard of ADH at 50 fmol/ ul was used at a ratio of 1:1
and was analysed using 50 min and 110 min runs for all three samples and their
replicates. All samples underwent nanoUPLC-MSF analysis and the data was processed
using PLGS v2.5.2 and exported to Excel. Using Excel, the protein identifications were
transferred into a spreadsheet and protein information was filtered. The conditional
formatting function in Excel highlighted all duplicate protein identifications so that

these could be removed from the average protein identifications reported.

The average number of proteins identified by each sample for the 50 min and 110 min
chromatographic runs is shown in Figure 3.7. The total number of proteins profiled by
nanoLC-MSF analysis for this method was determined by using Excel to remove all
duplicate data. The 50 min run identified 140 proteins, whereas the 110 min run
identified 164 proteins. The average sequence coverage for 50 min runs was 38% and
for the 110 min runs 39%. As displayed in Figure 3.7, the standard deviation of the
mean number of proteins for both the 50 min and 110 min runs was very high. For the
50 min run the standard deviation was calculated at 19.3 and for 110 min run 24.2. As
shown in Figure 3.7 the average protein numbers obtained from the three samples

showed a significant difference, especially in samples 1 and 3, for both the 50 min and
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110 min chromatographic runs. The equalizer beads with trypsin elution, was
significantly better with a longer chromatographic run as the 110 min run showed an
advantage in protein numbers. A paired two tailed t-test of the average protein numbers
produced by both the 50 and 110 min runs calculated a p value of 0.07.
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Figure 3.7: This graph displays the average number of proteins identified by the equalizer beads with
trypsin elution method. Three samples of superpool control plasma were used for each sample run and
each sample was run in triplicate and error bars indicate the standard deviation of protein identifications
indicating the reproducibility of the method. The data displayed in BLUE is the average number of
proteins identified by the 50 min chromatographic run. The data displayed in RED is the average number
of proteins identified by the 110 min chromatographic run.

Despite the p value falling out of the statistical 0.05 range, it is visually clear from
Figure 3.7 that the 110 min run produces a greater number of proteins. Thus, the use of
a longer chromatographic run time for this sample preparation method offers advantage
in protein identifications, unlike the results seen with the acetonitrile precipitation.
Upon further analysis of the 50 min and 110 min runs it was observed that the 110 min
run identified an additional 254 peptides than the 50 min run (average peptides

identified 50 min run = 1469 and 110 min run = 1723). The average amount of protein
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injected per sample for both the 50 min and 110 min run showed a high degree of
variation (Figure 3.8). This variation would not allow accurate or reproducible profiling
of samples as the amount of peptides (thus, proteins) recovered from the beads could
lead to over or under sampling. This method has produced the highest number of
proteins thus far and the 110 min is clearly better suited to this method. Thus, all other
methods using trypsin elution with the beads shall be run using 110 min

chromatographic runs.
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Figure 3.8: This graph displays the average protein concentration (n grams per pl) for sample 1 — 3 using
the equalizer beads with trypsin elution method. Three samples of superpool control plasma were used
for each sample run and each sample was run in triplicate and error bars indicate the standard deviation of
protein concentration indicating the reproducibility of the method. The data displayed in BLUE is the
average protein concentration for the 50 min chromatographic run. The data displayed in RED is the

average protein concentration for the 110 min chromatographic run.

3.3.3.4.2 Equalizer beads with trypsin and urea elution

As the results were much improved using trypsin elution and eluting peptides from the
column, the addition of urea to aid complete digestion was added to the samples prior to
digestion of samples. A control plasma sample was analysed using 110 min nanoUPLC-

MSE run, and all data was processed using PLGS v2.5.2. The number of proteins
98



identified by the equalizer bead with trypsin and urea elution is summarized (Figure 3.9).
The total numbers of proteins profiled by 110 min analysis for this method was
determined by using Excel to remove all duplicate data. The 110 min run identified 29
proteins in total. The standard deviation of the mean number of proteins identified was
9.3. This method was more reproducible the original trypsin elution method, however,

the standard deviation was still too high for a proteomic method.
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Figure 3.9: This graph displays the total number of proteins identified by the Equalizer beads with trypsin
and urea on bead method. N = 1 run in triplicate error bars indicate the standard deviation of protein

identifications indicating the reproducibility of the method.

The use of urea with the trypsin on bead method did not improve the number of proteins
seen in each plasma sample. Thus, the ability of this method to identify proteins of low
abundance where putative biomarkers exist was inadequate for this study. Therefore,
the original trypsin elution method remained best for protein profiling but this method
produced a more reproducible protein profile with a lower standard deviation.
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3.3.3.4.3 Equalizer beads with trypsin elution and overnight agitation

The trypsin elution method produced a more extensive protein profile than the trypsin
and urea elution. However, the standard deviation for method utilizing urea was lower
than the standard deviation for the trypsin elution. As the protein profiles from the
trypsin elution were more comprehensive than the trypsin and urea, this method utilises
the trypsin elution method with constant agitation overnight. As the samples were
trypsinised with the beads to ensure that the trypsin worked evenly on all bead bound
protein, to reduce variation in protein numbers identified, the samples were incubated
with trypsin and constantly agitated overnight. Healthy control plasma samples were
analysed using 2 pl injections over 110 min nanoLC-MSF runs, and all data was

processed using PLGS v2.5.2.

The number of proteins identified by the equalizer bead with trypsin added to the bead
with constant agitation is summarized Figure 3.10. The average total numbers of
proteins profiled by 110 min analysis for this method was determined by using Excel to
remove all duplicate data. The 110 min run identified 88 proteins in total. The protein
amount per injection was 1 pg on column +79 ng. The standard deviation of the mean
number of proteins identified was 7.9. The standard deviation for this method was much
improved over the trypsin elution method without agitation therefore, this method
produced more reproducible results. In addition, the proteins identified were higher than
the trypsin with urea on bead. However, the number of proteins identified with this

method was still lower than the trypsin on bead without agitation.
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Figure 3.10: This graph displays the average number of proteins identified by the Equalizer beads with
trypsin added to the bead and constant agitation method. Three samples of superpool control plasma were
used for each sample run and each sample was run in triplicate. Error bars indicate the standard deviation

of protein identifications indicating the reproducibility of the method.

3.3.3.4.4 Equalizer beads with acetonitrile depleted plasma and trypsin

Due to the number of proteins identified by the equalizer bead with trypsin on bead
method, it was hypothesised that if the plasma proteins were to be pre-depleted and then
bound to the beads, mid and lower abundance proteins may be identified more so than
the higher abundance proteins. Thus, the objective of this project was to try to

implement a change in the protein profile.

Healthy control plasma was taken and depleted with acetonitrile precipitation, the
acetonitrile was evaporated off and the remaining pellet was reconstituted in 50 mM
ammonium bicarbonate. The depleted plasma was treated with equalizer beads and the
sample was digested on the beads, the peptides were eluted through centrifugation.
Each sample was analysed using 110 min nanoUPLC-MSF analysis and the data was
processed using PLGS v2.5.2 and exported to Excel. Using Excel the data was filtered
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and protein identifications refined to produce a list of proteins which were free from

duplicate entries.
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Figure 3.11: This graph displays the average number of proteins identified by the Equalizer beads with
acetonitrile depleted plasma. Three samples of superpool control plasma were used for each sample run
and each sample was run in triplicate and error bars indicate the standard deviation of protein
identifications indicating the reproducibility of the method.

As shown is Figure 3.11, the highest number of proteins identified for this method was
65. Using the conditional formatting function in Excel, all duplicate protein
identifications were removed so that these could be removed from the average protein
identifications reported. The total number of proteins identified by this method was 91
with a standard deviation of 4.1. This was the best standard deviation identified thus far
and serum albumin was now the 8" most commonly identified protein and the sequence
coverage for every protein identified was <20%.

Although this method was successful in producing a lower standard deviation, the
protein numbers identified were a lot lower than trypsin on bead. Although trypsin has
identified the highest number of proteins of all the protein profiling methods tested, the

variability in protein profiles was too high. Therefore, an elution method which could
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produce reproducible results and improve the number of protein identifications still
needed to be identified.

3.3.3.5 Equalizer beads with sodium deoxycholate

The use of sodium dodecyl sulfate (SDS) as an elution reagent for equaliser beads has
been well established for 2D-PAGE analysis followed by mass spectrometry (Righetti
et al., 2010). However, as this study is an in solution proteomics project, the use of SDS
without running a 2D-PAGE gel would require extensive detergent removal strategies
to ensure no signal suppression occurred due to the presence of SDS. Signal
suppression by SDS has been observed in peptide mass spectrometry, along with
reducing trypsin activity (Rundlett & Armstrong, 1996). Therefore, despite
effectiveness of SDS as an elution reagent for equalizer bead technology, a detergent
that can be removed efficiently and effectively prior to mass spectrometry would be

needed to replace SDS.

Sodium deoxycholate is an acid insoluble detergent which has been shown to
significantly increase the coverage of tryptic peptides and proteins identified in
comparison to SDS (Zhou et al., 2006). The advantage of the acid insolubility is that
adding acid prior to mass spectrometry means that the SDC is precipitated out of
solution and can be easily removed leaving peptides that are acidified and ready for
ionisation and MS analysis. As detergents have been shown to be effective at eluting
bead-bound protein from the equalizer beads and SDC is acid insoluble, SDS was

replaced with SDC as an elution reagent and evaluated.

All samples contained an internal standard of ADH at 50 fmol/ pl at a ratio 1:1 and
analysed using 110 min analysis, the data was processed using PLGS v2.5.2 and
exported to Excel. Using Excel, the protein identifications were transferred into a
spread sheet and protein information was filtered. The conditional formatting function
in Excel highlighted all duplicate protein identifications so these could be removed
from the average protein identifications reported. As seen in Figure 3.7, 110 min run
produced a greater number of proteins for a richer or more proteinaceous sample. Thus,
the use of a longer chromatographic run time for this sample preparation method
offered an advantage in protein identifications and was subsequently used.
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Figure 3.12: This graph displays the average number of proteins identified by the equalizer beads with
SDC method. Three samples of superpool control plasma were used for each sample run and each sample
was run in triplicate and error bars indicate the standard deviation of protein identifications indicating the
reproducibility of the method. The data displayed in BLUE is the average number of proteins identified

by the 110 min chromatographic run for three samples analysed in triplicate.

The average number of proteins identified by each sample for the 110 min
chromatographic runs is shown in Figure 3.12. The total number of proteins profiled by
110 min analysis for this method was determined by using Excel to remove all duplicate
data and the total number of proteins identified were 169 (see list in appendix). The
average sequence coverage for the 110 min runs was <40%. As displayed in Figure
3.12, the standard deviation of the average number of proteins identified for 110 min
runs was 4.7; individually the standard deviation for sample 1 — 3 was 2.1, 6.1 and 4.5
respectively. The average number of peptides identified was 2313, 1975 and 2004 for
samples 1 — 3 with a standard deviation of 237.4, 47.4 and 33.6 for samples 1 — 3
respectively. Overall this was the highest peptide identification reported for all methods
tested (Figure 3.13).
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Figure 3.13: This graph displays the average number of peptides identified by the equalizer beads with
SDC method. Three samples of superpool control plasma were used for each sample run and each sample
was run in triplicate error bars indicate the standard deviation of peptide identifications indicating the
reproducibility of the method. The data displayed in RED is the average number of peptides identified by

the 110 min chromatographic run for three samples analysed in triplicate.
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3.3.3.5.1 Reproducibility

Equalizer beads with SDC produced the most extensive protein and peptide profile of
all methods tested for proteomic profiling. Therefore, to test SDC elution methods
reproducibility a control sample was split into three aliquots and each aliquot was
incubated with equalizer beads and eluted with 2% SDC. The samples were analysed
using nanoUPLC-MSEF in triplicate over a 110 min LC run and repeated over three days,

as summarised in Figure 3.14.
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Figure 3.14: A schematic diagram shows the study design to test the reproducibility of equalizer beads
with 2% SDC with a single control sample split into three aliquots. All samples were run using a 110 min
LC-MSF run.

Using the study design shown in Figure 3.14, samples 1 — 3 were tested in triplicate and
this was repeated over three days. Therefore, each sample was tested a total of 9 times
each. The average number of proteins identified by each sample for the 110 min
chromatographic runs is shown in Figure 3.15. The total number of proteins profiled by
110 min analysis for this method was determined by using Excel to remove all duplicate
data and the total number of proteins identified were 271 (see list in appendix). The
average peptides identified for samples 1 — 3 over the three days was 2183 +178, 1968
+36 and 1968 £4.1 respectively. The average on column protein loading per sample was
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estimated at 1 pg/pl and using PLGS v2.5.2 the average protein loaded on column was
calculated using the ADH top 3 quantification. The average protein on column was 1
pg/ ul £120 ng.
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Figure 3.15: This graph displays the average number of proteins identified by the equalizer beads with
SDC method to assess the reproducibility of the method. The data displayed in BLUE is the average
number of proteins identified by the 110 min chromatographic run for three samples analysed in triplicate
for sample 1 over day 1 — 3. The data displayed in RED is the average number of proteins identified for
sample 2 over day 1 — 3. The data displayed in GREEN is the average number of proteins identified for
sample 3 over day 1 — 3. Error bars indicate the standard deviation of protein identifications indicating
the reproducibility of the method.

As mentioned previously the sequence coverage for the 110 min runs remained at <
40%. The standard deviation of the average number of proteins identified for 110 min
runs was 4.8 over all samples analysed, individually the standard deviation for samples
1 — 3 over the three days was 4.3, 5.5 and 4.8 respectively. Assessment of the dynamic
range of the proteins identified showed that this method was successfully able to
analyse proteins over 6 orders of magnitude (Figure 3.16). This is approximately half of

the dynamic range of plasma.
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Figure 3.16: This graph shows the protein concentrations on a log scale for the equalizer with SDC

method. As the graph shows the protein concentration range spans 6 orders of magnitude.

To assess the use of this method with a LC-MSF platform for biomarker discovery the
reproducibility was measured using various observations. In this case, the three samples
were compared. The coefficient of variance for the number or proteins identified over
the three days was determined and this on average for samples 1 — 3 over the three days

was 4%, 5% and 5% respectively.

For extensive reproducibility evaluation, 18 randomly selected proteins (see appendix)
from different plasma concentration ranges were evaluated across the all sample runs.
The first form of measurement was the coefficient of variance (CoV) for the protein
concentrations calculated from the Hi3 quantitation from PLGS v2.5.2. Eighty nine per
cent of protein values measured fall within 10% of the CoV. Over half of the proteins
are measured to within 10% CoV and over 80% are within 15% CoV for protein
concentration (Hakimi et al., 2013). Figure 3.17 demonstrates for the 18 proteins
chosen at random, all 18 fall below the 20% CoV value for a number of samples
measured over three days, with a mean average of <3% CoV achieved for this method.
The low CoV values calculated for protein concentration highlights the reproducibility
of the method.
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Figure 3.17: The average CoV’s of protein concentration calculated by Hi3 quantitation using PLGS
v2.5.2 for 18 randomly selected proteins from different plasma concentration ranges of which all of them
fall below 20%.
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Figure 3.18: The average amount of protein of a sample over 3 days of analysis. The error bars clearly
indicates the reproducibility of the analysis.
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Figure 3.18 shows the average amount of protein reported from each sample, the error
bars indicate the low variance of the measured protein levels. The low variance in the
detected and consequently reported levels of protein again confirms along with the
findings displayed in Figure 3.18, that the method is highly reproducible and hence

suitable for biomarker discovery projects.

3.3.35.2 MSFvs. HDMS®

MSF allows parallel acquisition of precursor and fragment or product ions. This method
as displayed above has been successful in providing comprehensive lists of proteins
identified with confidence and reproducibly. The ion mobility cell within the Synapt G2
mass spectrometer (Waters Corp., Manchester) adds the additional drift time dimension,
with this additional analysis co-eluting peptides can be separated and proteins can be
assigned with more confidence as the additional drift time information is used to assign
precursor and product ions along with retention time alignment. In this study, we found
HDMSE is more reproducible as demonstrated by the improved CoVs that is brought
about by better assignment of proteins by ion mobility (Figure 3.19).
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Figure 3.19: This graph displays the number of proteins identified by the equalizer beads with SDC
method in both MSF and HDMSE. Three samples of superpool control plasma were used for each sample

run and each sample was run in triplicate and error bars indicate the standard deviation of protein
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identifications indicating the reproducibility of the method. The data displayed in BLUE is the number of
proteins identified by the 110 min chromatographic run in MSE. The data displayed in RED is the
number of proteins identified by the 110 min chromatographic run in HDMSE,

The equalizer beads with SDC proved to be the best method for protein profiling for
biomarker discovery. Using this method a sample was prepared and run in triplicate
using a 110 min chromatographic MS® and HDMSF runs. This allowed qualitative
comparison of the two protein profiles (see list in appendix). The total number of
proteins profiled by 110 min nanoUPLC-MSEF analysis for this method was determined
by using Excel to remove all duplicate data and the total number of proteins identified
was 165, whereas the total number of protein identified for the 110 min nanoUPLC-
HDMSE run was 228. There was approximately a 30% increase in the number of
protein identifications. The standard deviation for the MSE method was a lot higher than
that of the HDMSF method, 9.6 and 2.0 respectively. However, both of the mass
spectrometry methods fall under the 20% CoV with the MSF producing an CoV of 7%
and HDMSF 1%.
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Figure 3.20: This graph displays the average number of peptides identified by the equalizer beads with
SDC method in both MSF and HDMSE. Three samples of superpool control plasma were used for each
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sample run and each sample was run in triplicate and error bars indicate the standard deviation of peptide
identifications indicating the reproducibility of the method. The data displayed in BLUE is the number of
peptides identified by the 110 min chromatographic run in MSF. The data displayed in RED is the
number of peptides identified by the 110 min chromatographic run in HDMSE.

To understand where the differences in the protein identifications originated the number
of peptides identified was studied, as the use of ion mobility should have an effect on
the peptides identified and assigned. Figure 3.20 displays the number of peptides
identified on average for samples 1 -3. Once again, a 30% increase in the number of
peptides identified was observed, with HDMSF identifying the most peptides, upon
comparison the CoV for the average number of peptides using MSF was 7.9% and
HDMSF 2.0%.

The samples used for the comparison of the mass spectrometric methods were identical.
The injection volumes were identical thus, the protein loading on column was expected
to be identical. However, it was observed that there was a significant difference in
protein quantities reported by the PLGS Hi3 quantitation method. This discrepancy was
further explored by comparing two LC runs and the same sample, one run in MSF and
the other in HDMSF with an injection volume of 1 pl and chromatographic run time of

110 min. The proteins sample was injected to give 1 pg/ pl.
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Figure 3.21: This graph displays the protein concentrations of 63 proteins common to both the MSF and
HDMSE of runs for the equalizer beads with SDC method. The data displayed in BLUE is the protein
concentrations reported for MSE. The data displayed in RED is the protein concentrations reported for
HDMSF,
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Using the data analysis, protein assignments, and concentrations reported by PLGS
v2.5.2 the total protein on column reported for MSE was 1.1 pg and for HDMSE 0.5 pg.
Identical sample and sample injection volume was used for both runs, to compare the
proteins common to both the MSF and HDMSF, the protein profiles were manually
compared using Excel. The difference in the reported protein concentrations is
displayed in Figure 3.21. As shown it appears that the protein concentrations for the
lower abundance proteins are comparable for both MS® and HDMSF however, as the
protein concentration increases and thus the abundance of the proteins, the MSF and
HDMSE protein concentrations reported differs dramatically. This could be due to
detector saturation as there are an increasing number of peptides identified over the

same run time in HDMSF in comparison to MSF (Shliaha et al., 2013).

HDMSF offers the qualitative advantage of identifying more proteins than MSF, as had
been reported. Unfortunately, the discrepancy in protein concentration between MS®
and HDMSF cannot allow accurate protein quantification of samples. Underestimating
protein concentrations at the high abundance concentration range means estimating total
protein amount or concentration of a sample is challenging. However, as figure 3.20
displays the trend of protein concentrations is mirrored between MSF and HDMSF even
though the amount protein differs. Therefore, for further studies using HDMSF for mass
spectrometric analysis a ‘scouting run’ should be used prior to all HDMSF analysis. The
scouting run will be a single injection of a sample in MSF to ensure the protein
concentration on column does not exceed 1 pg/ pl and is consistent with all other
sample concentrations for comparisons. Once the scouting run has been performed, the
sample can then be analysed in triplicate using HDMSF analysis.

3.3.3.5.3 Data dependant vs. Data independent acquisition

Data for mass spectrometric analysis can be acquired using two different workflows
these are data independent and data dependent acquisition. In data independent
acquisition there is no pre-selection of peptides that are to be fragmented to produce
product ion information, all ions are fragmented. In data dependent acquisition, a
specified number of pre-selected precursor ions with the highest signal intensities are
fragmented for product ion information.
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In this study, data dependent and data independent acquisition were tested using the
same sample. The sample was prepared from control human plasma and treated with the
equalizer beads and eluted with SDC. The sample was split into two different aliquots
for the different machines. For the data independent acquisition, the Waters Synapt G2
mass spectrometer was used in MSF mode. For data dependent acquisition
ThermoVelos Orbitrap and DDA function for the Synapt™ G2 was used. The samples
were run on a nanoUPLC 110 min run and the data was collected and analysed.

Synapt G2 DDA
3
3 8
54
36 49 22
Orbitrap DDA Synapt G2 MSE

Figure 3.22: Venn diagram of the three mass spectrometry methods. Three samples of superpool control

plasma were used for each sample run and each sample was run in triplicate.

The primary objective of this study was to identify whether either form of data
acquisition offered an advantage in protein profiling and identification. The secondary
aim was to ascertain whether any differences in the protein identifications exist. Using
Excel to manually combine proteins and remove duplicate identifications, 172 proteins
were identified using all three MS methods i.e. MSE, DDA with the Synapt G2 and
DDA with the orbitrap (Figure 3.22). The Orbitrap identified the most proteins using a
DDA method with a total of 142 protein identifications, the Synapt G2 MSF identified
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the second most with 133 identifications and the least were identified by the Synapt G2
DDA with 68 protein identifications. Based on qualitative protein identifications, the
orbitrap MS method provides the most extensive protein profile with the Synapt DIA
method producing 9 less proteins. The Synapt DDA method identified less than 50% of
the total proteins identified by the other two MS methods but did uniquely identify 3
proteins. These were Ig gamma 4 chain C region, Ig lambda 6 chain C region and Ig mu
heavy chain disease protein. The difference in protein identification can be attributed to
the software used for protein identification. Protein identification for all Synapt
experiments was produced by PLGS v2.5.2 whereas Oribtrap data files were not
supported by PLGS and thus, MASCOT was used for identification.

The MSF method identified more peptides per protein than the DDA method. Figure
3.23 compares the peptides identified for 19 proteins common to both the Orbitrap and
Synapt methods. More peptides are identified by the Synapt MSF method than the
Orbitrap DDA method for every protein. Therefore, although there may be slightly less
protein identification with the MSF method, more peptide identifications subsequently
leads to more confidence in protein identifications, as there are more peptides to ensure

proteins are correctly assigned.

This study shows that although there are a few more protein identifications to be gained
from the Orbitrap DDA method, the Synapt MSF method offers greater confidence in
protein assignment. Thus, a very small percentage of fewer protein identifications are

preferable for a gain in peptide identification and protein assignment confidence.
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Figure 3.23: This graph shows the number of peptides assigned per protein for the Synapt MSF and
Orbitrap DDA method. The MS® method clearly identifies a higher number of peptides (N=1).

3.4 Discussion

Plasma proteomics for biomarker discovery projects is challenging, as plasma has a
dynamic range which exceeds any mass spectrometer available (Anderson, 2010). The
challenging nature of plasma requires sample preparation methods to be robust which
can be the most crucial part of a proteomic workflow. As can been seen from the results
above, ineffective sample preparation methods can lead to insufficient information of
plasma proteins for biomarker studies. In the introduction the three main stages of a
proteomic workflow were introduced, samples preparation, sample analysis and data
analysis. The aim of this chapter was to evaluate and optimise the sample preparation

method and certain elements of the sample analysis (Figure 3.24).
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Figure 3.24: Evaluated and optimised proteomic workflow for heart failure biomarker discovery.

In this chapter, method development has clearly shown progression to an optimized
method using the equalizer beads with 2% SDC to help produce the most extensive
protein profile for discovery phase proteomic projects using healthy control plasma.
The nature of SDC precipitation at acidic pH had the advantage of acidifying the
peptides for MS analysis. An essential consideration of any proteomics workflow is to
ensure any workflow followed must show suitable repeatability and reproducibility
(Tabb et al., 2010). The reproducibility offered by the addition of 2% SDC rather than
trypsin as the elution reagent, in addition to the more comprehensive protein profile
obtained, meant that the 2% SDC was selected for label free LC-MSF clinical proteomic

discovery phase studies.

It was found for complex samples such as plasma 110 min LC runs offered a slight
advantage over 50 min runs, especially if the sample preparation method produced a
proteinacious sample. The longer chromatographic runs also allow peptides that may
co-elute over a shorter run to separate and elute over a longer retention time window,
increasing chromatographic resolution. Thus, for further clinical proteomic discovery
phase studies, the 110 min run was best suited.
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Comparison of MS acquisition methods namely DDA and DIA, found the DDA
techniques offered an advantage in protein identification, approximately 6% more
proteins were identified. However, in MSF analysis fewer proteins may have been
identified but the confidence of the assignment was greater due to data independent
acquisition, parameters set for data processing and requirement criteria set for protein
identifications. In addition to identify proteins with greater confidence, accurate
quantitative data using Hi3 quantitation (Silva et al., 2006) was also obtained which is
advantageous in discovery biomarker studies. This balance of quantity and quality of
protein data is needed so that results can be discussed and reviewed with confidence
(Nilsson et al., 2010).

The use of ion mobility was also tested in the method development. When comparing
MSF runs with and without ion mobility, it was found that ion mobility runs or HDMS®
runs qualitatively improved the data by increasing the number of identifications by 30%
in comparison to the MSF runs. However, the HDMSF function was unable to correctly
quantitate the proteins at the higher abundance range. Despite the higher abundance
protein reporting a lower concentration in HDMSF, the protein trend line of the curve
(Figure 3.21) mirrors that of the MSE. Thus, to overcome this limitation a scouting run
in MSF was proposed to help quantitate the protein amount to ensure the same amount
of protein is loaded on per sample and proteins can be profiled in HDMSE,

As mentioned previously the dynamic range of plasma is vast (nearly 12 orders of
magnitude) and poses a great challenge for any proteomic workflow especially when
trying to access the lower abundance proteins where clinically relevant protein
biomarkers reside. In this chapter, a sample preparation method has been shown to
achieve just over 5 orders of magnitude (Figure 3.16). This is still significantly lower
than the proposed dynamic range of plasma however, it is an improvement on the
dynamic range achieved by previous workflows (Hortin & Sviridov, 2010). In the
proposed workflow using equalizer beads with 2% SDC elution was able to identify
pre-existing clinical biomarkers such as PSA and other low abundance proteins that
play a role in disease pathology (Table 3.3). This shows that the optimised reproducible
method was able to identify proteins that are relevant to disease mechanisms inferring
their use as clinical biomarkers.
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Table 3.3: Previously determined concentration ranges for proteins identified by equalizer beads with 2%
SDC elution analysed by LC-MSE. This demonstrates that the optimised method is able to identify

clinically relevant proteins

Protein Name Disease Reference for disease
Mannan binding lectin serine Affects the pathogenesis of (Turner, 2003; Kouris et al., 2005;
protease 1 inflammatory diseases Nagele et al., 1999)
Phosphatidylcholine sterol Norum disease, familial LCAT (Vanloo et al., 2000)
acyltransferase deficiency and fish-eye disease
Platelet factor 4 Crohns, ulcerative colitis (Simi et al., 1987)
Prostate Specific Antigen Prostate cancer marker (Kuriyama et al., 1981; White et al.,
2006)
Cholesteryl ester transfer Heart disease (Wolfe & Rader, 2004)
protein
Palladin Pancreatic cancer (Pogue-Geile et al., 2006)

The plasma samples used in this chapter were all from healthy control patients and
differences in plasma protein profiles of healthy and disease patients has been noted
(Anderson, 2010). Thus, the findings in this chapter are applicable to plasma from
healthy patients. The suitability of the method in disease patients still needs to be
determined. This is addressed in the next chapter of this study.

In this chapter a method development to establish the optimum method for clinical
proteomic discovery projects has been identified. The equalizer beads with 2% SDC
demonstrated reproducibility, was able to cover over 5 orders of magnitude and identify
proteins of clinical relevance. The LC gradient length of 110 mins has been determined
as ideal for more proteinacious samples however, for less proteinacious samples 50 min
gradients are sufficient. The advantages of HDMSF analysis have been ascertained.
Thus, these findings lead to an optimised proteomic workflow on which further analysis

of clinical samples could now be based.

119



Chapter Four
Diagnostic Heart Failure

Study



4.1 Introduction

The work discussed in Chapter Three aimed to establish a reliable and reproducible
proteomic workflow for a proteomics discovery project. Once the method had been
developed, evaluated and optimised, the next step would be to conduct a preliminary
study to ensure the method and workflow was suited to clinical proteomic discovery
projects using both healthy and diseased samples.

Traditionally diagnosis of systolic heart failure relies heavily on diagnostic imaging and
clinical symptoms, which have 70-90% specificity but only 11-55% sensitivity
(McMurray & Pfeffer, 2005; McMurray & Stewart, 2000). In this plasma proteomics
study, the main objective was to see if proteins within the plasma proteome can act as
diagnostic biomarkers for systolic heart failure. Using plasma biomarkers to diagnose
systolic heart failure would mean the method would be non-invasive, independent of
imaging interpretation and could potentially provide a rapid turnaround of results.

Plasma is thought to be the most comprehensive proteome in the human body, as the
circulatory system is representative of the physiological and pathological processes
active at the time of sampling (Anderson & Anderson, 2002). However, biomarker
discovery projects using plasma come with some caveats. To date the most successful
proteomics discovered biomarker has been OVAL which is also FDA approved (Zhang
et al., 2004; Zhang, 2012). In the last 15 years an average of 1.5 new tests were
introduced per annum (p.a) in comparison to the pre-1993 era when an average of 6
tests were introduced p.a (Anderson, 2010), despite thousands of publications claiming
biomarker discovery. There may be many reasons and explanations as to why so few
biomarker discoveries fail to achieve FDA approval for clinical use. Firstly, the lack of
well-developed technologies used to de-convolute the plasma proteome for successful
characterisation may contribute. Secondly, poor experimental design that may lack rigor
and thoroughness could cause discovery projects to fall short of FDA approval (Lilley
etal., 2011).

This chapter addresses both caveats as objectives for this project by using

multidimensional chromatography for further method development on the existing
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optimised proteomic platform. An experimental design ensuring accurate sampling and

profiling removing any bias is used as well.

4.1.1 Discovery proteomic workflow

There are typically three key stages of proteomic projects; sample preparation, sample
analysis and data analysis (Figure 4.1). The aim of sample preparation is to ensure that
samples are amenable to mass spectrometery. Sample analysis is conducted via LC
separation and MS analysis, once the data has been generated, it is then mined for
protein identification, quantification and statistical parameters are applied to highlight
proteins that have undergone change between sample sets. This formulates the basis of

most MS based proteomic discovery studies.

« |dentification

« Equalization * Quantification

Sample of : Sample * LC separation Data o
: proteins : “MQE ; i - Statistical

preparation DT analysis MSE analysis analysis protein
expression

Figure 4.1: Overview of the proteomics workflow and how it is broadly applied within this study.

In this study, a proteomic workflow was designed to determine the protein profile of
heart failure patients vs. healthy patients to identify diagnostic markers of disease. The
proteomic workflow of this diagnostic study used the sample preparation method
developed and optimised on healthy control plasma samples in Chapter Three. An
additional separation stage using offline RP chromatography was added for another
dimension of peptide separation prior to MS analysis. The samples were analysed using
a novel label-free quantitative nanoUPLC-HDMSF method, where data independent
acquisition would ensure that there was no bias or pre-selection of peptides during mass
spectrometric acquisition. The data was analysed and quantified using bioinformatic
software called PLGS v2.5.2 and quantification was achieved using the Hi3 method
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where absolute protein concentration is determined by the use of an internal standard at
a known concentration (Silva et al., 2006). This is the first reported use of a label free

ion mobility enabled pipeline for the discovery of systolic heart failure biomarkers.

4.1.2 Multidimensional chromatography

Reverse-phase chromatography has been extensively studied and used as a separation
technique for peptides prior to mass spectrometry. However, it has been found that
many peptides may co-elute in the same chromatographic retention time window,
allowing peptides to enter the mass spectrometer simultaneously and causing some
peptides to remain un-identified. As mentioned in the introduction, RP chromatography
is based on hydrophobic interaction, whereby the hydrophobic stationary phase binds
peptides in the presence of a polar solvent. Elution occurs with increasing peptide

hydrophobicity with a gradual increase in the proportion of organic solvents.

Multi-dimensional  chromatography (in  this study two-dimensional liquid
chromatography (2D-LC)), has been extensively studied to find the most orthogonal
method, increasing separation and peak capacity. Two dimensional-LC consists of
either online or offline LC separation over two chromatographic dimensions.
Traditionally, a proteomics based approach uses strong cation exchange (SCX) for the
first dimension and RP for the second dimension. Gilar et al. evaluated a number of
different 2D approaches for proteomics to help increase peak capacity, namely SCX-RP
and RP-RP (Gilar et al., 2004; Gilar et al., 2012). In their study, Gilar et al. found that
RP-RP 2D-LC at different pH (pH 2.6 and pH 10) demonstrated high levels of
orthogonality in comparison to SCX-RP (Figure 4.2).
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Figure 4.2: Normalised retention time plot taken from (Gilar et al., 2005a; Gilar et al., 2012). This shows
the 2D-LC orthogonality of separation of the RP-RP low and high pH.

Additionally Gilar et al. observed RP-RP also offered other advantages over SCX-RP;
RP-RP mobile phases remain salt free and are compatible with MS, RP-RP offered high
peak capacity and better recovery of long and short peptides in comparison to SCX-RP.
The study by Gilar et al. was further supported by a study published by Zhou et al. This
study compared RP-RP and SCX-RP analysis of E.Coli digest and more peptides and
proteins were identified by RP-RP than SCX-RP using the same sample and MS
conditions. They also found RP-RP was able to report proteins over a greater dynamic
range. The authors suggested this was due to RP-RP higher peak capacity in the first
dimension (Zhou et al., 2010).

It is clear that multidimensional chromatography and particularly RP-RP-LC offers an
advantage by increasing peak capacity, increasing protein identifications and reducing
sample complexity prior to MS analysis (Gilar et al., 2012; Gilar et al., 2005b; Gilar et
al., 2009). In this study, an offline 2D RP-RP chromatographic separation approach was
utilised, Waters Alliance 2690 HPLC system (Waters Corporation, Milford, MA, USA)
was used for the first dimension using high pH RP separation and a low pH RP
nanoAcquity system (Waters Corporation, Milford, MA, USA) in the second
dimension. Samples were loaded onto the first dimension column at a high pH and
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fractions were collected every 1 min for 100 min over a 110 min gradient. The samples
were concatenated, lyophilised, reconstituted and applied to the second dimension

column at a low pH.

The aims for this study were four-fold:

1. Develop the analytical platform using 2D-LC with HDMSF for the analysis of
pooled plasma samples for biomarker discovery.

2. Compare the number of proteins identified and quantified using 1D and 2D
approaches.

3. Assess protein level difference between heart failure and healthy controls for
both 1D and 2D approaches.

4. Assess any putative biomarker proteins identified.

4.2 Materials and Methods
4.2.1 Materials

Heart failure plasma was supplied by patients from the British Heart Foundation funded
study entitled “The uroguanylin system in heart failure”, which recruited patients
presenting with heart failure. The samples were centrifuged and plasma was separated
from the red blood cells and buffy layer. Ten heart failure samples were selected for this
study with age and sex matched control samples from the NHS New and Emerging
applications of technology funded study “Screening for heart failure” (for sample
collection protocol see appendix). The human blood samples were collected in EDTA
blood sample tubes donors following informed consent. The blood samples were
centrifuged at 1500 x g for 20 minutes at 4°C.The plasma layer was separated from the

buffy layer and red blood cells, and stored at -80°C.

ProteoMiner™ Protein Enrichment Kit (Bio-Rad, Hemel Heampstead) was used which
contained the PBS wash buffer and 1 mL equalizer bead columns. Digestion reagents
dithiothreitol, iodoacetamide and proteomics grade trypsin were supplied by Sigma
Aldrich (Poole, UK). Mass spectrometry standards Glu*-fibrinoginogen peptide, alcohol
dehydrogenase and enolase were purchased from Waters (Manchester, UK). Mass
spectrometry solvents were all purchased at optima LC-MS grade from Fisher Scientific

Ltd (Loughborough, UK).
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4.2.2 Sample preparation

Each plasma sample was thawed from -80 °C at room temperature and vortexed to
ensure homogeneity and 100 ul plasma aliquots were taken from each sample. The
samples were age and sex matched using a propensity score. An aliquot of 100 pl
plasma from ten heart failure patients and from ten healthy controls was combined to
generate two pools of plasma; one from heart failure patients and one from controls.
Each sample was incubated with the equalizer beads and eluted with 2% SDC (see
Chapter Two for full details). The elutions were digested and lyophilised and stored at -

80 °C prior to analysis.

4.2.2.1 Fractionation of pooled plasma with concatenation

An offline method for fractionating the plasma using a RP column with a mobile phase
of pH 10 in the first dimension was used. The fractions were collected from the column
in 1.5 mL eppendorf tubes and protein detection was monitored at absorbance 214 nm.
Fractions were collected at every minute over a 100 min period and concatenated into
groups of 10 as described in Table 2.2 in Section 2.8.2.1. A blank chromatographic run
of 0.1% formic acid was used between samples to ensure there was no carry over
between the heart failure and healthy control samples. The concatenated samples were
evaporated for 2 hours and lyophilised overnight. The samples were reconstituted in
0.1% formic acid and spiked with 100 fmol ADH at a 1:1 ratio. For each pooled

sample, there were 10 concatenated samples to be run in triplicate in total.

4.2.3 Proteomic workflow

Two proteomic workflows (1D and 2D) were utilised in this study. Each stage of the
approach is described in Figure 4.3. To ensure samples were not cross contaminated by
proteins from previous runs, blank washes were run between samples of 0.1% formic

acid and an enolase was run periodically to check consistency of chromatography.
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A: One dimensional analysis

Stage One Stage Two Stage Three
Sample preparation Sample analysis Data analysis

Addition of Internal

standard Raw data files

Plasma samples

Instrumental set up and PLGS

Equalizer beads checks

~

Scounting runs to assess

1onE
sample concentration Expression

Digestion

Putative biomarker

Sample lyophilisation Sample runs in triplicate discovery

B: Two dimensional analysis

Stage One Stage Two Stage Three
Sample preparation Sample analysis Data analysis

Fractionation and )
Plasma samples concatenation Raw data files

Addition of Internal

. standard
Equalizer beads PLGS
Instrumental set up and
checks
Digestion ) Expression

Scounting runs to assess
sample concentration

A Putative biomarker
Sample lyophilisation Sample runs in triplicate discovery

Figure 4.3: This shows the schematic for both the 1D (A) and 2D (B) approaches undertaken for this
study. There are three main stages, sample preparation that was developed in Chapter Three, sample
analysis that will be developed in this chapter and data analysis. Both workflows will be used in this

chapter to assess which is best suited to a discovery proteomics project.
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4.2.4 Processing of HDMSF data

HDMSE data produced was processed using PLGS v2.5.2. Lockspray (GFP) data was
collected during the nanoUPLC-HDMSF runs through a reference spray. The protein
identification and assignment process has been described in detail in section 2.9.4.
Precursor and product ions are time aligned and various data interrogation steps take
place to ensure protein identifications are confidently assigned. Data was processed
using the following processing parameters; 15, 80, 750 for the low, elevated and
intensity threshold respectively.

A Uniprot (http://www.uniprot.org/) human reviewed database was used and appended

to include ADH (yeast) and ADH was specified as the internal standard with the
concentration specified in fmol, this would allow Hi3 quantification. Protein
identification criteria were set to determine detection if the following criteria was met,
at least two fragment ions per peptide, five fragment ions per protein and a minimum of

one peptide per protein with the false discovery rate set at 4%.

Fixed modification of carbamidomethyl cysteine and one missed tryptic cleavage site
with variable modifications of oxidation of methionine, acetyl N-terminus, deamidation
of asparagines and glutamine were all included in the search parameters of the HDMSFE
workflow. All identifications made by PLGS were exported to Microsoft Excel, where

further data interrogation and filtering to remove triplicates took place.

4.2.5 Relative protein expression

Relative protein expression was performed within PLGS v2.5.2 using the expression
algorithm. The mass spectrometric runs were grouped according their conditions (i.e.
heart failure or control) and the data was normalised within each group according to the
spiked internal standard ADH.

Only proteins observed in two sample runs reported a ratio for each protein identified.
The protein ratio was assigned a probability score between 0 and 1; proteins were
reported as up-regulated, down-regulated or unique. The up and down regulation was
determined via p values that were either >0.95 (up regulated) or <0.05 (down regulated)
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and deemed statistically significant. Unique proteins were only identified in either the

heart failure or healthy control groups.

4.3 Results

4.3.1 Comparison of 1D and 2D-LC-HDMSF pooled plasma samples

The pooled samples (ten systolic heart failure and ten matched healthy controls) were
treated with the equalizer beads eluted with 2% SDC, tryptically digested and analysed
using 1D and 2D-nanoUPLC-HDMSE in triplicate.

The total number of proteins identified by 1D analysis was 263 and for 2D analysis 521
with data filtered for duplicates and a total of 237 proteins overlapped between the two
chromatographic approaches. Ninety percent of the proteins identified in 1D analysis
were also identified in 2D analysis and as the proteins were found in both experiments
it can be assumed that at these protein identifications were assigned with confidence
and the method provided repeatable and reproducible results. These results were
achieved with a sample loading of 1.8 pg for 1D and 1.1 pg per fraction for 2D
analysis. This equated to a 2 fold increase in the total number of protein observed with
ten fraction 2D analysis in comparison to 1D, despite lower sample loading per fraction.
However, once all sample loadings for the ten fractions were combined for 2D analysis

a total of 11 pg was loaded for 2D in comparison to 1.1 pg for 1D analysis.

The total number of peptides identified on average for 1D and 2D analysis were 2856
and 10370 respectively, there was a 3.6 fold increase in the number of peptides
identified by 2D analysis. This demonstrates the separation ability and advantage of the
2D chromatographic separation. An increase in peak capacity has previously been
observed in different studies, where an increase in peptides identification leads to an
increase in protein identification. Gilar et al. compared both 1D and 2D
chromatographic  separation platforms using undepleted plasma, the 2D
chromatographic separation was performed using both RP-RP and SCX-RP and all MS
analysis performed using DIA. The study found that there was a 3.6 fold increase in the
protein identification using RP-RP and 2.9 fold increase for SCX-RP, RP-RP also lead
to 12% more peptides being identified (Gilar et al., 2009). It is clear that the additional
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peak capacity and orthogonality of the RP-RP approach greatly improves the total
number of peptide and protein identified (Gilar et al., 2005b).

However, the approximately ten-fold protein concentration increase in 2D analysis only
resulted in a 50% increase in protein identifications. This can be explained due to the
exponential decrease in protein concentration levels in plasma. The number of fractions
taken from the first dimension may have been the constraint in this study, as Zhou
reported an increase in the number of proteins as a function of fraction depth (Zhou et
al., 2010). However, other studies suggest that there is no advantage in excessive
fractionation in the first dimension as the gain in protein identification leads to

excessive sample analysis time (Patel et al., 2012).

This not only meant a greater number of proteins were identified with 2D analysis, the
dynamic range achieved with 2D analysis of pooled sample groups was much greater
(Figure 4.4). The sample loadings were similar for all HDMSF analysis in this study
(1.8 pg for 1D runs and 1.1 pg for 2D runs), notably lower abundance proteins were
observed with 2D analysis. As figure 4.4 demonstrates, 2D analysis identifies proteins
from just over 5 orders of magnitude in comparison to 4 orders of magnitude for 1D
analysis. The graph clearly demonstrates that 2D analysis was able to access proteins of
lower abundance with a ten-fraction approach. These results are promising for
biomarker studies as lower abundance proteins are where clinically relevant biomarkers
are found. Thus, a more comprehensive protein profile of the samples is achieved with
2D analysis than with 1D.
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Figure 4.4: This graph shows the dynamic range achieved for the pooled patient samples using 1D and 2D analysis. The RED line indicates the dynamic range
achieved using 1D analysis, here it shows 4 orders of magnitude are achieved for the pooled sample. The BLUE line indicates the dynamic range achieved using 2D
analysis, here it shows 5 orders of magnitude are achieved for the pooled samples. The 2D protein abundances were normalised to represent an average protein

concentration per protein.
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Figure 4.5: Base peak intensity chromatograms for ten concatenated fraction RP-RP separation of equalized plasma peptides for the pooled patient plasma.
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4.3.1.1 Concatenation of the first dimension

As mentioned previously, the use of 2D-LC for this study managed to produce 50%
increase in protein identifications in comparison to 1D, with a 10 fold greater mass
load. The use of RP-RP with low and high pH has also been advantageous for protein
numbers in other studies. The use of concatenation could account for the increase in
protein numbers as well as the increase due to greater peak capacity. Concatenation
combines RP fractions from the beginning, middle and end over a LC gradient in the
first dimension. The advantages of this technique are twofold; firstly, the number of
peptide fractions in the first dimension is reduced and secondly, concatenation adds to
the orthogonality of RP-RP separation (Yang et al.,, 2012). The increase in
orthogonality could attribute to the increase in protein numbers obtained with 2D

analysis.

Previous studies have shown that concatenation improves protein numbers with a 2D-
LC platform. Wang et al. also found that concatenation of the high pH RP fractions
prior to low pH RP resulted in a 2 fold increase in both peptide and protein
identifications from tryptically digested human cells. It has been suggested that using
concatenation, the second dimension of separation space is better utilised; this is the
case with this study as shown in Figure 4.5. Peptides elute throughout the gradient in
the second dimension and elution is spread wide across the LC elution time window,

rather than eluting in peptide clusters (Wang et al., 2011).

4.3.2 Identification of a current biomarker

C-reactive protein (CRP) was identified in pooled healthy control and heart failure
plasma samples analysed using 1D and 2D-LC-HDMSE. CRP was reported as higher in
heart failure patients in both forms of analysis but was only deemed statistically

significant in 2D-LC analysis with a p value of <0.01, as reported by PLGS.

4.3.3 Relative protein analysis using 2D-LC-HDMSE
Expression® analysis was performed to compare relative protein levels in control and
heart failure equalized pooled plasma. The Expression® algorithm is integrated to PLGS
v2.5.2 and determines any difference in protein abundance and reports any up or down
regulation. All identifications were normalised to the internal standard (ADH).
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The ADH normalised expression analysis table indicated that there were a total of 521
proteins, 81 down regulated, 136 up regulated, 75 unique to heart failure and 142
unique to healthy controls using 2D-LC-HDMSE analysis. A number of proteins
reported were either contaminants such as keratin or immune response proteins such as
immunoglobulins and human leukocyte antigens. These in total accounted for 120
proteins reported. Once these proteins were removed from the reported list, a total of
401 proteins remained, of which 118 reported >1.5 fold change between the two
conditions. Table 4.1 displays 10 proteins, 5 from each biological group (see full table

in appendix).

Table 4.1: A selection of the proteins identified from 2D-LC-HDMSF analysis of pooled plasma. The
protein denoted as down regulated were lower in healthy controls therefore, indicative of disease. The

proteins denoted as up regulated were higher in healthy controls therefore, protective.

Protein Description P value Pooled control plasma :
(calculated by ExpressionE) Pooled heart failure
plasma

C reactive protein 0 Down regulated
Galectin 3 binding protein 0 Down regulated
Insulin like growth factor binding protein 2 0 Down regulated
Platelet factor 4 0 Down regulated
Serum amyloid P component 0 Down regulated
A disintegrin and metalloproteinase with 0.95 Up regulated
thrombospondin motifs 13

Actin aortic smooth muscle 1 Up regulated
Apolipoprotein A 1l 1 Up regulated
Mannan binding lectin serine protease 1 1 Up regulated
Vitamin D binding protein 1 Up regulated

To ensure that all relative quantitative analysis was accurate, the relative change in the
internal standard or alcohol dehydrogenase was cross examined against the calculated
relative change. Expression® analysis reported ADH to have a 1.0 fold change between
the heart failure and control plasma. The calculated difference between ADH between
the heart failure and control samples was 1.1 fold, this confirmed that the Expression®

analysis could be used with confidence for discovery biomarker projects.
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4.3.4 Relative protein analysis using 1D-LC-HDMSF

Ten individual samples were combined according to their conditions to give two pooled
samples representing heart failure and matched healthy controls. The protein abundance
for these samples was estimated using the Hi3 algorithm in PLGS and samples were
grouped according to their conditions for relative abundance analysis using the
Expression® algorithm in PLGS v2.5.2. All identifications were normalised to the
internal standard (ADH).

The ADH normalised expression analysis table indicated that there were a total of 4460
peptides were identified with 24 proteins showing decreased abundance , 61 increased
abundance, 109 proteins unique to heart failure and 63 unique to healthy controls using
1D-LC-HDMSF analysis. Once again, a selection of proteins reported were either
contaminants such as keratin or immune response proteins such as immunoglobulins
and random protein sequences that were unidentifiable. These in total accounted for 47

of the proteins reported.

Upon comparing the 1D-HDMSF protein expression list with the 2D-HDMSF protein
expression list, a number of observations were made. All of the proteins identified in
the 1D analysis of the pooled samples through expression analysis were identified by
the 2D expression analysis unlike a manual comparison where merged protein lists for
1D and 2D were compared in Excel without filtering. A number of immune response
proteins were identified in the pooled heart failure group more so than the pooled
healthy control sample. CRP is thought to play an immune-responsive role in heart
failure and is a marker of inflammation. In contrast to 2D-LC-HDMSF where CRP
showed decreased abundance in healthy patients and was highly significant, CRP was

not identified as a significant marker of disease using 1D-LC-HDMSF analysis.

Mannose binding serine protease 1 (MASP1) was found be significantly up regulated in
healthy control patients with both 1D and 2D-LC-HDMSF analysis. Similarly, platelet
factor 4 was found to be significantly down regulated in healthy patient’s samples. This
would suggest that these proteins could be markers of the different conditions (Table
4.2).
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Table 4.2: A selection of the proteins identified from 1D and 2D-LC-HDMSF analysis of pooled plasma.
This table shows the protein ratio’s identified for each workflow. As the table shows that differences in

ratio for 1D analysis is much greater than 2D analysis.

1D Control: 2D Control: 1D Control: 2D Control:
Protein description Heart Failure  Heart Failure Heart failure Heart failure
Ratio Ratio _Log(e)Ratio _Log(e)Ratio
Clusterin 0.05 0.88 -2.95 -0.13
Fibrinogen alpha chain 0.11 0.76 -2.21 -0.28
Fibulin 1 0.07 0.58 -2.67 -0.55
Protein AMBP 0.10 0.53 -2.32 -0.63
Apolipoprotein C | 0.11 0.66 -2.25 -0.42
Platelet factor 4 0.44 0.12 -0.82 -2.11
Apolipoprotein D 3.71 2.36 1.31 0.86
Beta 2 glycoprotein 1 3.10 1.25 1.13 0.22
Complement factor H 4.26 1.51 1.45 0.41
Mannan binding lectin serine
orotease 1 6.05 1.86 1.8 0.62
Phosphatidylinositol glycan
specific phospholipase D 1159 182 &49 00
Vitamin K dependent protein S 4.01 1.54 1.39 0.43

Of the 24 proteins with decreased abundance identified by 1D-HDMSF analysis only 8
of the proteins showed the same relationship with 2D-HDMSF analysis. Of the 61 up-
regulated proteins, only 30 shared the same relationship. When comparing the proteins
that followed the same trend in both expression lists for the two chromatographic
separations, the ratio between the control group and heart failure was greater for the 1D
separations. That is to say a greater difference in protein abundance and thus ratio was
observed with 1D analysis than the 2D analysis, as demonstrated in Table 4.3

4.3.5 Comparison of the diagnostic biomarkers identified

In this study, two different chromatographic platforms have been tested against one
another using two biological patient sample groups. As mentioned previously, all
proteins identified in the 1D expression analysis of the two patient groups were also
identified in the 2D expression analysis. It would be expected that proteins identified in
both types of analysis would follow the same trend but this was not true as highlighted

above.
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Table 4.3: This table shows all proteins identified at differing levels in control and heart failure plasma.

Protein Description

1D control: heart

failure _Log(e)Ratio

2D control: heart

failure _Log(e)Ratio

14 3 3 protein zeta delta

Actin cytoplasmic 2

Alpha 2 antiplasmin

Alpha actinin 1

Apolipoprotein D

Beta 2 glycoprotein 1

Beta Ala His dipeptidase

Cadherin 5

Carboxypeptidase N subunit 2
Cartilage oligomeric matrix protein
Glutathione peroxidase 3

Hemopexin

Mannan binding lectin serine protease 1
Phosphatidylinositol glycan specific phospholipase D
Platelet factor 4

Protein AMBP

Protein Z dependent protease inhibitor
Proteoglycan 4

Serum paraoxonase arylesterase 1
Thrombospondin 1

Tubulin beta 1 chain

Vitamin K dependent protein S

3.12
2.07
2.13
2.49
131
1.13
0.86
1.88
2.35
0.86
1.5
14
1.8
2.45
-0.82
-2.32
1.88
2.14
-2.59
2.59
1.76
1.39

0.93
0.93
0.29
0.99
0.86
0.22
0.4
0.39
0.39
0.33
0.11
0.19
0.62
0.6
-2.11
-0.63
0.57
0.25
-0.07
0.33
0.69
0.43

A comparison of the differences in the proteins identifications for 1D and 2D analysis

was made. Proteins that were expressed at differing levels (i.e. up or down regulated) in
the 1D-HDMSF analysis were selected and the log(e) ratio for both 1D and 2D-LC-

HDMSF analysis for these proteins were compared. The results of the comparison of

potential biomarkers are displayed in Figure 4.6.

Of the 69 proteins displayed, 32 proteins showed opposing relationships from 1D and

2D analysis and in most cases the ratio was not comparable between the two analyses.

The remaining 37 proteins displayed a similar trend in the plasma ratio with weak

correlation seen with the vast majority of the proteins. Platelet factor 4 was the only

protein that showed a greater change in ratio for 2D-HDMSF analysis rather than 1D.
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After removing all high abundance proteins, 22 putative biomarkers were identified as
markers of heart failure, using the expression analysis of both 1D and 2D analysis
(Table 4.3).

Clearly both 1D and 2D-nanoUPLC-HDMSF can be used as analytical platforms to aid
in biomarker discovery and although there are differences in the protein profiles
produced by both, similarities do exist as Table 4.3 shows. Software programmes are
available that allow protein identification, relative quantitation and statistical analysis
within the same data analysis process. Progenesis LC-MS (Nonlinear Dynamics,
Newcastle upon Tyne, UK) is specifically designed to process data from multi-fraction
experiments and allows comparisons to be made between samples at the peptide and
protein level, reducing the level of human error in the data processing.
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4.4 Discussion

This study used two different chromatographic platform methods with two pooled
samples from different biological groups: control and heart failure. Each pooled sample
combined ten individual samples, once pooled the samples were equalized using the
Proteominer™ beads. The pooled samples were analysed using both single and
multidimensional chromatography with high/low pH RP-RP separation. For the
multidimensional chromatography a total of one hundred fractions were collected and
concatenated into ten fractions to maximise the second dimension chromatographic
space. This study found that the 2D platform outperformed the 1D with regards to
peptide and protein coverage due to the increased separation space in 2D analysis, with

similar sample loadings.

Although both the 1D and 2D platforms are suitable for biomarker discovery, 2D
analysis offers an advantage in proteome coverage, there was a 3.6 fold increase in the
number of peptides identified by 2D analysis in comparison to 1D. An important aspect
of proteomic analysis is minimal introduction of technical variation. A comparison of
the protein identifications found that 90% of the proteins identified by the 1D approach
were also seen in the 2D approach. This not only meant a greater number of proteins
were identified with 2D analysis, the dynamic range achieved with 2D analysis of
pooled samples was much greater (Figure 4.4). The sample loadings were similar for all
chromatographic experiments in this study, notably lower abundance proteins were
observed with 2D analysis than 1D. The 2D experiment most definitely enabled a
greater number of lower abundant proteins to be identified, as highlighted by Figure 4.4

and the 2 fold increase in the number of proteins identified.

The increased dynamic range seen in this study with the 2D approach has also been
seen in previous studies. Patel et al. found an increase from 3 to 4 orders of magnitude
with an 11 fraction 2D RP-RP approach by comparison with a 1D approach (Patel et
al., 2012).

Both the 1D and 2D approaches identified CRP however, only the 2D approach was
able to identify CRP as a potential biomarker for heart failure. The 1D analysis did not

deem the relative protein abundance change significant between the two biological
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groups. Similarly, leucine-rich alpha 2 glycoprotein (LRG) was unidentified in the 1D
pooled plasma but identified in the 2D analysis. A recent study by Watson et al.
(Watson et al., 2011) followed the workflow where-by affinity depleted serum was used
and separated using two-dimensional difference gel electrophoresis. Bands which
showed greatest difference in protein expression between the groups were excised from
the gel, enzymatically digested and then analysed using a nano-LTQ orbitrap mass
spectrometer. The data found LRG was over expressed in heart failure patients.
Although the 2D analysis carried out in this study was able to identify it, the relative
change in abundance was not deemed significant to suggest it may be a biomarker for
this study. However, without the 2D analysis this protein would not have been
identified at all. Again this shows the importance of increasing the separation space to
increase the number of proteins identified in discovery proteomic projects.

The relative quantitative analysis of the internal standard ADH for the pooled plasma
samples for in both 1D and 2D approaches was closely related to the calculated relative
analysis, instilling confidence in the output.

There was good agreement with the protein identification observed between the 1D and
2D analysis. A number of proteins from both chromatographic analyses were identified
unique to either biological group. There were also a large number of proteins which
were identified at differing levels and many of these were at a statistically significant
level. However, upon close inspection the results from the 1D and 2D analysis of the
relative abundance did not closely correlate across the biological groups. A smaller
number of proteins did correlate across the biological groups in both 1D and 2D
analysis however; few of these were biologically significant. The 2D analysis was able
to identify current biological markers used for heart failure diagnosis and also identify
markers that have recently been proposed, highlighting the importance of
multidimensional chromatography.

The biggest limitation of this study was the pooling of ten samples of each biologically
group for 1D and 2D comparative studies which effectively gave an n = 1. The use of
pooling samples in proteomic workflows has come into question. Pooling of samples
could cause biological variations in individual patient samples to be lost and as a result
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pooling relies on biological averaging where protein abundance averages out when
pooled (Karp & Lilley, 2007). The main reason for sample pooling in proteomic studies
Is throughput, as analysis of individual samples using LC-MS/MS can be slow
especially with proteomic workflows as one sample needs a 50-110 min LC gradient
per sample, in triplicate this would be 2.5-5.5 hours per sample respectively. The slow
throughput could place constraints on the number of biological replicates that can be

processed reducing the statistical power of a study (Diz et al., 2009).

In this study, Figure 4.5 compared the putative biomarkers identified in both 1D and 2D
analysis. Only 37 of the 69 proteins agreed in the expression of the putative protein
biomarkers between 1D and 2D analysis. It is possible that pooling of ten samples from
each biological group to an n = 1 explains the opposing expression of the proteins
identified. However, pooling of samples also enabled the throughput of this study to be
reduced 10 fold. A compromise of throughput and pooling size has to be made. Pooling
of samples in large scale proteomics studies is needed to increase the throughput. To
decrease the biological averaging effects of pooling, several small pools of samples
rather than one big pool of n = 1 is a better approach, as variance amongst pooled
sample and outliers can still be identified (Karp & Lilley, 2007). Additionally, pooling
of samples becomes necessary when large number of samples are analysed, as a single
nanoLC-HDMSF produces 8 GB files, making a small study such as this analysed in
single samples rather than a pool would produce of total of 480 GB of data. This can be

demanding on processing software.

A label free quantitative method has been tested using the same pooled samples from
two biologically different groups on two different platforms, 1D and 2D RP-RP-
HDMSE. Both the chromatographic methods have been tested and compared and good
qualitative agreement between the two has been observed. The quantitative agreement
between the same sets was a lot lower than the qualitative agreement. Upon close
inspection, it has been observed that the 1D approach missed some important known
identifications in relative quantitative analysis and a greater dynamic range was
achieved with 2D chromatography. The label free 2D-RP-RP-HDMSF approach has
shown that the use of the additional separation space has the potential to identify a
greater number of proteins, confidently quantitate relative measurements over a wider
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dynamic range. The limitation of n = 1 shall be addressed in Chapter Five, where a
greater number of samples will be analysed using the label free 2D-RP-RP-HDMSE

proteomic workflow.
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Chapter Five
Prognostic Heart Failure

Study



5.1 Introduction

The previous chapters helped establish the proteomic workflow for this prognostic
study. There are many different biomarkers that are used to help diagnose and monitor a
patient’s prognosis in heart failure, some of which are highlighted in Figure 5.1.
Prognosis in heart failure relies heavily on recently discovered biomarkers derived from
natriuretic peptides (Mukoyama et al., 1991). BNP is an endogenous polypeptide
hormone that is released upon cardio myocyte injury, stretch and hypoxia. This is then
cleaved at the amino terminus to produce its inactive counterpart NT-proBNP. Both of
these polypeptides are derived from the same precursor, proBNP. B-type natriuretic
peptide (BNP) and N-terminal pro-hormone brain natriuretic peptide (NT-proBNP) are
currently the most extensively studied and developed for clinical use. The plasma
concentration of these biomarkers significantly increases above baseline levels upon
myocardial stress. This makes them ideal biomarkers to measure for diagnosis and
prognosis (Isaac, 2008; van Kimmenade & Januzzi, 2012).

Despite the success of the natriuretic peptides, the use of BNP and NT-proBNP as
effective and accurate markers of heart failure has been criticised (Berliner et al., 2009).
All conditions/processes that cause an increase in ventricular myocyte stress cause an
increase in levels of BNP. For example; atrial fibrillation, hypertension, aortic stenosis,
unstable ischemic heart disease, right heart failure, diabetic nephropathy,
hyperthyroidism, anaemia, declining renal function and severe sepsis are all known to
cause an increased circulating BNP and NT-proBNP levels. The levels of circulating
natriuretic peptide do not necessarily provide information on the mechanism, aetiology
and intensity of myocardial stress (Lok et al., 2013). There is an observed intra-
individual variation in natriuretic peptides; for example, in a healthy population free of
cardiac disease the background circulating levels of BNP are higher in women than in
men, although this is not reflected in the patient population who present with cardiac
disease. Obesity also affects the levels of BNP with those who have a higher BMI seem
to have lower levels of BNP than those who are classed as having a healthy BMI (Chen
et al., 2010; Rocchiccioli et al., 2010).
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Figure 5.1: Systemic overview of heart failure biomarkers taken from (Choudhary et al., 2013). The

biomarkers displayed here are classified according to their function.

Heart failure is a multi-organ disease and the condition often emerges with impairments
in multiple regulatory functions, from the renin-angiotensin-aldosterone system to
cardiac response to inflammatory pathway activation (Ketchum & Levy, 2011).
Therefore, a multi-marker strategy incorporating a variety of biomarkers discovered
using proteomics, to understand the prognosis of a patient would lead to greater
understanding of the disease and tailored medicinal approach.

Within this chapter, the need for a multi-marker strategy in understanding the prognosis
of patients with acute heart failure is addressed by use of a label free 2D-RP-RP-
HDMSF proteomics approach. The objective of this study is to use the sample
preparation method developed and refined in Chapter Three and the platform method
developed and refined in Chapter Four, and apply this to a large acute heart failure
sample cohort. The cohort contains samples from two distinct acute heart failure
populations, survivors, and non-survivors. The survivors consisted of patients who
remained event free for 1-year post initial diagnosis and non-survivors who did not

remain event free for 1-year post initial diagnosis.
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5.1.1 Prognostic biomarker discovery proteomic workflow

In this study, the proteomic workflow was designed to determine the protein profiles of
acute heart failure survivors vs. acute heart failure non-survivors, to identify prognostic
biomarkers in plasma. The samples were prepared using the equalizer beads and
trypsinised, an additional separation stage using offline RP chromatography was added
for another dimension of protein separation. The samples were analysed using a novel
gquantitative label free nanoUPLC-HDMSF method. The data was analysed and
quantified using bioinformatic software PLGS v2.5.2 and quantification was achieved
using the Hi3 method where absolute protein concentration is determined by the use of

an internal standard at a known concentration (Silva et al., 2006).

One of the limitations of the previous diagnostic study in Chapter Four was the lack of
relative quantitative agreement between the two chromatographic analyses using
Expression®. In this study, a new software package was used for the purposes of relative
quantitation, Progenesis LC-MS as this programme came with the ability to align data
at a peptide and protein level and was designed to process data from fractionated
experiments. Alignment at a peptide and protein level was a novel method used for data
processing in the discovery of prognostic biomarkers in acute heart failure using a

discovery proteomics approach.

The aim for this study was four-fold:

1. Use plasma from two acute heart failure patients groups which had not been
previously tested with the optimised sample method and platform method
detailed in chapter 3 and 4 respectively to identify prognostic biomarkers.

2. Introduce the use of quality controls into the workflow to ensure machine
performance remained consistent throughout analysis.

3. Characterise and quantify the equalised plasma proteins from the two acute
heart failure conditions using a 2D-RP-RP-HDMSF approach.

4. ldentify novel prognostic biomarkers generated by this workflow.
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5.2 Methods and Materials
5.2.1 Materials

Heart failure plasma was supplied by patients from the British Heart Foundation funded
study entitled “The uroguanylin system in heart failure”, which recruited patients
presenting with heart failure (for sample collection protocol see appendix). The samples
were centrifuged and plasma was separated from the red blood cells and buffy layer.
One hundred acute heart failure samples were selected for this study, age and sex
matched. The samples formed two cohorts of patients, those whom remained event free
for one year post initial diagnosis (survivors) and those who did not (non-survivors)
who either had died or were re-hospitalised with heart failure within 1 year, labeled as
the MACE (major adverse cardiac event). The human blood samples were collected in
EDTA blood sample tubes donors following informed consent. The blood samples were
centrifuged at 1500 x g for 20 minutes at 4 °C. The plasma layer was separated from the

buffy layer and red blood cells, and stored at -80 °C.

ProteoMiner™ Protein Enrichment Kit (Bio-Rad, Hemel Hempstead) was used which
contained the PBS wash buffer and 1 mL equalizer bead columns. Digestion reagents
dithiothreitol, iodoacetamide and proteomics grade trypsin were supplied by Sigma
Aldrich (Poole, UK). Mass spectrometry standards Glu'-fibrinoginogen peptide, alcohol
dehydrogenase and enolase were purchase from Waters (Manchester, UK). Mass
spectrometry solvents were all purchased at optima LC-MS grade from Fisher Scientific
Ltd (Loughborough, UK).

5.2.2 Sample pooling

Samples from each patient cohort were pooled into groups of ten to reduce the sample
analysis and data processing time. A total of a hundred samples were used, fifty
belonging to the survivor and 50 to the non-survivor cohort. The pools of samples are
detailed in Figure 5.1. The one hundred samples were randomly selected from a sample
database using the statistical programme R, which generated fifty samples for each

biological group.
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Table 5.1: Acute heart failure prognostic pooling plasma sample study design. The sample lists of 50
survivors vs. 50 non-survivors was generated using a statistical programme (R) which provided the list of
50 sex and aged matched samples in each group using a propensity score. These have been further sub-

divided into populations of 5 pooled groups of sample per biological condition.

Survivor group number | Sample Number | MACE Non-survivor group number | Sample Number | MACE

23 0 10 1

32 0 13 1

43 0 18 1

57 0 25 1

. 81 0 . 38 1
Survivor 1 o 0 Non-survivor 1 75 0
87 0 49 1

118 0 52 1

129 0 53 1

142 0 75 1

150 0 95 1

163 0 106 1

165 0 108 1

168 0 112 1

. 180 0 . 116 1
Survivor 2 199 0 Non-survivor 2 124 1
201 0 128 1

203 0 131 1

225 0 141 1

228 0 151 1

229 0 166 1

256 0 167 1

258 0 169 1

260 0 173 1

. 261 0 . 175 1
Survivor 3 563 0 Non-survivor 3 75 0
272 0 183 1

275 0 205 1

282 0 208 1

283 0 209 1

284 0 211 1

285 0 214 1

287 0 216 1

289 0 226 1

. 291 0 . 231 1
Survivor 4 592 0 Non-survivor 4 535 T
294 0 245 1

297 0 246 1

299 0 247 1

300 0 255 1

301 0 277 1

302 0 280 1

304 0 286 1

306 0 288 1

. 307 0 . 295 1
Survivor 5 310 0 Non-survivor 5 596 T
311 0 305 1

323 0 314 1

324 0 316 1

326 0 325 1
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5.2.3 Sample preparation

Each plasma sample was thawed from -80 °C at room temperature and vortexed to
ensure homogeneity and 100 pl aliquots were taken from each sample. The plasma
aliquot taken from the survivor cohort was combined to give a 1 mL pooled sample; the
same was repeated for the matched non-survivor cohort. A total of ten pooled samples
were generated, five pooled survivor samples and five pooled non-survivor samples.
Each sample was incubated with the equalizer beads and eluted with 2% SDC, as this
was determined to be the optimum sample preparation method from chapter 3. The

elutions were digested and lyophilised ready for analysis.

5.2.3.1 Fractionation of pooled plasma with concatenation

An offline method for fractionating the plasma using a RP column with a mobile phase
of pH 10 in the first dimension was used. The fractions were collected from the column
in 1.5 mL eppendorf tubes and protein detection was monitored at absorbance 214 nm.
Fractions were collected at every 1 min over a 110 min period and concatenated into
groups of ten as described in Table 2.2 in Section 2.8.2. A blank chromatographic run
of 0.1% formic acid was used between samples to significantly reduce carry over
between the heart failure and healthy controls samples. The concatenated samples were
evaporated for 2 hours and lyophilised overnight. The samples were reconstituted in
0.1% formic acid and spiked with 100 fmol ADH at a 1:1 ratio. For each pooled
sample, there were ten concatenated samples to be run in triplicate in total. Therefore,
every pooled sample was fractionated into ten concatenated samples, leaving ten
samples to be analysed in triplicate per pooled sample. Using this fractionation and
concatenation method, each biological group had a total of 50 samples to be analysed
by nanoUPLC-HDMSF, in triplicate this was a total of 150 runs per biological group.
The total number of nanoUPLC-HDMSE runs for this entire study was 300, excluding

all quality controls and blank runs.
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5.2.4 Proteomic workflow

The proteomic workflow utilised in this study, is a slightly modified workflow from
chapter four. Each stage of the approach is described in Figure 5.2. Blank washes were
run between samples for 0.1% formic acid and an enolase was run periodically to check

consistency of chromatography.

a N
' s Plasma samples
Stage One «Equalizer beads
) - Digestion
Sample preparation +Sample lyophilisation
\_ )
- N
l» Fractionation and concatenation
Stage TWO « Addition of Internal standard
« Instrumental set up and checks
Sample analysis « Scounting runs to assess sample concentration
L j»Sample runs in triplicate
Ve N
' l*Raw data files
Stage Three -PLGS
*Progenesis LC-MS
L Data analysis «Putative biomarker discoery

Figure 5.2: The schematic for the proteomic workflow undertaken for this study. There are three main
stages, sample preparation that was developed in Chapter Three, sample analysis which was developed in

Chapter Four and data analysis with the introduction of Progenesis LC-MS.

5.2.4.1 Quality controls

Implementation of QCs in proteomics studies is becoming increasingly important as the
quantitative nature of such experiments increases and a standardised QC practice is yet
to be established. The use of QCs can highlight the source of variation, which can be
either accounted for or rectified across the proteomic workflow and ensure that the data

produced from every study is accurate (Cairns, 2011; Kocher et al., 2011).

In this study, a 5 pl aliquot of every sample produced for nanoLC-HDMSF analysis was
taken to produce a pooled QC sample. The QC sample was run at the start and end of

each batch of samples. A batch included ten samples with ten 0.1% formic acid blank
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runs. The QC samples were monitored throughout the study to ensure the number of
peptides and proteins identified did not vary +>10%. Assessment of the

chromatographic performance was checked by running enolase every 24 hrs.

5.2.5 Processing of HDMSF data

5251 PLGSv25.2

LC-HDMSE data was processed using PLGS v2.5.2 and the lockmass data was
collected during the LC-HDMSF runs through a reference spray for lockspray. The
protein identification and assignment process has been described in detail in section
2.9.4, essentially preliminary precursor and product ions are time aligned and various
data interrogation steps take place to ensure confident protein identifications. Data was
processed using the following parameters: 15, 80, 750 for the low, elevated and

intensity threshold respectively.

A uniprot human reviewed database was used and appended to include ADH (yeast).
ADH was specified as the internal standard with the concentration specified in fmol,
allowing for Hi3 quantification. Protein identification criteria was set to determine
detection if the following criteria was met, at least two fragment ions per peptide, five
fragment ions per protein and a minimum of one peptide per protein and the false

discovery rate was set at 4%.

Fixed modification of carbamidomethyl cysteine and one missed tryptic cleavage site
with variable modifications of oxidation of methionine, acetyl N-terminus, deamidation
of asparagines and glutamine were all included in the search parameters of the HDMSF
workflow. All identifications made by PLGS were exported to Microsoft Excel, where

further data interrogation and filtering of data to remove triplicates took place.

5.2.6 Relative protein expression
5.2.6.1 Expression®
Relative protein expression was performed within PLGS v2.5.2 using the expression
algorithm. The mass spectrometric runs were grouped according to their conditions (i.e.
survivor or non-survivor), and the data was normalised within each group according to
the spiked internal standard ADH.
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PLGS removed all dubious proteins (i.e. proteins only observed in one sample run) and
reported a ratio for each identification. The protein ratio was assigned a probability
score between 0 and 1. Proteins were reported as up regulated, down regulated or
unique. The up and down regulation was determined via p values that were either >0.95
(increased expression) or <0.05 (decreased expression) and deemed statistically
significant. Unique proteins were only identified in either the heart failure or healthy

control groups.

5.2.6.2 Scaffold
Raw data files were processed using PLGS v2.5.2 with all parameters specified above,
the FDR was in this case set to 100%. All processed files were exported into scaffold

and the data was analysed against the same database used for PLGS.

5.2.6.3 Progenesis LC-MS

Progenesis LC-MS was used for relative protein expression analysis. Raw data files for
all samples were imported into Progenesis LC-MS and a reference raw data file was
selected. The data file was set as the reference run for typical retention time and m/z
profile of peptides from the study and all other chromatograms were aligned to this
selected run. The quality of the data was reviewed and visually assessed by the
alignment scores. Multiple filtering criteria could be utilised within the programme, for
example peptides < 17 or > 5" were excluded, statistical analysis at the peptide level was
also conducted. The peptide and protein identifications were imported from PLGS
v2.5.2. The peptide identifications were reviewed and where there was a conflict in
peptide identification (i.e. identified for multiple proteins), these peptides could be
excluded. Then using the filtered peptide data, the protein identifications were assigned
and protein quantification was based solely on unique peptides identified for that
protein. Further filtering of the relative quantitative data was conducted based on p-
values and fold change. Finally, a report of protein identification with quantitation was

generated.
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5.3 Results
5.3.1 Quality controls

The quality controls were run in two batches in this project, as during the mid-point of
this study, a series of analytical platform checks were run to ensure consistency of
performance. A QC was run after approximately 25 hours of clinical sample injections,
using the same inlet method and MS method. The QC data was processed using the
same PLGS threshold values (15, 80, 500 for the low energy, high energy and intensity
threshold respectively).

The typical chromatogram obtained from a QC sample is shown in Figure . The figure
displays a representative of the chromatograms seen throughout the study. The
chromatograms and signal intensities were compared to assess the reproducibility of the
mass spectrometer throughout the study and the retention time and intensity of a
randomly selected ion (m/z 737.716) was compared using an extracted ion

chromatogram.

The chromatograms for the QC’s showed good reproducibility as the peptide
distribution along the retention time window was similar for the QC’s across the study,
the peptides began to elute around 16.5 minutes and ended at approx. 44 minutes. The
signal intensities for the base peak chromatograms were similar with an average
intensity of 1e (Figure ). Further analysis of the reproducibility was conducted by
choosing a peak at random, in this case ion with m/z 737.716. The ion eluted at 28
minutes + 9 seconds and the ion intensity 1.1e®. This shows good platform stability and

performance throughout the study.

As mentioned above, the data from the QC’s was processed using PLGS v2.5.2 and the
same processing thresholds and parameters were set for samples as well as QC’s. The
first batch of QC’s produced an average of 81 proteins and the second batch of QC’s
produced an average of 83 proteins with an RSD of 5.4% and 8.8% respectively. As the
RSD is <10% this shows high level of reproducibility and this can also be seen in
Figure 5.3.

154



100 -

80 -
70 -
60 -

== Batch 1

40 - == Batch 2

30 -

Average number of proteins

10 -

1 2 3 4 5 6 7 8
QC sample number

Figure 5.3: This graph show the number of proteins identified in the quality control sample for this study.
The blue line indicates the first batch of QC’s and the red the second batch of QC’s

The proteins identified for all the QC’s were compared manually in Excel and the data
was filtered to remove proteins that were only seen in one QC sample. The first QC
batch had 79 proteins that were identified in more than one injection and the second
batch of QC’s had 78 proteins that were identified in more than one injection.
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Figure 5.4: This figure shows an example of the chromatograms for the QC samples for this study. On the Left are the base peak intensity chromatograms for 2 QC

samples and on the right is an extracted ion chromatogram for the ion 737.716 m/z The signal intensities for the chromatograms is 2e° and 1e® respectively.
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Figure 5.5: This shows a PCA plot of the two biological conditions; survivors in pink and non-survivors
in blue and the QC’s in purple. As can be seen, the QC’s cluster in the same small area of the PCA plot,
indicating high reproducibility.

A PCA plot of the QC samples generated in Progenesis-LC MS shows the QC’s
clustering in the middle of the two biological samples (Figure 5.5). The PCA plot shows
the QC samples clustering within the same area of the graph, providing strong evidence
of high reproducibility in data produced and proteins identified. The average number of
peptides for both batches of QC’s was investigated to identify if the same pattern seen
at the protein level was repeated at a peptide level. There was an average of 1321
peptides for batch one and 1355 peptides for batch two. As Figure 5.6 shows the

peptide level shows a very similar pattern of reproducibility at the protein level.

157



1800 ~

1600 -

[N

o

o

o
1

1200 -

1000 -

800 - =¢= Batch 1

== Batch 2
600 -

Average number of peptides

400 -

200 -

1 2 3 4 5 6 7 8
QC sample number

Figure 5.6: This graph show the number of peptides identified in the quality control sample for this study.
The blue line indicates the first batch of QC’s and the red the second batch of QC’s

Seventeen proteins identified in all QC samples were compared. All seventeen proteins
were selected at random and the number of peptides identified for the proteins across
the sixteen QC samples was averaged and the standard deviation calculated (Figure
5.7). The graph demonstrates consistency in the platform performance and thus, the
consistency throughout the study. The standard deviations show some degree of
variation, this variation is due to technical (platform) variation but this platform
variation still falls within 20% RSD.
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Figure 5.7: The graph shows the average number of peptides identified in 17 randomly selected protein in
the sixteen QC runs. The error bars indicate the standard deviation of peptide identifications indicating

the reproducibility of the method.

5.3.2 Protein identification of acute heart failure plasma using 2D-RP-RP-
HDMSE

A hundred acute heart failure plasma samples from two different conditions were

pooled into groups of five. The samples were treated with the equalizer beads and

eluted with 2% sodium deoxycholate. The samples were tryptically digested and

fractionated over 110 min high pH RP HPLC run and 100 fractions were collected. The

fractions were concatenated and analysed using a nanoLC-HDMSF method. A typical

chromatogram seen in the first and second RP separation is shown in Figure 5.8.
For each of the ten concatenated samples obtained from the pooled samples of the two

biological conditions, an aliquot was taken and analysed using a LC-MSF ‘scouting’

run.
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Figure 5.8: Typical chromatograms obtained from the high pH fractions (A) and then run on the
conventional low pH RP LC-MS HDMSF (B). A) The chromatogram on top shows the separation in the
first high pH dimension at absorbance 214 nm. B) The chromatogram on the bottom shows the separation

in the second low pH dimension (B).
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Each aliquot was spiked with a known amount of internal standard (ADH typically at
50 fmol on column) and run at 1 pl of sample on column. The protein concentration
was determined for each concatenated fraction per pooled sample using the Hi3
approach. Samples loading volumes for nanoUPLC-HDMSF analysis were adjusted in
accordance to the LC-MSF protein estimation to ensure 1 g of protein was loaded on

column for all samples analysed.

A total of 300 data files were collected from the mass spectrometry analysis, amounting
to 1.2 TB of data. This data was analysed for protein identification in PLGS v2.5.2 and
relative protein quantitation in Progenesis-LC MS. A total of 25,336 proteins were
identified by PLGS from 300 data files using a Uniprot database including all
duplicates. To remove duplicate identifications fraction data files were merged to
represent one file per pool using the merge function in PLGS v2.5.2, essentially leaving
five merged protein identification files for the five pooled survivor population and five

merged protein identification files for the five non-survivor population.

Using the merged data files in PLGS, the average number of proteins for each merged
fraction in triplicate was calculated, on average 132 to 207 proteins were identified in
each merged pooled sample (Figure 5.9). An average of 3,469 peptides were identified
per merged pooled sample with an average of 19 peptides were per protein and an
average sequence coverage of 30.6%. The relative standard deviation (RSD) was
calculated for the number of proteins and peptides identified in each pooled sample in
triplicate (shown in Figure 5.10). All pooled samples fall below 20% RSD, which
demonstrates the study is reproducible and reliable.
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Figure 5.9: This graph shows the average number of proteins identified in the ten pooled samples using
PLGS merged data files for each fraction. Samples 1-5 represent the fifty pooled survivor samples
(BLUE) and samples 6-10 represent the fifty pooled non-survivor samples (RED). The error bars indicate

the standard deviation of protein identifications indicating the reproducibility of the method.
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Figure 5.10: This graph shows the RSD for the number of proteins and peptides identified in the ten
pooled samples. The BLUE represents the RSD of proteins and the RED line represents the RSD of
peptides. Samples 1-5 (n=50) represent five pooled acute heart failure survivors and sample 6-10 (n=50)

represent five pooled acute heart failure non-survivors.
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5.3.2.1 Relative protein quantification of fractionated acute heart failure plasma

Expression analysis and Scaffold analysis was attempted to carry out relative
quantitation on 300 data files produced from this study. However, due to the large
amount of data produced (1.2 TB), both programmes were unable to analyse the data.

Thus, Progenesis LC-MS was used to perform relative quantitation.

5.3.2.1.1 Progenesis LC-MS analysis of survivor vs. non-survivor

Three hundred samples were analysed for protein identifications in PLGS v2.5.2.
Progenesis LC-MS has the ability to analyse fractionated samples and collate all the
data from the individually aligned fractions. Briefly, a series of experiments within
Progenesis LC-MS were created for each fraction i.e. for this study ten. Each
experiment contained the sample runs from that particular fraction. These fractions
were aligned at a peptide level within their own fraction experiments and protein
identifications from PLGS were imported into Progenesis LC-MS for that fraction.
Then a multi-fraction experiment was created where all the individual fraction
experiments were collated into a single big experiment and allowed the overall

comparison to be made.

In this study, ten fraction experiments were created for the ten concatenated fractions,
these were analysed as ten individual experiments. Then an overall multi fraction
experiment was created incorporating all ten fraction experiment data and samples were
recombined according to their origin. The experimental design was described, survivors
vs. non survivors, and the relative protein expression was obtained with the protein

statistics function Figure 5.11.
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Step one: Progenesis LC-MS fraction experiments

Fraction | Fraction @ Fraction @ Fraction @ Fraction @ Fraction @ Fraction l| Fraction | Fraction @ Fraction
1 2 3 4 5 6 7 8 9 10

Survivor @ Survivor @ Survivor @ Survivor @ Survivor l§ Survivor @ Survivor |l Survivor @ Survivor | Survivor
VS. VS. VS. VS. VvS. vS. VS. VS. VS. vS.

non- non- non- non- non- non- non- non- non- non-
survivor @ survivor @ survivor @ survivor survivor @ survivor @ survivor @ survivor @ survivor W survivor

Each fraction analysed as separate experiment

Step two: Progenesis LC-MS multi-fraction experiment

RECOMBINE fractions

SURVIVOR NON-SURVIVOR
Pooled samples1-5 Pooled samples1-5
Recombine Recombine
Fractions 1-10 Fractions 1- 10

Relative protein expression table

Figure 5.11: Informatic workflow for Progenesis LC-MS multi-fraction experiment. The data analysis

pathway was used for this study.
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All results in Progenesis were filtered to show proteins identified with >2 peptides per
protein and exclude any protein identifications with a mass error greater than 10 ppm.
After filtering, a total of 579 proteins were identified by Progenesis LC-MS, of which
220 were expressed higher in non-survivors, 287 higher in survivors and 72 were
reported with no significant changes in expression (see appendix). The proteins
identified from this study were from a variety of different biological function as shown
in Figure 5.12. The majority of the proteins originate from cellular processes (15%)
followed by proteins from metabolic processes (13%) and biological regulation (12%).
PCA analysis in Progenesis LC-MS showed there were small clusters of proteins for
each biological group (Figure 5.13). In this prognostic study, the disease pathology is
identical but what differs is the severity of the disease. As a result, the overlap of
proteins would be expected but it is the degree of expression of these proteins that

would change and be indicative of prognosis.
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Figure 5.12: Pie chart of the proteins identified in this study and their biological functions. Blast-2-GO

was the geneontology programme used (http://www.blast2go.org/).
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Figure 5.13: PCA analysis of the recombined multi-fraction experiment. The data in pink represents the survivors and the data in blue represents the non-survivors.

This PCA analysis shows clustering of both disease states. The survivor group’s protein profile shows the greatest difference in protein expression.

166



The multi-fraction experiment also identified which fractions contained the proteins
listed in the final expression analysis. The number of times a protein was identified in a
fraction was recorded and the majority of the proteins were identified in only 1 fraction,
as shown in Table 5.2. A total of 291 proteins identified by progenesis LC-MS were
only found in one fraction. However, the second highest number of proteins was
identified in the 10th fraction, with a total of 85 proteins. The use of concatenation was
to increase the spread of peptides to ensure maximum use of the second dimension’s
chromatographic separation space. Approximately 50% of the proteins identified were
identified in more than one fraction. The spread of peptides and thus protein

identifications implies the concatenation was successful.

Table 5.2: This table shows the number of proteins identified in either one or more fractions.

Number of Number of proteins
occurrences identified
291

63

28

22

23

22

17

13

16

85

© o0 ~N o O B~ W N e

[EEN
o

Further filters were applied within Progenesis LC-MS to refine the protein list. A total
of 87 proteins had a p value < 0.05 and a total of 217 proteins showed a > 1.5 max fold
change in abundance. When the two protein filters were applied together a total of 36

proteins were identified (p value < 0.05 and a max fold change > 1.5), these are listed in

Table 5.3.

167



Table 5.3: Progenesis produced proteins of significance (p value < 0.05; max fold change > 1.5)

Protein Description Anov Max  Highest Protein Description Anov Max  Highest
a(p) fold mean a(p) fold mean
(€005  chang  conditio =005  chang conditio
e n e n
=1.5) =1.5)
15 hydroxyprostaglandin 0.03 3.3 Non Kallistatin 0.02 2.2 Non
dehydrogenase survivor survivor
A disintegrin and 0.00 2.3 Non Leucine rich repeat 0.02 2.6 Survivor
metalloproteinase with survivor containing protein 1 1
thrombospondin motifs 13
Actin aortic smooth muscle 0.01 2.2 Survivor Mannan binding lectin 0.01 1.9 Survivor
serine protease 2
Alpha 1B glycoprotein 0.02 2.4 Non NADPH adrenodoxin 0.01 5.0 Non
survivor oxidoreductase survivor
mitochondrial
Apolipoprotein A V 0.00 75 Non Neutrophil defensin 1 0.02 18.0 Non
survivor survivor
CAMP dependent protein 0.03 3.2 Non Peptidyl prolyl cis trans 0.02 2.9 Survivor
Kinase inhibitor gamma survivor isomerase H
Caspase 3 0.00 2.1 Survivor  Phospholipid transfer protein 0.00 1.7 Non
survivor
Cell differentiation protein 0.00 3.7 Non Putative histone lysine N 0.05 2.4 Non
RCD1 homolog survivor methyltransferase PRDM6 survivor
Centrosomal protein of 95 0.00 9.5 Survivor Rab GTPase binding 0.00 3.7 Survivor
kDa effector protein 1
Cholesteryl ester transfer 0.01 2.0 Non RAS guanyl releasing 0.01 10.0 Non
protein survivor protein 2 survivor
Collagen alpha 1 XXII chain 0.03 45 Survivor Ribulose phosphate 3 0.03 2.6 Non
epimerase survivor
Cystatin D 0.00 19 Non Serine threonine protein 0.03 2.1 Survivor
survivor kinase Nek9
Dual specificity protein 0.02 28.9 Non Serine threonine protein 0.02 4.1 Non
phosphatase CDC14C survivor kinase ULK3 survivor
E3 ubiquitin protein ligase 0.04 2.2 Survivor  Serum amyloid P component 0.00 2.1 Survivor
BRE1B
H ACA ribonucleoprotein 0.02 24 Non Sulfatase modifying factor 2 0.04 2.2 Non
complex subunit 1 survivor survivor
Heat shock 70 kDa protein 1 0.03 3.1 Survivor  tRNA methyltransferase 112 0.03 2.6 Non
like homolog survivor
Homeobox protein DBX2 0.02 4.2 Non Vesicle transport through 0.01 11.6 Non
survivor interaction with SNARES survivor
homolog 1A
Insulin like growth factor 1l 0.00 4.4 Survivor Williams Beuren syndrome 0.04 2.9 Non
chromosomal region 16 survivor

protein

Table 5.4: The target proteins chosen from the multi-fraction experiment from Progenesis LC-MS. All

proteins are thought to play a role in the disease pathology.
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Protein Description Anova Max fold Highest Lowest mean
(p) change mean condition
= =1.5) condition
0.05)
15 hydroxyprostaglandin 0.03 3.3 Non-survivor Survivor
dehydrogenase
Cholesteryl ester transfer protein 0.01 2.0 Non-survivor Survivor
Cystatin D 0.00 1.9 Non-survivor Survivor
Insulin like growth factor 11 0.00 4.4 Survivor Non-survivor
Mannan binding lectin serine protease 2 0.01 1.9 Survivor Non-survivor
Phospholipid transfer protein 0.00 1.7 Non-survivor Survivor
Serum amyloid P component 0.00 2.1 Survivor Non-survivor

To refine the list of proteins in table 5.2, the role of the proteins were examined for
biological relevance in acute heart failure disease pathology. The proteins chosen as
potential candidate biomarkers for prognosis in acute heart failure are listed in Table
5.4. To ensure the chosen proteins were truly prognostic, the seven proteins chosen

were also identified in all ten pooled samples.

5.4 Discussion

5.4.1 Identification of putative prognostic biomarkers

Seven proteins were identified as potential biomarkers for the prognosis of acute heart
failure using a 2D-LC-HDMSF approach; Progenesis LC-MS identified all proteins that
were of significance (listed in Table 5.4). These proteins were all thought to relate to
disease pathology, in this section the suitability of these proteins as prognostic acute

heart failure biomarkers is discussed.

5.4.2 15 hydroxyprostaglandin dehydrogenase

In this prognostic study, 15 hydroxyprostaglandin dehydrogenase (15-PGDH) was
found to be higher in abundance in the non-survivor group. NAD" dependant 15-PGDH
is a catabolic enzyme and controls the biological activity of prostaglandins. The enzyme

catalyses the oxidation of the 15-hydroxyl group found on prostaglandins, producing a
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metabolite (15-keto) with reduced biological activity (Ensor & Tai, 1995).
Prostaglandins play an important role in modulating homeostasis in cardiovascular
disease and in acute inflammatory response (Ricciotti & FitzGerald, 2011).
Prostaglandins have been shown to play a role in a variety of cardiovascular disease
such as myocardial ischemia, hypertrophy fibrosis and atherosclerosis, all of which play

a role in acute heart failure pathology (Yuhki et al., 2011; Jabbour et al., 2006).

Changes in 15-PGDH activity have been recorded in hormonal changes and
hypertension, both apart of the biological process leading to heart failure (Ensor & Tali,
1995). 15-PGDH has been found to be down regulated in other biological conditions
such as lung cancer. Ding et al. used quantitative RT-PCR analysis on tumour tissue
and found a 2 fold decrease in 15-PGDH expression and in 61% of the samples a 10
fold decrease was observed (Ding et al., 2005). In this study the opposite was observed,

15-PGDH protein expression was 3.3 fold higher in non-survivors in this study.

The relationship observed from this study was not what was observed in literature. We
hypothesise the following role of 15-PGDH as an enzyme that acts to breakdown
circulating prostaglandin. Prostaglandin has been observed as a vasodilator thus, lower
levels of prostaglandin due to increased levels of 15-PGDH may lead to ineffective
vasodilation in acute events such as acute heart failure (Kaufman Jr et al., 1987).

5.4.3 Cholesteryl ester transfer protein
In this prognostic study, cholesteryl ester transfer protein (CETP) was found to be
higher in abundance in the non-survivor group. CETP is a plasma glycoprotein
synthesised mainly in the liver, that facilitates the transfer of cholesteryl ester from high
density lipoproteins (HDL) to low density lipoproteins (LDL) and very low density
lipoproteins (vLDL) (Weber et al., 2010). Many studies carried out on large populations
have suggested increased risk of a cardiovascular event with higher circulating levels of
LDL and vLDL and studies have shown reducing LDL levels by statin treatment is
cardio-protective (Cholesterol Treatment Trialists' (CTT) Collaboration et al., 2010;
Emerging Risk Factors Collaboration et al., 2009). It has been suggested that inhibition
of CETP could increase levels of circulating HDL which would in turn reduce the
development of atherosclerosis, which pathologically leads to heart failure.
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There has been conflicting evidence for the relationship between CETP and
cardiovascular diseases such as heart failure. CETP is expressed in very few species
such as humans and rabbits but is absent in rodents. Studies involving transgenic mice
have shown CETP to be both pro-atherogenic and anti-atherogenic. However, rabbit
lead studies have shown CETP inhibitors to markedly reduced atherosclerosis (Barter &
Rye, 2012).

Vasan et al. measured plasma CETP levels in the 1978 Framingham Heart Study
participants using a radio isotopic CETP Activity Assay Kit. Multivariable statistical
analysis of the data found an inverse association of CETP activity with heart failure
(Kenchaiah et al., 2004). Alssema et al. measured CETP plasma levels by immunoassay
in 566 patients and found that high CETP levels was associated with increased
cardiovascular disease in women with type 2 diabetes (Alssema et al., 2007). Boekholt
et al. conducted a similar study on plasma obtained from the EPIC study. The cohort
comprised of healthy men and women who developed coronary artery disease
(associated with heart failure pathogenesis), 755 plasma samples were tested for CETP
plasma levels via immunoassay. This study found that patients who presented with
elevated triglycerides levels confirmed that increased concentrations of CETP were
associated with increased risk of coronary heart disease (Boekholdt et al., 2004).

In this study, CETP was found to be 2 fold higher in non-survivor plasma. Although the
role of CETP and heart failure remains unconfirmed, this study suggests that an

increased level of CETP is associated with worsening prognosis.

54.4 Cystatin D

In this prognostic study, cystatin D was found to be higher in abundance in the non-
survivor group. Cystatins are proteolytic enzymes that cleave peptide bonds with an
active cysteine residue at their catalytic sites; they regulate the cysteine proteinases
secreted by diseases cells inhibiting harmful effects of cysteine proteinases (Shah &
Bano, 2009). Cystatins inhibit cathepsins such as B, H, K, L and S, which are

implicated in many different disease states, including tissue destruction due to
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inflammation (Alvarez-Diaz et al., 2009). Thus, cystatins have an important role in

regulating cysteine proteinases and are important in pathological diseases.

A member of the cystatin family, cystatin C, has been identified as a prognostic marker
in acute heart failure. Lassus et al. studied the plasma of 480 patients admitted with
acute heart failure and cystatin C was measured using an immunoturbidimetric assay.
Multivariable statistical analysis was done on the data produced by the study and it was
found that high levels of cystatin C was associated with a three-fold increase in a 1 year
mortality risk (Lassus et al., 2007). Cystatin C has also been shown at higher levels in
patients with heart failure in other studies (Carrasco-Sanchez et al., 2011). The role of
cystatins in heart failure as has been speculated. It has been suggested that in a disease
state, cystatins are released to moderate the cathepsins derived from inflammatory cells
(Shah & Bano, 2009).

Cystatin D was 1.9 fold higher in non-survivors, predicting an adverse prognosis. Due
to the strong correlation of cystatin C and heart failure, and the role of cystatin’s in
maintaining homeostasis, cystatin D may also play a role in acute heart failure
pathology. As our results suggest, cystatin D could be a prognostic indicator of adverse

outcome.

5.4.5 Insulin like growth factor 11

In this prognostic study, insulin like growth factor Il (IGF2) was found to be higher in
abundance in the survivor group. Insulin like growth factor’s play a key role in
producing rapid metabolic change and have a long term growth effect on cell
proliferation. IGF2 is a polypeptide of 67 amino acids and primarily synthesised in the

liver where it is released into circulation (Nielsen, 1992).

Watanabe et al. measured the serum level of IGF 1 and IGF binding protein 3 in 142
patients using immunoassay techniques. Statistical analysis found that reduced level of
IGF 1 in heart failure patients, especially those with advanced heart failure (Watanabe
et al., 2010). The authors suggest IGF1 regulates the glucose metabolism and altered
glucose metabolism has been associated with heart failure. They also note that IGF1
plays a regulatory role in cardiomyocyte metabolism, transporting insulin sensitive
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GLUT4 to the cell surface, acting as a compensatory mechanism in heart failure.
Similar findings of low IGF1 levels with increased heart failure risk were also seen in a
study by Niebauer et al. (Niebauer et al., 1998).

In this study, IGF2 was found to be a higher in survivors, expressing 4.4 fold more
IGF2 than non survivors. It is unclear whether IGF2 may play a similar role as IGF1 in
heart failure, but IGF’s role in producing rapid metabolic changes may explain the over
expression in survivors. Thus, the increase in IGF2 in the survivor population may be a
marker of metabolic compensation better achieved in the survivor population than the

non-survivor.

5.4.6 Mannan binding lectin serine protease 2

In this prognostic study, Mannan binding lectin serine protease 2 (MASP2) was found
to be higher in abundance in the survivor group. MASP-2 is a serum protease that plays
an important role in the activation of the complement system via mannose-binding
lectin (MBL). After activation by auto-catalytic cleavage it cleaves complement C2 and
C4, leading to their activation and to the formation of C3 convertase, activating the

complement cascade (Sorensen et al., 2005).

Chen et al. found that MASP-2 could only interact with C4 once it complexes with
MBL, in a sense MBL acts as an inhibitory function of MASP-2, leaving it unable to
bind C4 and initiating the complement cascade (Chen & Wallis, 2004). Therefore,
higher MASP-2 concentrations in circulation may indicate the MBL regulation and
inhibition of complement activation. Frauenknecht et al. explored the role of MASP-2
in cardiovascular disease, due to the role of complement in pathogenesis. The authors
measure MASP-2 levels in the plasma of patients with coronary artery disease,
myocardial infraction and acute ischemic stroke with matched controls. MASP-2 levels
were found to be lower in myocardial infarction and stroke patients in comparison to
healthy controls and coronary artery disease patients (Frauenknecht et al., 2013). The
study concluded that further research was needed to fully understand the role of MASP-
2 in cardiovascular diseases, especially due to differing significance of MASP-2 in
different cardiovascular diseases. For example, Schweable et al. reported that MASP-2
deficient mice conferred protection from myocardial ischemia (Schwaeble et al., 2011).
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In this study, we found that MASP-2 was expressed higher in survivors. A 1.9 fold
increase was observed in comparison to non-survivors. MASP-2 plays different roles in
cardiovascular diseases; clearly the underlying mechanism of the protein’s function
needs to be determined. Lower levels of MASP-2 have been shown to be indicative of
myocardial infarction and stroke patients implying higher levels are protective.

However, the opposite has been found to be true of myocardial ischemia.

5.4.7 Phospholipid transfer protein

In this prognostic study, phospholipid transfer protein (PLTP) was found to be higher in
abundance in the non-survivor group. PLTP is a lipid transfer/ lipopolysaccharide
binding protein that is ubiquitously expressed. Functions include the modification and
metabolism of HDL and removal of phospholipid and cholesterol from peripheral
tissue. PLTP has been highly associated with the development of atherosclerosis, which

leads to cardiovascular diseases (Jiang et al., 2012; Wirtz, 2006).

Robins et al. studied plasma of 2679 participants of the Framingham study and
measured the activity of PLTP with CETP using fluorometric assays. Statistical analysis
of the data found that high PLTP levels had a significant effect on the development of
cardiovascular diseases (Robins et al., 2013).

Cheung et al. studied the effect of PLTP in acute inflammation using human blood
samples along with other acute inflammatory markers measured in cardiovascular
disease. PLTP activity was measured using a radioimmunoassay, along with other acute
phase inflammatory markers, CRP, Serum amyloid A (SAA) and fibrinogen. The study
found that PLTP, CRP and SAA were strongly correlated in cardiovascular disease
patients. The authors also report an increase in PLTP levels in acute inflammation and
this is also strongly correlated in the CRP levels of the same patient cohort (Cheung et
al., 2006).

These two studies strongly suggest high levels of circulating PLTP are associated with a
poor outcome. In this study, we found that PLTP was expressed higher in non-survivors
(1.7 fold increase in comparison to survivors). The association of PLTP with increased
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cardiovascular disease risk and the strong correlation with current acute inflammatory
markers used in clinical monitoring, suggests PLTP could be a significant prognostic

marker both on its own and in conjunction with existing clinical biomarkers.

5.4.8 Serum amyloid P component

In this prognostic study, serum amyloid P component (SAP) was found to be higher in
abundance in the survivor group. SAP is a plasma glycoprotein and is a part of the
pentraxin family of proteins that play a role in innate immunity (Emsley et al., 1994).
Similar to CRP, SAP shares 66% homology and is also secreted by the liver with a half-
life of 24 hours. Unlike CRP SAP is mildly affected by inflammation and the role of
SAP in instigating an inflammatory reaction is debated (Pepys et al., 1997; Ying et al.,
1993). Although it has been argued that SAP is an acute phase reactant in mice (Pepys
et al., 1979), the lack of serum concentration elevation in humans would suggest SAP

does not play a significant role in the inflammatory response (Koenig, 2007).

The exact function of SAP in heart failure or cardiovascular diseases is also highly
debated. Many different studies have found different roles of SAP. A study by Jenny et
al. conducted multivariable analysis on patients with cardiovascular disease and
monitored SAP adjusted with cardiovascular risk factors. SAP was found to be
associated with angina and myocardial infarction but not stroke or cardiovascular death.
Interestingly, the authors found that CRP was significantly associated with
cardiovascular death and SAP was not. They conclude that although CRP and SAP are
both from the pentraxin family and function in innate immunity, CRP and SAP are very
different (Jenny et al., 2007). SAP does not react in the manner as CRP in acute
inflammation and both proteins play different roles in lipid binding. SAP has been
shown to bind HDL and vLDL but not LDL cholesterol (Li et al., 1998) whereas, CRP
binds LDL and oxidised LDL and is thought to play a role in lipid metabolism,

clearance and deposition (De Beer et al., 1982).

Based on the lipid binding interactions, a role for SAP in atherosclerosis has been
suggested. SAP binds to amyloid like structures in LDL, blocking macrophage uptake
of SAP bound LDL, preventing atherosclerosis (Stewart et al., 2005). Haudek et al.
conducted a study using cardiac fibroblasts from mice and administered SAP in vivo.
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The authors attempted to identify if SAP had an effect on the pathology of cardiac
fibrosis. They found that SAP totally inhibited cardiac dysfunction in fibrosis (Haudek
et al., 2006).

In this study, SAP was identified in pooled survivor and non-survivor acute heart failure
plasma samples analysed using 2D-LC-HDMSE. SAP was reported as higher in
survivors than non-survivors, with max fold change of 2.1 between the two conditions.
As various studies have shown SAP may play a protective role in atherosclerosis, a
process which leads to syndromes such as heart failure. The lack of association of SAP
with cardiac death suggests elevated SAP could be a compensatory mechanism, which

Is associated with good prognosis.

5.4.9 Identification of current biomarkers

C-reactive protein (CRP) is a nonspecific inflammatory marker released from the liver
in acute inflammatory response to cytokines, namely interleukin 6. The levels of CRP
can be raised up to 100 fold within 48 hours of an inflammatory response and is also

associated with atherosclerosis (Casas et al., 2008).

Elster et al. first linked heart failure and CRP levels in 1956, whereby 40 of the 30
patients tested showed increased CRP levels and those with high levels of CRP, heart
failure appeared to be more severe (Elster et al., 1956). A more recent study by Muller
et al. studies the plasma of 214 heart failure patients using immunoassays and found
that increased CRP levels was a long term mortality marker of acute heart failure
patients (Mueller et al., 2006). Similar findings were also seen in a study by Siirila-
waris et al. The authors found a 27.4% mortality rate in 1 year mortality study that in
620 patients whom presented with acute heart failure. The authors concluded that age,
male gender, low systolic blood pressure on admission, renal dysfunction and CRP
were all independent prognostic risk factors. In this study elevated CRP was associated

with worse prognosis (Siirila&-Waris et al., 2006).

However, the reactionary nature of CRP to all acute inflammation calls into question
the specificity of the marker for prognostic value. As acute heart failure is a multi-organ
disease it is hard to distinguish elevated levels of CRP due to cardiac decompensation

176



or acute damage to other organs. CRP’s response to IL-6 causes a knock on effect on
other proteins involved in the inflammatory response and can cause cardiac tissue

damage (Araujo et al., 2009).

In this study, CRP was identified in pooled survivor and non-survivor acute heart
failure plasma samples analysed using 2D-LC-HDMSE. CRP was identified in all 10
fractions therefore, the peptides must have eluted across the length of the
chromatographic run. CRP was reported as higher in non-survivors than survivors,
which would be expected however, the progenesis LC-MS analysis found CRP to not
be significant (p value 0.29) and the maximum fold change was only 1.25 between the
two conditions. As CRP is one of the routine biomarkers used in clinical laboratories to
monitor patients, the Progenesis LC-MS analysis shows the need for new prognostic
biomarkers that are more sensitive and specific to the disease pathology. This also
advocates the use of multiple protein biomarkers in such complex multi-organ

syndromes.

5.4.10 Comparison of Diagnostic and Prognostic Biomarkers

Chapter Four focussed on identifying diagnostic biomarkers of acute heart failure using
two pooled samples (n=1 for each biological group) and Chapter Five aimed to identify
biomarkers of prognosis in acute heart failure. In total five proteins were identified as
putative biomarker in both the diagnostic and prognostic studies. These proteins
included a disintegrin and metalloproteinase with thrombospondin motifs 13, Actin
aortic smooth muscle, C-reactive protein, Insulin like growth factor Il, and Serum

amyloid P component (See Table 5.5).

Four of the five proteins showed correlation of results. The only protein that showed a
different protein abundance pattern was a disintegrin and metalloproteinase with
thrombospondin motifs 13. The discrepancy in results can be explained due to
differences in the proteomics workflow and samples. Although the platform methods
for both the diagnostic study and prognostic study were the same (2D-LC-HDMSF), the
number of samples used differed. Ten samples were pooled to give and n = 1 for two
biological groups for the diagnostic study, whereas fifty samples were pooled to give an
n =5 for two biological groups for the prognostic study. The software used for both
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studies for protein abundance comparison also differed, for the diagnostic study
Expression® was used to compare protein abundance whereas for the prognostic study

Progenesis was used. This could explain the discrepancy in results.

Table 5.5: This table compare the proteins identified by both the diagnostic and prognostic acute heart
failure studies in Chapters Four and Five. The table compares the highest mean conditions or the group

with the highest abundance of that particular protein for both studies.

Diagnostic study Prognostic study

Protein name Highest mean condition
A disintegrin and
metalloproteinase with Control Non-survivor
thrombospondin motifs 13
Actin aortic smooth muscle Control Survivor
C-reactive protein Disease Non-survivor
Insulin like growth factor 1l Control Survivor
Serum amyloid P component Disease Survivor

5.5 Summary

Poor prognosis is a feature of heart failure. The Framingham study (US) and the
Hillingdon heart failure study (UK) both calculated a 1-year survival rate for heart
failure was 70%, from initial diagnosis. Only 35% of patients showed a 5-year survival
rate following heart failure diagnosis in the Framingham study (Mosterd & Hoes,
2007). The poor prognosis associated with acute heart failure and the ineffective
treatment strategies based on current biomarkers necessitates the introduction of new
more specific biomarkers of prognosis. The biomarkers will allow clinicians the ability
to grade the severity of disease and tailor therapy to the patient’s needs for a more
personalised medicine approach. The use of proteomics for plasma protein profiling is
increasing and platform performance enhancements such as ion mobility and the use of
fractionation with 2D-LC systems is allowing more accurate and reproducible
quantitative data to be produced (Giles et al., 2011; Gilar et al., 2012).
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While proteomic methodology has developed in many areas to achieve entire proteome
profiling, proteins remain complex by nature. Proteins undergo post-translation
modifications, vary in concentration and expression. A study by the Human Plasma
Proteome Project (HUPO) sent a sample of 20 recombinant human proteins with at least
one unique peptide to 27 laboratories for identification. Only seven of the 27
laboratories were able to identify all 20 proteins correctly. Further analysis of the results
showed that the sources of error comprised of missed identification, contamination,
database matching, and curation of protein identifications (Bell et al., 2009). Thus,
when conducting such large quantitative proteomic studies, it is essential to maintain

quality control throughout the study and generate reproducible results.

The aim of this chapter was to put into place the method development of chapter 3 and
4, and apply this to a large cohort of patient samples for a prognostic acute heart failure
study to discern any changes in protein expression. This was to be achieved without the

loss of data quality.

Quality control samples were used to ensure all results were consistent throughout. This
was achieved by closely monitoring the peptide retention times, the signal intensity and
number of proteins identified in each run. This process was made more thorough by
monitoring the peak shape and width of an extracted ion (m/z 737.716). A novel method
of equalizer bead technology with 2% sodium deoxycholate elution and offline 2D high
pH - low pH RP-RP separation with HDMSF was used to profile the proteome of two
acute heart failure populations (survivor and non-survivor). Protein identifications were
achieved with PLGS v2.5.2 using the Hi3 method and relative quantitation was

calculated by Progenesis LC-MS.

This method was able to identify current markers of acute heart failure prognosis CRP,
and our study concluded that this marker was not statistically significant to be
considered as a biomarker of prognosis. Seven new biomarkers were identified
(summarised in Table 5.4) that have yet to be used as clinical prognostic biomarker of
acute heart failure. As heart failure is a syndrome with multi-organ involvement, a
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multi-marker approach could provide a better answer to the clinical question. In
addition to the identification of the biomarkers, gene ontology analysis for the function
of all the proteins identified suggest that the second largest group of proteins were
derived from metabolic processes (Figure 5.12).

There were some limitations of the study. The identification of low abundance proteins
is hindered by the dynamic range capabilities of the instrumentation. The dynamic
range achieved by the Synpat G2 is five orders of magnitude with ion mobility analysis
enabled. Lower abundance proteins are still left undetected, where most biomarkers are

suggested to be.

The use of pooled samples for analysis was also a limitation. Using pooled samples
meant that changes in protein abundance were observed in pooled groups and not
individuals. Although verification of the proteins identified in individual samples could
overcome this limitation. In this study, the choice of samples and pooling was
determined by a statistical programme ‘R’. Analysis of the samples was randomised to
ensure no mass spectrometric bias was introduced and Progenesis LC-MS was used for

relative quantitation as it is designed for fractionated studies.

The size of the study was another limitation of data analysis. The study produced a total
of 1.2 TB of data for individual analysis and then combined analysis. The size of the
data produced meant software packages available for relative quantitation alongside
Progenesis LC-MS were not used as they simply could not recombine the data for an
overall comparison of biological groups. Using more than one piece of software for
relative quantitation would allow comparisons between the proteins assigned and

identified and their statistical value to be further scrutinised.
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Chapter Six
Verification



6.1 Introduction

The preceding chapters have discussed quantitative discovery based proteomics
comparing the entire proteome of different populations in the hope of identifying
biomarkers. Verification aims to confirm if the putative biomarkers identified from
discovery projects are valid discoveries, and only the most robust biomarkers are put
forward for pre-clinical validation. Despite this clear pipeline, many discoveries in

plasma proteomics have failed to enter the clinical laboratories.

The number of FDA approved biomarkers has declined to less than one new protein
diagnostic biomarker per year (Anderson & Anderson, 2002). The only FDA approved
biomarker discovered by proteomics is OVAL for ovarian cancer that was granted FDA
status in 2009 (Zhang, 2012). Pan et al. suggest that the main bottleneck of validated
markers using proteomic approaches is the verification methods used for assessing the
selected biomarkers performance in a large number of samples (Pan et al., 2009). The
effort and expense incurred for verification of biomarkers is considerable and can be the

rate limiting step in achieving the goal of FDA biomarker approval.

A variety of methods are used in biomarker verification such as western blotting,
selected reaction monitoring and enzyme linked immunosorbent assays
(ILMA/immunoassay). All three approaches have advantages and disadvantages.
Western blots are unable to resolve proteins with clarity especially low abundance
proteins. SRM approaches need plasma to be depleted to achieve quantification in the
ng/ml range. MS-based approaches are also unable to fulfil the high throughput and
precision required for FDA approval for biomarkers (Tambor et al., 2010). ILMA
methods are able to meet the required sensitivity of these FDA approaches;
approximately 80% of the FDA approved protein biomarkers are measured by
immunoassays clinically (Anderson, 2010).

ELISA methods are described as the ‘gold standard’ technique for targeted
quantification of a protein due to good sensitivity and throughput and can be performed
using a single antigen specific antibody (indirect assay) or two antibodies in a sandwich
assay. ELISA assays are able to measure proteins <1 pg/mL in plasma, have a CV of 5-

20% between replicate measurements and have extremely high throughput in 96 well
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formats (Kingsmore, 2006). To exemplify this, interleukin 6 is one of the lowest
abundance proteins known in plasma and is measured by ELISA at a concentration as
low as 0.15 pg/mL, with a CV of 5% (Rifai et al., 2006).

ELISA was the method of choice to confirm the putative biomarkers chosen in Chapter
Five and verify the protein expression in the two populations (survivor and non-
survivor). We have used a variant of ELISA, immunoluminometric assay or ILMA, as
the use of flash chemiluminescence affords even greater sensitivity of detection,
without any temperature dependence or chemical inhibition of enzymes that could
affect ELISA results. The high throughput nature of the method would enable fast
analysis of the 100 plasma samples used in the prognostic study of Chapter Five. The
use of a different platform to verify the discovery of biomarkers using mass

spectrometry would give a multiplatform agreement and verification.

The aims for this study were:
1. Develop an ILMA assay for the measurement of plasma proteins.
2. Verify the results from the prognostic study (Chapter Five) in individual plasma
samples using ILMA analysis.

3. ldentify any statistical significance of ILMA confirmed biomarkers.

6.2 Methods and Materials

6.2.1 Materials
Heart failure plasma was supplied by patients from the British Heart Foundation funded
study entitled “The uroguanylin system in heart failure”, which recruited patients
presenting with heart failure (for sample collection protocol see appendix). The samples
were centrifuged and plasma was separated from the red blood cells and buffy layer. A
hundred acute heart failure samples were selected for this study, age and sex matched.
The samples formed two cohorts of patients, those whom remained event free for one
year post initial diagnosis (survivors) and those who did not (non-survivors). The
human blood samples were collected in EDTA blood sample tubes donors following
informed consent. The blood samples were centrifuged at 1500 x g for 20 minutes at 4
°C. The plasma layer was separated from the buffy layer and red blood cells, and stored
at -80 °C.
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All antibodies for ILMA methods were supplied by R&D (R&D systems, UK),
Millipore (Chembiotech, UK), Abnova (Abnova, Taiwan) or Pierce (Thermo Scientific,
UK). 96 well microtitre-plates were supplied by Dynex Technologies (West Sussex,
UK), Methyl Acridinium Ester (MAE) by Molecular Light Technology (Cardiff, UK.)
and Streptavidin was supplied by Chemicon International (Harrow, UK) (See Chapter 2
Tables 2.3-2.5).

6.2.2 ILMA

All ILMA assays were optimised in house. Assays for IGF2, CYS D and SAP were
performed using a sandwich assay. A capture antibody was coated onto the 96-well
plate, followed by the antigen and a biotinylated antibody was used for detection. The
capture antibody was coated at 100 ng in 100 pl per well made in PBS and the detection
antibody was coated at 10 ng in 100 pl per well made in ILMA. The plasma dilutions
were 50 pl plasma in 100 pl ILMA for IGF2, 10 pl plasma in 100 pl ILMA for CYS D
and 1 pl plasma in 100,000,000 pl ILMA for SAP. The standard curve using
recombinant protein for IGF2, CYS D and SAP were 0 — 500 pg, 0 — 100 pg and 0 — 50
pg respectively. Approximately 100 pl of MAE — labelled streptavidin in ILMA was
added per well for fluorescence and the fluorescence was measured using a

luminometer (Dynex MLX Luminometer, Virginia, USA).

Assays for 15-PGDH, CETP, MASP2 and PLTP were all performed initially using a
sandwich assay however, these all required further method development (discussed in
results section). An indirect ILMA assay was performed for these four proteins, in this
ILMA technique only a detection antibody was required. The 96-well plate was coated
with the 100 ul of antigen containing plasma after a 1 in 20,000 dilution in PBS. After
overnight incubation the detection antibody in ILMA for all four proteins was pipetted
on to the plates at 10 ng in 100 pl per well made. The standard curve was measured
using a pooled sample with various dilutions. The four dilutions were as follows: 1 in
20,000, 1 in 10,000, 1 in 5000, and blank.
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After overnight incubation, approximately 100 ul of MAE — labelled streptavidin in
ILMA was added per well for fluorescence and the fluorescence was measured using a

luminometer (Dynex MLX Luminometer, Virginia, USA).

6.2.3 Protein concentrations in plasma

Table 6.1: Protein concentration of the seven protein biomarkers to be measured by ILMA, those with **

indicates plasma protein concentrations that remain unpublished.

Protein name Plasma protein Reference

concentration

(ng/mL)
Cystatin D ** **
Insulin like growth factor 11 294-527 (Polanski & Anderson,
2007)
Mannan binding lectin serine protease 2 321-751 (Moller-Kristensen et
al., 2003)
Phospholipid transfer protein 2.3-334 (Huuskonen et al.,
2000)
Serum amyloid P component 1000-9000 (Hortin et al., 2008)
Cholesteryl ester transfer protein 1.6-6.2 (Boekholdt et al., 2004)
15 hydroxyprostaglandin dehydrogenase NAD ** **

6.2.4 Statistical analysis of results

All statistical analysis was carried out using Statistical Package for Social Sciences
version 20.0 (SPSS) for this chapter. ANOVA tests were used to calculate significance,
a p value of < 0.05 was considered statistically significant. A box plot was used to
illustrate the median and inter-quartile ranges with whiskers representing the 2.5 and
97.5 percentile. Spearman Rho tests were performed to assess the relationship between
continuous variables and highlight correlations. A Cox regression analysis was used to
assess the univariate and multivariate analysis of multiple variables and test the
independent prognostic value of plasma SAP concentrations. Kaplan Meier survival
curves were constructed to illustrate the relationship of plasma SAP levels and

composite endpoint of death and death and/or heart failure.
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6.3 Results

6.3.1 Patient characteristics

Table 6.2: This table shows the patient characteristics of the survivor and non-survivor population of the

cohort chosen. The variables are displayed as median [minimum — maximum] ranges or n (percentage).

Variables Survivors Non-Survivors p-values

Age (years) 76 [50 - 90] 78 [55 - 90] 0.410
Male Gender 46 (90%) 40 (82%) 0.258
Body Mass Index 31.9[17.4 - 85.7] 31.0 [21.2 - 52.6] 0.550
Heart rate (beats min™) 86 [46 - 162] 80 [47 - 160] 0.139
Systolic BP (mm Hg) 145.5 [100 - 203] 124 [92 - 184] 0.001
Diastolic BP (mm Hg) 82.5[47 - 128] 70 [46 - 97] 0.000
Resp. rate (breaths min™) 20 [16 - 30] 21.5[12 - 40] 0.427
eGFR (ml min™ /1.73m?) 53 [16 - 99] 50 [11 - 90] 0.115
Urea (mg/dL) 8.6 [3.4-37.2] 12.8[4.6 - 41.4] 0.001
Sodium (mg/dL) 139 [123 - 147] 137.5 [119 - 144] 0.554
White cell count (mol/L) 8.4[2.7-17.4] 7.9 [4.0-17.9] 0.565
Glucose (mmol/L) 7.1[4.2-21.3] 6.6 [3.8 - 23.2] 0.646
Haemoglobin (g/L) 13[9.1-16.1] 12.1[7.9 - 16.9] 0.089
Past History

Heart failure 17 (33%) 31 (63%) 0.005
Ischemic heart disease 0 (0%) 4 (8%) 0.054
Hypertension 33 (65%) 24 (49%) 0.157
Diabetes 19 (37%) 22 (45%) 0.542
Treatment

Beta Blockers 33 (65%) 26 (53%) 0.310
ACE inhibitor/ARB 36 (71%) 26 (53%) 0.099
Diuretics 44 (86%) 35 (71%) 0.087
Biomarkers

NTproBNP(pmol/L) 2833.3[0.3 - 13112.6] 3850.1 [60.9 - 15902.6] 0.074
SAP (ng/mL) 158.3 [0.4 - 861.6] 62.8 [0.1 - 821.5] 0.011
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6.3.2 Indirect ILMA

There were four proteins measured by an indirect ILMA, these were 15-PGDH, CETP,
MASP2 and PLTP. Initially all four proteins were measured using a sandwich ILMA
technique, but these assays failed to establish a standard curve according to antibody
dilutions (Figure 6.1).

As can be seen in Figure 6.1 all four sandwich assays failed to produce a response with
increasing antibody concentration. This could be due to the quality of the either the
capture or detection antibody or both. Due to the time constraints of this project, this
could not be further evaluated in detail. However, an alternative strategy using an
indirect ILMA approach was attempted, removing the need of the capturing antibody.
The ILMA assays only needed a detection antibody, the biotinylated antibody. The
standard curves for the four proteins are displayed in Figure 6.2. This method
improvement lead to a positive antigen response with increasing concentration, showing

the assay was able to detect the protein antigens in plasma.

Based on the indirect ILMA method, patient plasma samples were diluted 1 in 20,000 in
accordance to plasma known concentration (Table 6.1). The concentrations of the four
proteins in individual plasma samples from the pooled groups were tested via an
indirect ILMA. This formed a total of one hundred samples, fifty survivor patient
plasma samples and fifty non-survivor patient plasma samples. Statistical analysis of
the data obtained from the two groups demonstrated no significant difference in the
expression of the four proteins when measured in individual plasma samples (Table
6.3).
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Table 6.3: ANOVA calculated p-values for measuring the significance of the protein intensities when
comparing survivors vs. non-survivors. As no standards were available, the units are in relative light units

from the luminometer readings.

Candidate protein name Biological group. Mean Standard ANOVA
Survivor (0) vs. Deviation calculated p-
non-survivor (1) value

Mannan binding lectin serine 0 300.63 66.21
protease 2 1 294.03 89.98 0.677

Total 297.33 78.67

Cholesteryl ester transfer 0 310.53 51.51
protein 1 296.89 82.17 0.322

Total 303.71 68.57

Phospholipid transfer 0 315.91 62.53
protein 1 305.70 98.57 0.538

Total 310.80 82.28

15 hydroxyprostaglandin 0 332.12 57.40
dehydrogenase 1 320.02 49.82 0.773

Total 321.57 53.50

To identify whether there was any correlation between the data sets, correlation was measured with

spearman’s rho test

Table 6.4. A strong correlation was identified between PLTP and CETP; this correlation
could be due to both products being heavily involved in lipid metabolism (Weber et al.,
2010; Jiang et al., 2012). MASP 2 was also correlated to both CETP and PLTP, the

reason for this correlation remains unclear.

Table 6.4: Spearman Rho correlation for the four proteins measured via indirect ILMA.

Correlations
PGDH CETP | MASP2 PLTP
Spearman's tho  PGDH  Correlation Coefficient 1.000 313 258 321
Sig. (2-tailed) . 002 010 001
N 100 100 100 100
CETP  Correlation Coefficient 313 | 1.000 808" | 9347
Sig. (2-tailed) 002 . 000 .000
N 100 100 100 100
MASP2  Correlation Coefficient 258 a8 1.000 807" |
Sig. (2-tailed) 010 000 . .000
N 100 100 100 100
PLTP  Correlation Coefficient 321 934" 897 1.000
Sig. (2-tailed) 001 .000 000 .
N 100 100 100 100 188

** Correlation is significant at the 0.01 level (2-tailed).



6.3.3 Sandwich ILMA
The remaining three proteins, IGF2, CYS D and SAP, were measured by a sandwich
ILMA. All three sandwich assays produced a response to increasing antibody

concentrations, with positive standard curves (see appendix, Figure C-1).

Based on the sandwich ILMA method, patient plasma samples were diluted in
accordance to their plasma protein concentrations (Table 6.1), the concentrations of the
three proteins in individual plasma samples from the pooled groups were tested. In
total, this formed one hundred samples, fifty survivor patient plasma samples and fifty
non-survivor patient plasma samples. Statistical analysis of the data obtained from the
two groups (survivor vs. non-survivor) demonstrated no significant difference in the
expression in IGF2 and CYS D when measured in individual plasma samples but SAP

was highly significant (Table 6.5).
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Figure 6.1: The standard curve for MASP 2 (A), CETP (B), PLTP (C) and 15-PGDH (D) using a sandwich ELISA method. These graph show the relationship of the

chemiluminescence of each antigen at different concentrations
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Figure 6.2: The standard curve for MASP 2 (A), CETP (B), PLTP (C) and 15-PGDH (D) using an indirect ELISA method. These graphs show the relationship of the

chemiluminescence of each antigen using different plasma protein concentrations.
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Table 6.5: ANOVA calculated p-values for measuring the significance of the protein intensities when

comparing survivors vs. non-survivors for logged ng/ mL values of IGF2, CYS D and SAP.

Candidate protein name Biological Mean Standard ANOVA calculated
group. Deviation p-value
Survivor (0)
Vvs. non-

survivor (1)

Insulin like growth factor 2 0 2.22 0.95
1 2.29 1.11 0.677

Total 2.26 1.02

Cystatin D 0 2.22 0.78
1 2.45 0.92 0.143

Total 2.32 0.86

Serum amyloid P 0 2.10 0.56

component 1 1.32 1.22 <0.0005
Total 1.72 1.02

To identify whether there was any correlation between the data sets, correlation was

measured with spearman’s rho test. No strong correlation was identified between IGF 2,

CYS D and SAP.

6.3.3.1 Serum amyloid P component

The ANOVA analysis shown in table 6.4 found serum amyloid P component (SAP) to
be significant when measured in the patient samples using ILMA; this confirms the
results obtained in chapter six. Plasma SAP concentration was measured using a
sandwich ILMA in fifty acute heart failure survivor patients and fifty acute heart failure
non-survivor patients, a hundred samples in total. The measurement of SAP was in ng/
mL in plasma. The total median for all samples was 137.2 [0.12-861.59] (median
[range]), the median plasma SAP content was higher for survivors 158.3 [0.4-861.59]
and lower for non-survivors 62.8 [0.12-821.5] and p value of 0.011 (calculated by
Mann Whitney U test). The box plot below shows the significant difference between the
two different groups. The distribution of the data shows the plasma concentration of
SAP is much higher in survivors than non-survivors (Figure 6.3). SAP levels were also
higher in patients who were discharged compared to those who died as in patients (see
boxplot in appendix).
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Figure 6.3: Boxplot comparing serum amyloid P component (SAP) in acute heart failure patients. The Y
axis shows the Log plasma SAP concentration (ng/ mL) and the X axis shows the patient groups (0 =

survivors and 1 = non-survivors with end point of 1 year).

Spearman Rho correlations were carried out to assess the relationships between
continuous variables in plasma SAP levels (See Table 6.6). SAP was found to be
correlated to plasma glucose levels with a Spearman’s Rho correlation coefficient of
0.282 and p value of 0.026. No correlation was observed with age, sex, body mass
index, estimated glomerular filtration rate, NTproBNP, CRP and troponin. Thus,
plasma measured SAP levels were independent of these variables.

Cox regression analysis was carried out to identify composite prognostic endpoints in
this study, all data was censored at the end point of death and death and/or heart failure.
Multiple parameters were included in the Cox model including age, sex, NYHA class,
heart rate systolic blood pressure (BP), respiratory rate, glomerular filtration rate
(eGFR), urea, sodium, haemoglobin, past history of heart failure, ischemic heart
disease, hypertension or diabetes, treatment with beta blockers, ACE inhibitor or
diuretics, and biomarkers NTpro-BNP with SAP (Table 6.7 and Table 6.8). The Cox

analysis shows that SAP is a statistically significant independent predictor of death and
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death and/or heart failure in both univariate and multivariate analysis. The established
biomarker of prognosis NTproBNP was no longer an independent predictor in

multivariate analysis.

Kaplan Meier curves were produced to illustrate the estimated proportion of patients
who survived over 1 year under the same conditions. The Kaplan Meier curve is a step
function; the estimated survival probability remains constant between the two
populations of patients, the survival probability only decreases with each event.

Figure 6.4 and Figure 6.5 show the Kaplan Meier curve for patients with above and
below median plasma SAP levels. There is a clear separation between the curves
indicating a poor outcome is associated with below median SAP levels for both death (p
= 0.007) and death and/or heart failure (p = 0.004) as the end points. The Kaplan Meier
curves for both plateau after approximately 300 days. This indicates that plasma SAP
levels could be a valuable short-term marker post initial presentation and diagnosis of
acute heart failure.
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Table 6.6: Spearman rho correlations of continuous variable in plasma SAP levels

Correlation Coefficient 1.000 | NYHA_Admission Correlation Coefficient .035
SAP Sig. (2-tailed) Sig. (2-tailed) .735
N 100 N 97
Correlation Coefficient -.096 | Admission haemaglobin Correlation Coefficient .038
Age Sig. (2-tailed) .343 Sig. (2-tailed) .709
N 100 N 100
Correlation Coefficient .010 | Admission White cell count Correlation Coefficient .185
Oedema Sig. (2-tailed) .925 Sig. (2-tailed) .066
N 100 N 100
Correlation Coefficient -.088 | Admission Urea Correlation Coefficient -.072
Past history of HF Sig. (2-tailed) .385 Sig. (2-tailed) 476
N 100 N 100
Correlation Coefficient .131 | Admission eGFR Correlation Coefficient .008
Past history of Ischemic Heart Disease Sig. (2-tailed) .194 Sig. (2-tailed) .939
N 100 N 100
Correlation Coefficient .065 | Admission Na Correlation Coefficient -.053
Past history of hypertension Sig. (2-tailed) .522 Sig. (2-tailed) .597
N 100 N 100
Correlation Coefficient -.147 | Admission Glucose Correlation Coefficient 282"
Past history of TIA Sig. (2-tailed) .145 Sig. (2-tailed) .026
N 100 N 62
Correlation Coefficient -.103 | Admission Cholesterol Correlation Coefficient 212
Past history of CVA Sig. (2-tailed) .308 Sig. (2-tailed) .556
N 100 N 10
Correlation Coefficient -.176 | Admission Triglycerides Correlation Coefficient .084
Past history COPD Sig. (2-tailed) .079 Sig. (2-tailed) .844
N 100 N 8
Correlation Coefficient -.089 | Admission CRP Correlation Coefficient -.126
Past history Hyperlidaemia Sig. (2-tailed) .378 Sig. (2-tailed) .325
N 100 N 63
Correlation Coefficient .026 | Admission Creatinine Kinase Correlation Coefficient
Heart Rate Sig. (2-tailed) 797 Sig. (2-tailed)
N 97 N 0
Correlation Coefficient .038 | Admission Troponin Correlation Coefficient .085
Systolic Blood Pressure Sig. (2-tailed) .709 Sig. (2-tailed) .706
N 97 N 22
Correlation Coefficient -.155 | Body mass index Correlation Coefficient .076
RR Sig. (2-tailed) .156 Sig. (2-tailed) .559
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Table 6. 7: Cox regression analysis for death at 1 year post-hospital admission and acute heart failure diagnosis. Multivariable analysis results are reported for model 1

which included variables and biomarkers (except SAP) which were significant on univariable analysis. Multivariable Model 2 used the variables in model 1 with the

addition of SAP.

Univariable Multivariable Model 1 HR Multivariable Model 2 HR
Parameters HR (95% CI) P value (95% CI) P value (95% CI) P value
Age (years) 1.044 (1.007 — 1.082) 0.020 1.026 (0.984 — 1.070) 0.231 1.027 (0.984 — 1.072) 0.222
Male Gender 1.072 (0.419 — 2.743) 0.885
NYHA class 3.994 (1.449 — 11.012) 0.007 1.138 (0.421 — 3.079) 0.799 1.377 (0.521 — 3.639) 0.518
Heart rate (beats min?) 0.986 (0.972 — 1.000) 0.048 0.986 (0.969 — 1.002) 0.082 0.992 (0.976 — 1.008) 0.338
Systolic BP (mm Hg) 0.981 (0.967 — 0.996) 0.013 0.979 (0.962 — 0.997) 0.020 0.982 (0.966 — 0.998) 0.031
Resp. rate (breaths min™) 1.088 (1.010 — 1.171) 0.025 0.996 (0.919 — 1.078) 0.913 0.967 (0.889 — 1.051) 0.432
eGFR (ml min™ /1.73m?) 0.984 (0.968 — 1.000) 0.046 1.005 (0.979 — 1.031) 0.725 1.006 (0.981 — 1.031) 0.647
Urea (mg/dL) 1.061 (1.025 — 1.098) 0.001 1.070 (1.012 — 1.131) 0.017 1.056 (1.000 — 1.115) 0.052
Sodium (mg/dL) 0.983 (0.922 — 1.047) 0.588
Haemoglobin (g/L) 0.863 (0.714 — 1.044) 0.129
Past History
Heart failure 2.413 (1.252 — 4.651) 0.008 0.953 (0.390 — 2.329) 0.915 1.363 (0.569 — 3.265) 0.487
Ischemic heart disease 6.367 (2.176 — 18.631) 0.001 2.666 (0.695 — 10.219) 0.153 3.500 (0.905 — 13.540) 0.070
Hypertension 0.899 (0.479 — 1.688) 0.741
Diabetes 1.471 (0.785 - 2.757) 0.229
Treatment
Beta Blockers 0.650 (0.347 — 1.218) 0.179
ACE inhibitor/ARB 0.515 (0.275 — 0.966) 0.039 1.003 (0.368 — 2.732) 0.996 0.697 (0.243 — 1.998) 0.502
Diuretics 0.361 (0.185 — 0.703) 0.003 0.220 (0.073 — 0.664) 0.007 0.317 (0.100 — 1.004) 0.051
Biomarkers
Log NTproBNP(pmol/L) 20.33 (0.976 — 4.236) 0.058 1.500 (0.691 — 3.253) 0.305 1.212 (0.581 — 2.530) 0.608
Log SAP (ng/mL) 0.541 (0.413 — 0.708) <0.0005 0.572 (0.399 - 0.819) 0.002
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Table 6.8: Cox regression analysis for death and/or heart failure at 1 year post-hospital admission and acute heart failure diagnosis. Multivariate analysis results are

reported for model 1 which included variables and biomarkers (except SAP) which were significant on univariate analysis. Multivariate Model 2 used the variables in

model 1 with the addition of SAP.

Univariable

Multivariable
Model 1 HR (95%

Multivariable
Model 2 HR (95%

Parameters HR (95% CI) P value Cl) P value Cl) P value
Age (years) 1.018 (0.989 — 1.047) 0.233 1.013 (0.978 — 1.048) 0.479 1.008 (0.972 — 1.046) 0.657
Male Gender 0.611 (0.298 -1.255) 0.180
NYHA class 2.261 (1.117 — 4.577) 0.023 1.853 (0.726 — 4.733) 0.197 2.229 (0.876 — 5.671) 0.093
Heart rate (beats min™) 0.991 (0.979 — 1.002) 0.110
Systolic BP (mm Hg) 0.977 (0.964 — 0.990) 0.001 0.982 (0.966 — 0.999) 0.032 0.986 (0.970 — 1.002) 0.081
Resp. rate (breaths min™) 1.023 (0.956 — 1.095) 0.507
eGFR (ml min™*/1.73m?) 0.985 (0.970 — 0.999) 0.036 1.002 (0.979 — 1.026) 0.872 1.000 (0.976 — 1.024) 0.978
Urea (mg/dL) 1.059 (1.027 — 1.092) 0.000 1.064 (1.009 — 1.121) 0.021 1.054 (1.000 — 1.110) 0.048
Sodium (mg/dL) 0.972 (0.919 - 1.029) 0.331
Haemoglobin (g/L) 0.859 (0.729 — 1.013) 0.070 0.994 (0.829 — 1.192) 0.950 1.044 (0.876 — 1.242) 0.632
Past History
Heart failure 2.347 (1.345 — 4.094) 0.03 1.443 (0.678 — 3.071) 0.341 1.675(0.799 — 3.511) 0.172
Ischemic heart disease 3.856 (1.370 — 10.849) 0.011 1.829 (0.567 — 5.904) 0.312 3.321 (0.968 — 11.392) 0.056
Hypertension 0.619 (0.359 — 1.068) 0.085 0.471 (0.238 — 0.932) 0.031 0.522 (0.253 — 1.075) 0.078
Diabetes 1.430 (0.830 — 2.465) 0.198
Treatment
Beta Blockers 0.653 (0.378 — 1.127) 0.126
ACE inhibitor/ARB 0.577 (0.334 - 0.999) 0.050 0.775 (0.332 - 1.809 0.555 0.587 (0.236 — 1.457) 0.251
Diuretics 0.483 (0.261 — 0.892) 0.020 0.333(0.134 - 0.828) 0.018 0.491 (0.187 — 1.293) 0.150
Biomarkers
Log NTproBNP(pmol/L) 1.785 (1.003 — 3.175) 0.049 1.277 (0.631 — 2.585) 0.497 1.143 (0.573 — 2.280) 0.705
Log SAP (ng/mL) 0.561 (0.437 - 0.721) <0.0005 0.506 (0.373 —0.688) <0.0005
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Figure 6.4: Kaplan Meier survival curve for patients with plasma SAP concentrations below or above

median, in acute heart failure. The green line denotes the infra-median and the red the supra-median SAP

group, for the endpoint of death.
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Figure 6.5: Kaplan Meier survival curve for patients with plasma SAP concentrations below or above

median, in acute heart failure. The green line denotes the infra-median and the red the supra-median SAP

group, for the endpoint of death and/or heart failure.
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6.4 Discussion

The aim of all proteomics discovery biomarker projects is to eventually identify
biomarkers that have clinical utility. The increasing number of biomarkers identified for
a variety of diseases requires all biomarker discoveries to be verified to assess the
specificity of the putative biomarkers in a small cohort of patients and validated to
establish sensitivity, specificity and optimisation in a larger cohort of patients (Rifai et
al., 2006). The ELISA technique has been long established and is often quoted as the
‘gold standard’ technique for protein measurement, with high throughput and well

established protocols in clinical laboratories (Kingsmore, 2006).

In Chapter Five, seven proteins were identified as putative biomarkers for acute heart
failure prognosis using discovery proteomic techniques. A hundred plasma samples
from two acute heart failure populations (survivor and non-survivor) were pooled and
analysed using an optimised proteomics workflow of label free 2D-LC-HDMSF and
data analysis for protein quantitation and identification. Using statistical analysis
available within Progenesis LC-MS, the seven proteins, IGF2, CYS D, SAP, MASP2,
PLTP, CETP and 15-PGDH, were expressed at different levels in both of the acute

heart failure groups and deemed statistically significant.

In this study, the same one hundred samples were tested singularly using two different
ILMA techniques to verify the plasma protein expression of the seven candidate
proteins. Six of seven proteins did not show statistically significant plasma protein
changes when measured individually rather than in pooled samples. The explanation for
the discrepancy between the discovery phase and verification phase measurements is

potentially three-fold.

The discovery phase analysis was conducted on a hundred pooled plasma samples, with
ten individual samples pooled to produce one pooled sample. The verification ILMA
analysis was conducted on the same samples but the samples were un-pooled and
untreated plasma (i.e. did not undergo any sample preparation prior to analysis).
Verification was conducted in untreated plasma samples as verification should be
performed on samples that would be used for clinical testing and allows marker

specificity for the given disease to be truly tested.
199



The ILMA methods rely heavily on antibody specificity for the antigen epitope binding
(Pan et al., 2009). Although all the proteins identified had antibodies available, the
specificity of these antibodies could be a reason for the discrepancies seen in the protein
expression levels. This is clearly demonstrated with MASP2, PLTP, CEPT and 15-
PGDH, where ILMA method development was required, removing the use of the

capturing antibody as it did not successfully bind the antigen.

ELISA assays are also susceptible to a variety of conditions other than binding such as
incubation time and temperature, sample volume and dilution, pH, composition and
concentration of the diluents, enzyme and substrate type and quality of the detector
(Rifai et al., 2006). Hence, we used more reliable chemiluminescent ILMA assays
rather than enzyme based assays (ELISA). Great care was taken to control all variables
and achieve consistency throughout the ILMA analysis. A limitation of the ILMA was
the need for extensive dilution of plasma samples prior to analysis, introducing the

potential of pipetting/human error.

An alternative protein targeting method is selected reaction monitoring (SRM) and is
becoming a popular alternative for verification (Method of the Year 2012. 2013;
Domon & Aebersold, 2010). SRM mass spectrometry methods can be used to target a
specific protein and offer an alternative to antibody dependent techniques, removing the
variables that affect protein measurements with ILMA. This method could be used as an

alternative to limit the variation in technique for the six proteins.

While the six proteins, IGF 2, CYS D, MASP2, PLTP, CETP, 15-PGDH, after ILMA
analysis were not as significant as suggested by Progenesis and proteomic analysis in
the discovery phase, SAP was found to be highly significant in both discovery and
verification phases of this study.

SAP was expressed 2.1 times higher in acute heart failure survivors than non-survivors
and was highly significantly, with a p value < 0.0005, in the discovery phase of this
study. A sandwich ILMA method was used to verify the protein expression of SAP in
individual plasma samples and found to remain significant, p value <0.0005 and
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expression was 1.6 times higher in acute heart failure survivors. The difference in SAP

protein concentration in the two populations is exemplified in the box plot in Figure 6.3.

Further statistical analysis of SAP in plasma using Cox regression analysis confirmed
SAP was an independent prognostic indicator in acute heart failure patients and Kaplan
Meier curves show the short term prognostic value (under 300 days) of plasma SAP
concentration with death and death and/or heart failure as eventual outcomes. The
Spearman’s Rho analysis found SAP to be independent of variables such as age, sex
and body mass index, which are known to affect base levels of current prognostic
biomarkers such as NTproBNP (Murray et al., 2006).

The results for SAP have shown discovery proteomic strategies are able to identify
biomarkers for acute heart failure prognosis and can be further verified, as the same
plasma SAP expression was seen in both phases of the study and SAP remained
significant. The SAP results also demonstrate the ability of two different analytical
techniques to work within a proteomic pipeline and identify a putative marker. The
results from the ILMA for SAP as a prognostic marker in acute heart failure are
promising. For large scale significance to be measured, the ILMA method would need

to be replicated in a larger validation cohort.
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Chapter Seven
Conclusions and Future

work



7.1 Conclusions

Currently 14 million people in Europe suffer from heart failure, with 3.6 million people
being diagnosed each year (HFM, 2007). In the UK, 900,000 people have heart failure
with equally as many with myocardial damage but are symptomless. The prognosis of
heart failure is worse than that of breast and prostate cancer, 30-40% of patients who
are diagnosed with heart failure die within 1 year of diagnosis. High NHS care costs
make heart failure an economic burden, accounting for 2% of the total NHS budget
(National Institute for Health and Clinical Excellence, 2010).

Since Mark Wilkins first introduced the term proteome in 1994 as a complement to the
genome (Wilkins et al., 1996), proteomics has undergone rapid change and has found
itself at the forefront of biomarker research. Petricoin et al. first described the use of
proteomic patterns in serum to identify ovarian cancer (Petricoin et al., 2002). Since
then, an FDA approved panel of biomarkers for ovarian cancer, OVA1L, has been
developed (Zhang & Chan, 2010). A serum based proteomic test, VeriStrat has been
shown to act as a prognostic indicator in advanced stage non-small cell lung cancer
using MALDI-TOF MS signatures of eight protein or peptides (Taguchi et al., 2007;
Kuiper et al., 2012). Schwarz et al. have discovered a serum based multiplex assay of
51 proteins for schizophrenia, which is widely used to distinguish control and disease
populations. The authors report 83% sensitivity with 83% specificity of the multicentre
immunoassay based test (Craddock et al., 2008). A study of the plasma proteome for
cardiovascular biomarkers by HUPO found 345 proteins with cardiovascular related
functions out of a total 3020 protein identified in plasma (Berhane et al., 2005).
Mebazza et al. have recently found plasma Quiescin 6 concentration accurately
identifies acute decompensated heart failure in combination with BNP (Mebazaa et al.,
2012). Watson et al. identified leucine rich alpha-2-glycoprotein as a biomarker of heart
failure and ventricular dysfunction using serum samples (Watson et al., 2011). It is
clear, progress is being made and proteomics has affected diagnosis and prognosis of

certain diseases.

Plasma is commonly used in proteomics as it can be obtained non-invasively and is
arguably the most representative fluid of the human proteome. This thesis used plasma

to search for biomarkers of acute heart failure. The rationale for using plasma rather
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than other biofluids was due the disease’s pathology as heart failure is a multi-organ
disease with complex inter-connected pathophysiology. It was therefore thought that
plasma could be used to identify a panel of proteins, which, in conjunction would be
more disease specific. However, plasma is a challenging biofluid to profile using mass
spectrometry as the dynamic range of plasma spans over 12 orders of magnitude,
whereas most current mass spectrometers can profile proteins of 4-5 orders of
magnitude (Anderson & Anderson, 2002).

The primary aim of this thesis was to optimise a plasma proteomic sample preparation
method that was compatible with mass spectrometry and reduce the dynamic range of
plasma proteins (Chapter 3). Immunodepletion is a commonly used method for plasma
proteomics. However, this method can cause co-depletion of smaller low abundance
proteins when depleting carrier molecules such as albumin (Tu et al., 2010). Due to this
limitation, many different methods were attempted and eventually equalizer beads were
found to reduce the dynamic range of plasma, identifying proteins of varying plasma
protein concentrations reproducibly using nanoUPLC-MSF (Chapter 3 section
3.3.3.5.1).

The reproducibility of a chosen proteomic method is essential to ensure all results
obtained are reliable and suitable for biomarker studies. Using healthy control samples
and the optimised sample preparation method, technical reproducibility and precision
was demonstrated over 5 orders of magnitude (Hakimi et al., 2013). Although lower
than the 12 orders of magnitude of plasma, the 5 orders of magnitude achieved is
greater than other assessed workflows.

In addition to plasma sample preparation methods, mass spectrometry method
development was also conducted. In this thesis, a novel proteomic mass spectrometry
workflow was developed for biomarker discovery (chapter 3 section 3.3.3.5.3). Nano-
UPLC-MSF and nano-UPLC-HDMSF workflows were compared, nano-LC-HDMSE
incorporated the ion mobility separation within the analysis. Thus, samples were
separated according to mass, charge and size with the inclusion of drift time. Using
label free Hi3 absolute quantitation (Silva et al., 2006), HDMSF out performed MSF,
profiling the plasma proteome in greater depth.
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Chapter Three focussed on the development of sample preparation and mass
spectrometry methods using healthy control plasma. Chapter Four took the developed
proteomic methods, applied them to a population of acute heart failure plasma, and
matched healthy controls. Multidimensional chromatography was also introduced as a
further platform development. This thesis demonstrated multidimensional
chromatography was able to increase peak capacity, increase the number of protein
identifications for the same samples and provide confident protein identifications.
Chapter Four showed that increasing the number of fractions per sample and optimising
sample loading in the second dimension can increase the dynamic range of protein
identifications but at the expense of analysis time. Chapter Four also demonstrated the
problem of pooling samples to provide a super-sample of n=1. Where possible, n=1
should be avoided as a large group of pooled samples could lead to a loss of
information of biological variation in plasma protein concentrations. However, when
time is limited and maximum throughput is required, n=1 is the only reasonable option.
A fine balance has to be struck between high throughput and sample pooling. Despite
this limitation, high/low pH RP-RP chromatography offers an overall advantage to a
proteomic workflow and is a time efficient method of analysing a large number of

samples.

The method and platform development in Chapters Three and four culminated in a
prognostic biomarker study for acute heart failure in Chapter Five. A total of one
hundred samples from survivor and non-survivor groups with an end point of 1 year
were pooled and using high/low pH LC-HDMSE, the proteome of both patient sample
groups were investigated. Using proteomic software, proteins were identified,
quantified and expression analysis of the two groups was compared. The quality of the
data was assured by the judicious use of relevant QC samples, which demonstrated

high levels of uniformity.

A comparison of the two conditions (survivor vs. non-survivor) identified proteins that
were differentially expressed between both groups and research within the thesis
demonstrated that biomarkers could be identified. However, the size of the study
produced a large amount of data, which was only processed by a single proteomic
software package. Proteomic studies are hampered by the length of sample analysis and
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the amount of data produced, even with sample pooling. Pooling of samples should be
carefully considered when undertaking a study, even though pooling has limitations it is
still a valid and valuable time and data size saving procedure that could and should be
considered (Diz et al., 2009).

A total of seven disease pathology related and statistically significant proteins identified
by the prognostic study were further verified using an antibody based method, ILMA.
SAP, which was identified in the pooled samples as a putative biomarker, remained
significant even when measured in the same samples individually (Chapter 6). The
identification of SAP as a putative biomarker using a pooled experimental design
proves that pooling is not completely disadvantageous. Using the proposed
experimental pipeline, we have managed to yield a putative biomarker for acute heart

failure prognosis.

SAP has been shown in this study to be an independent predictor of death and /or heart
failure as end points within one year. This confirms that the discovery proteomic
workflow can lead to the successful identification of putative biomarkers and identify
biomarkers that have ordinarily been over looked in acute heart failure pathology. The
role of SAP in heart failure is still highly debated and has been found to be associated
with many different co-morbidities but not with cardiovascular death by other
researchers (Ying et al., 1993; Pepys et al., 1979; Jenny et al., 2007; De Beer et al.,
1982; Haudek et al., 2006). Although CRP and SAP come from the same family of
proteins (pentraxin family), their roles in disease pathology seem to differ. Further
investigations of SAP’s role in acute heart failure would need to be determined to
understand its function, although it has been hypothesised that SAP plays a role in
preventing atherosclerotic progression of disease by blocking macrophage uptake of
SAP bound LDL (Stewart et al., 2005).

Our study has found that SAP outperforms NTproBNP, an established prognostic
biomarker for acute heart failure (Gardner et al., 2003), within the selected patient
cohort for predicting adverse outcome in acute heart failure patients. The use of SAP as
an independent prognostic biomarker would enable clinicians to categorise patients into
high risk and low risk post-discharge groups, this could lead to a more tailored
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approach for personalised medicine strategies, as patients deemed as high risk of a post-
discharge event could be eligible for more intensive treatments or increased monitoring
by hospital or community nurses. The high significance of SAP over NTproBNP in the
same patient cohort suggests that SAP could be used in place of the NTproBNP test or
in conjunction for further clarity of prognosis. Further investigations of SAP with
existing and clinically used acute heart failure biomarkers is required. SAP would also
need to be tested for specificity at different stages of acute heart failure with all co-
morbidities associated with the disease, alongside established biomarkers such as NT-
proBNP and the effects of therapy on SAP should be investigated.

The relationship of SAP to acute heart failure discovered in this proteomic study could
lead to SAP being targeted for therapeutic purposes. SAP is known to bind LDL
reducing its function in atherosclerosis (Stewart et al., 2005) and SAP injections have
been shown to inhibit fibrosis in animal models (Crawford et al., 2012). As high levels
of SAP seem to confer better prognosis in this study, the molecular mechanisms
involved could be explored and exploited for new targets for therapeutics.

SAP was identified with >2 fold change in protein expression between the two acute
heart failure conditions. This was the only protein above >2 fold change short listed for
the target proteins and was the only successful protein to be identified in verification
tests. Additional stringency efforts when using pooled samples may need to be put in
place, as the subtle changes in plasma protein concentrations may be lost. Thus, higher
fold changes may need to be used as a positive biomarker identification filter when
comparing pooled samples than individual samples. This may mean a smaller number
of putative markers are identified but they will be identified with a higher degree of

confidence prior to verification tests.

This thesis aimed to identify biomarkers in acute heart failure patient plasma, using a
novel platform combining 2D-LC and nanoUPLC-HDMSE with bioinformatic
approaches. Biomarkers of prognosis were identified and SAP was successfully verified
in further antibody analyses. To our knowledge, this is the first acute heart failure
proteomic biomarker study to combine a novel sample preparation and analysis method
of equalizer beads with 2D-RP-RP-HDMSF to identify prognostic markers of acute
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heart failure. Furthermore, this is the only plasma proteomic biomarker study to identify
SAP as a biomarker using this workflow. The utility of such an approach is strongly

demonstrated and justified.

7.2 Future work

Mass spectrometry based biomarker discovery proteomics has greatly improved since it
was first used for searching for disease biomarkers in 2002 (Petricoin et al., 2002).
However, proteomics remains a new field and will require significant development to
search for proteins present in and below the ng/mL range. The greatest challenge in
plasma proteomics is overcoming the complexity of the samples and identifying every
single protein in plasma. Collaborative efforts have been made to ensure all proteins,
corresponding peptides, post-translational modification and their concentrations are
identified in a shared common repository. HUPO’s Plasma Proteome Project and
Proteomics IDEntifications database (PRIDE) are examples of such efforts (Omenn et
al., 2005; Martens et al., 2005).

In addition to the challenges faced in sample analysis, data analysis also requires further
enhancement. As shown in this thesis, 1.2 TB of data was collected from only one
hundred pooled and fractionated samples using the optimum workflow. Many
proteomic software packages available commercially such as PLGs v2.5.2 and Scaffold
were unable to cope with this volume and re-combining required when fractionated data
was used. Development in this area of proteomics is essential to confidently interrogate

data from mass spectrometers.

The data presented in this thesis has identified protein biomarkers of acute heart failure.
However, additional interrogation of data could potentially identify more information
on the biological process that takes place in acute heart failure.

1. Post translational modifications of proteins in different disease states such as
glycosylation and phosphorylation could be investigated, as these modifications
have been targets for understanding disease biology.

2. Investigation of the effect of changing the stringency on the data filters to

identify biomarkers could yield new or slightly different information.
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3. Investigation of protein functions of the identified proteins could provide an

insight into disease state pathology.

In addition to investigating the data that has already been presented for further
information, this has also highlighted other areas for method development and

potentially new areas of research and further work.

The proteins identified in the prognostic study (chapter 5) were analysed using gene
ontology programs and proteins were separated according to molecular function. One of
the largest groups of molecular function identified was proteins related to metabolism.
A metabolomic study of the plasma could identify further markers of acute heart failure
prognosis and cross-examination of proteomic and metabolomic data to search for
similarity would increase confidence in protein and metabolite identifications. As only
one of the seven identified biomarkers were verified using ILMA assays, SRM could be
performed as an alternative for verification of putative biomarkers. Although SRM
verification is time intensive, as the method requires optimisation and evaluation
(Method of the Year 2012. 2013).

Although this study found SAP was a positive marker of acute heart failure, the
verification procedure has some limitations. The cohort tested only comprised of a
hundred samples. However, it had sufficient power to outperform other established
markers and clinical features of acute heart failure. SAP levels need to be evaluated
further with a larger acute heart failure cohort of samples (approximately 1000
samples). The SAP biomarker needs to be cross-validated against other existing
biomarkers such as NT-proBNP and clinical features/co-morbidities of acute heart
failure to determine its independent prognostic power. Mechanistic studies need to be
undertaken to understand the role of SAP in acute heart failure pathology and
therapeutic effect of SAP targeted treatment.
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Chapter Eight
Appendix



8.1 Appendix A

Lists of the proteins identified for proteins from the equalizer beads with sodium

deoxycholate method

Table A-1: A list of the 169 proteins identified by the equalizer beads with SDC

method

Actin cytoplasmic 1

Actin cytoplasmic 2

Brain acid soluble
protein 1

subcomponent subunit
C

Adipocyte plasma
membrane associated
protein

C reactive protein

C type lectin domain
family 4 member C

Complement C1r
subcomponent like
protein

Alcohol dehydrogenase
1

C4b binding protein
alpha chain

Complement C1r
subcomponent

Alpha 1 acid
glycoprotein 1

C4b binding protein
beta chain

Complement C1s
subcomponent

Alpha 1 acid
glycoprotein 2

Cadherin 5

Complement C3

Alpha 1
antichymotrypsin

Calmodulin like protein
3

Complement C4 A

Alpha 1 antitrypsin

Carboxypeptidase N
subunit 2

Complement C4 B

Alpha 1B glycoprotein

Alpha 2 antiplasmin

Cartilage oligomeric
matrix protein

Complement
component C9

Complement factor B

Alpha 2 HS
glycoprotein

CD5 antigen like

Complement factor H

Cdc42 effector protein 3

Alpha 2 macroglobulin

Ceruloplasmin

Complement factor H
related protein 1

ANL1 type zinc finger
protein 2B

Clusterin

Complement factor H
related protein 3

Angiotensinogen

Coagulation factor IX

Antithrombin 111

Coagulation factor VII

Complement factor H
related protein 4

Apolipoprotein A |

Coagulation factor X

Apolipoprotein A Il

Coagulation factor XII

Complement factor H
related protein 5

Apolipoprotein A IV

Coagulation factor XI1I
A chain

DTW domain
containing protein 1

Apolipoprotein C |

Apolipoprotein C II

Coagulation factor X111
B chain

Apolipoprotein C 11

Apolipoprotein D

Colipase like protein
C6orf127

EGF containing fibulin
like extracellular matrix
protein 1

Apolipoprotein E

Collectin 11

Enoyl CoA hydratase
mitochondrial

Apolipoprotein F

Apolipoprotein L1

Apolipoprotein M

Complement Clq
subcomponent subunit
A

Exocyst complex
component 1

Fibrinogen alpha chain

Beta 2 glycoprotein 1

Beta Ala His
dipeptidase

Complement C1q
subcomponent subunit
B

Fibrinogen beta chain

Fibrinogen gamma
chain

Complement C1q

Fibulin 1
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Fibulin 5

Ficolin 3

Ig kappa chain V 111
region VG Fragment

serine protease 1

Four and a half LIM
domains protein 3

Ig kappa chain V 111
region WL

N acetylmuramoyl L
alanine amidase

Galectin 3 binding
protein

Ig kappa chain V IV
region Len

NudC domain
containing protein 2

Gap junction beta 6
protein

Ig lambda 2 chain C
regions

Pallidin

Gelsolin

Glutathione peroxidase
3

Ig lambda 3 chain C
regions

Phosphatidylcholine
sterol acyltransferase

Haptoglobin

Ig lambda chain V |
region HA

Phospholipid transfer
protein

Plasminogen

Haptoglobin related
protein

Ig lambda chain V |
region WAH

Platelet factor 4

Platelet factor 4 variant

Hemoglobin subunit
beta

Ig lambda chain V 1lI
region LI

Pregnancy zone protein

Hemoglobin subunit
delta

Ig lambda chain V IV
region Hil

Progesterone induced
blocking factor 1

Protein AMBP

Hemoglobin subunit
gamma 1

Ig mu chain C region

Hemopexin

Ig mu heavy chain
disease protein

Protein Z dependent
protease inhibitor

Prothrombin

Histidine rich
glycoprotein

Immunoglobulin J chain

Hyaluronan binding
protein 2

Insulin like growth
factor binding protein 4

Ig alpha 1 chain C
region

Inter alpha trypsin
inhibitor heavy chain
H1

Putative pre mMRNA
splicing factor ATP
dependent RNA
helicase DHX32

Putative trypsin 6

Ig alpha 2 chain C
region

Ig gamma 1 chain C
region

Inter alpha trypsin
inhibitor heavy chain
H2

Putative
uncharacterized protein
L C100506887

Ig gamma 2 chain C
region

Inter alpha trypsin
inhibitor heavy chain
H3

Putative
uncharacterized protein
L C388882

Ig gamma 3 chain C
region

Ig gamma 4 chain C
region

Inter alpha trypsin
inhibitor heavy chain
H4

Ras related protein Rab
44

Selenoprotein P

Serotransferrin

Ig heavy chain V I11
region BR

Intercellular adhesion
molecule 3

Serum albumin

Keratocan

Serum albumin

Ig heavy chain V |11
region WAS

Kininogen 1

Serum amyloid A 4
protein

Ig kappa chain C region

Lipopolysaccharide
binding protein

Serum amyloid A
protein

Ig kappa chain V |
region EU

Ig kappa chain V 11
region TEW

Low affinity
immunoglobulin
gamma Fc region
receptor Il b

Serum paraoxonase
arylesterase 1

Serum paraoxonase
lactonase 3

Ig kappa chain V I
region SIE

Lumican

Mannan binding lectin

Sex hormone binding
globulin
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Sulfhydryl oxidase 1

Thrombospondin 1

Uncharacterized protein
C21orf58

protein C

Thrombospondin 4

Tigger transposable
element derived protein
4

Uncharacterized protein
C90rf153

Vitamin K dependent
protein S

Vacuolar protein sorting

associated protein 37A

Vitamin K dependent
protein Z

Transcobalamin 2

Transthyretin

Vasodilator stimulated
phosphoprotein

Vitronectin

Zinc finger protein 143

Trypsin 1

Tubulin alpha 3C D
chain

Vitamin D binding
protein

Vitamin K dependent

Table A-2: List of the 271 proteins identified in the reproducibility study using the
equalizer beads with SDC method

Actin cytoplasmic 1

Actin cytoplasmic 2

Adiponectin

Afamin

Alcohol dehydrogenase
1

Beta Ala His component C8 beta
dipeptidase chain

C4b binding protein Complement

alpha chain component C8 gamma
Calcyclin binding chain

protein Complement

Alpha 1
antichymotrypsin

Carboxypeptidase N
catalytic chain

component C9

Alpha 1 antitrypsin

Alpha 1B glycoprotein

Carboxypeptidase N
subunit 2

Complement factor B

Complement factor H

Alpha 2 antiplasmin

Cathepsin B

Alpha 2 HS
glycoprotein

CD5 antigen like

Complement factor H
related protein 1

Clusterin

Complement factor H
related protein 2

Alpha 2 macroglobulin

Coagulation factor IX

Angiotensinogen

Coagulation factor X

Complement factor H
related protein 3

Ankyrin repeat and
MYND domain
containing protein 2

Coagulation factor XII

Antithrombin 111

Complement C1r
subcomponent like
protein

Complement factor H
related protein 4

Complement factor |

Apolipoprotein A |

Apolipoprotein A 1l

Complement C1r
subcomponent

Corticosteroid binding
globulin

Apolipoprotein A IV

Apolipoprotein C |

Complement C1s
subcomponent

Extracellular matrix
protein 1

Fibrinogen alpha chain

Apolipoprotein C II

Complement C2

Fibrinogen beta chain

Apolipoprotein C 11

Complement C5

Apolipoprotein D

Apolipoprotein E

Complement
component C6

Fibrinogen gamma
chain

Fibulin 1

Apolipoprotein L1

Complement
component C7

Ficolin 3

Apolipoprotein M

Attractin

Beta 2 glycoprotein 1

Complement
component C8 alpha
chain

Galectin 3 binding
protein

Gap junction beta 6
protein

Complement

Gelsolin
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Glutathione peroxidase
3

inhibitor heavy chain
H4

Serum amyloid P
component

Golgi SNAP receptor
complex member 2

Kallistatin

Guanine nucleotide
binding protein G 1 G S
G subunit gamma 10

Keratocan

Serum paraoxonase
arylesterase 1

Kininogen 1

Haptoglobin

L lactate dehydrogenase
C chain

Sex hormone binding
globulin

Haptoglobin related
protein

Leucine rich alpha 2
glycoprotein

Hemopexin

Lumican

Sodium potassium
transporting ATPase
subunit beta 1
interacting protein 2

Heparin cofactor 2

Histidine rich
glycoprotein

Matrix
metalloproteinase 26

Tetranectin

Hyaluronan binding
protein 2

Monocyte
differentiation antigen
CD14

Thyroxine binding
globulin

Vasodilator stimulated
phosphoprotein

Ig alpha 1 chain C
region

N acetylmuramoyl L
alanine amidase

Ig alpha 2 chain C
region

Paralemmin 2

Vesicular integral
membrane protein
VIP36

Peptidase inhibitor 16

Ig gamma 1 chain C
region

Ig gamma 2 chain C
region

Phosphatidylinositol
glycan specific
phospholipase D

Vitamin D binding
protein

Vitamin K dependent
protein C

Ig gamma 3 chain C
region

Photoreceptor specific
nuclear receptor

Vitronectin

Ig gamma 4 chain C
region

Pigment epithelium
derived factor

Zinc alpha 2
glycoprotein

Ig kappa chain C region

Plasma protease C1
inhibitor

Zinc finger HIT domain
containing protein 2

Ig lambda 2 chain C
regions

Pregnancy zone protein

Ig mu chain C region

Programmed cell death
protein 2

Adenine
phosphoribosyltransfera
se

Ig mu heavy chain
disease protein

Properdin

Protein AMBP

Adipocyte plasma
membrane associated
protein

Insulin like growth
factor binding protein
complex acid labile
subunit

Protein CutA

Protein ripply3

Alpha 1 acid
glycoprotein 1

Prothrombin

Alpha 1 acid
glycoprotein 2

Inter alpha trypsin
inhibitor heavy chain
H1

Putative zinc alpha 2
glycoprotein like 1

ANL1 type zinc finger
protein 2B

Retinol binding protein
4

Antigen presenting
glycoprotein CD1d

Inter alpha trypsin
inhibitor heavy chain
H2

RNA pseudouridylate
synthase domain
containing protein 2

Apolipoprotein F

Brain acid soluble
protein 1

Inter alpha trypsin
inhibitor heavy chain
H3

Serotransferrin

C reactive protein

Serum albumin

Inter alpha trypsin

Serum amyloid A 4
protein

C type lectin domain
family 4 member C

C4b binding protein

214




beta chain

Cadherin 5

DTW domain
containing protein 1

region TEW

Calmodulin like protein
3

Cartilage oligomeric
matrix protein

EGF containing fibulin
like extracellular matrix
protein 1

Ig kappa chain V Il
region CLL

Caytaxin

Enoyl CoA hydratase
mitochondrial

Ig kappa chain V Il
region GL

Cdc42 effector protein 3

Cell differentiation
protein RCD1 homolog

Exocyst complex
component 1

Ig kappa chain V I11
region HIC

Fibulin 5

Ig kappa chain V Il
region SIE

Cell surface A33
antigen

Four and a half LIM
domains protein 3

Ig kappa chain V Il
region Ti

Centrin 2

G antigen 1

Ig kappa chain V I11
region VG Fragment

Ceruloplasmin

GatC like protein

Charged multivesicular
body protein 4a

Granzyme M

Ig kappa chain V 111
region WL

Cholesteryl ester
transfer protein

Hemoglobin subunit
alpha

Ig kappa chain V IV
region Len

Coagulation factor VII

Hemoglobin subunit
beta

Ig lambda chain V |
region HA

Coagulation factor XIlI
A chain

Hemoglobin subunit
delta

Ig lambda chain V |
region WAH

Coagulation factor XIlI
B chain

Hemoglobin subunit
epsilon

Ig lambda chain V Il
region LI

Colipase like protein
C6orf127

Hemoglobin subunit
gamma 1

Ig lambda chain V Il
region SH

Collectin 11

Complement C1q
subcomponent subunit
A

Ig heavy chain V I
region BR

Ig lambda chain V IV
region Hil

Ig heavy chain V I
region PM

Immunoglobulin J chain

Complement Clq
subcomponent subunit
B

Ig heavy chain V 111
region TIL

Insulin like growth
factor binding protein 4

Complement C1q
subcomponent subunit
C

Ig heavy chain V IlI
region WAS

Intercellular adhesion
molecule 3

Ig kappa chain V |
region AG

Lipopolysaccharide
binding protein

Complement C3

Complement C4 A

Ig kappa chain V |
region EU

Complement C4 B

Complement factor H
related protein 5

Ig kappa chain V |
region Hau

Low affinity
immunoglobulin
gamma Fc region
receptor Il b

Decorin

Ig kappa chain V |
region Ni

Ly6 PLAUR domain
containing protein 2

DNA directed RNA
polymerase | subunit
RPA43

Ig kappa chain V |
region Roy

Lysophospholipase like
protein 1

DNA directed RNA
polymerases | 1l and 111
subunit RPABC2

Ig kappa chain V |
region WAT

Mannan binding lectin
serine protease 1

Ig kappa chain V |
region Wes

Methyltransferase like
protein 4

Ig kappa chain V 11

NADH dehydrogenase
ubiquinone iron sulfur
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protein 6 mitochondrial

Neurocan core protein

Noggin

NudC domain
containing protein 2

Pallidin

Phosphatidylcholine
sterol acyltransferase

Phosphoenolpyruvate
carboxykinase GTP
mitochondrial

Phospholipid transfer
protein

Plasminogen

Platelet factor 4

Platelet factor 4 variant

Probable histone
acetyltransferase
MYST1

Progesterone induced
blocking factor 1

Prostate specific antigen

Protein FAM171B

Protein phosphatase 1
regulatory subunit 14B

Protein Z dependent
protease inhibitor

Putative pre mMRNA
splicing factor ATP
dependent RNA
helicase DHX32

Putative trypsin 6

Putative
uncharacterized protein
C2lorf77

Putative
uncharacterized protein
L C100506887

like factor

Thrombospondin 1

Putative
uncharacterized protein
L C388882

Thrombospondin 4

Ras related protein Rab
44

Tigger transposable
element derived protein
4

Transcobalamin 2

RWD domain
containing protein 4

Transthyretin

Trypsin 1

SAM pointed domain
containing Ets
transcription factor

Tubulin alpha 3C D
chain

Sarcoma antigen 1

Ubiquitin conjugating
enzyme E2 Q2

Selenoprotein P

Serum amyloid A
protein

Uncharacterized protein
Clorf212

Serum paraoxonase
lactonase 3

Uncharacterized protein
C200rf196

Solute carrier organic
anion transporter family
member 5A1

Uncharacterized protein
C21lorf58

Uncharacterized protein
C4orf32

Sterile alpha motif
domain containing
protein 13

Uncharacterized protein
C5orf52

Sulfhydryl oxidase 1

Uncharacterized protein
C90rf153

SWI SNF related matrix
associated actin
dependent regulator of
chromatin subfamily E
member 1

Vacuolar protein sorting
associated protein 37A

Vezatin

Vitamin K dependent
protein S

Syntaxin 12

Testis expressed
sequence 13A protein

Vitamin K dependent
protein Z

Zinc finger protein 143

TFIHA alpha and beta

Zinc finger protein 449

Table A-3: List of the eighteen randomly selected proteins for the reproducibility

study

P02790 | Hemopexin P06727 | Apolipoprotein A IV
P08603 | Complement factor H P02760 | Protein AMBP

P02647 | Apolipoprotein A | Q96PD | N acetylmuramoyl L alanine
P02765 | Alpha 2 HS glycoprotein 5 amidase

P00734 | Prothrombin poog71 | Complement Cls

P02768 | Serum albumin subcomponent

P04004 | Vitronectin P02652 | Apolipoprotein A 1l
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P10909 | Clusterin P02649 | Apolipoprotein E
P04003 CC;lat;nblndlng protein alpha 81452 Hyaluronan binding protein 2
P02671 | Fibrinogen alpha chain P00742 | Coagulation factor X

Table A-4: A list of the proteins identified by MSF (165) and HDMSF (228) using
equalizer beads with sodium deoxycholate method

MSE:

14 3 3 protein epsilon

Cadherin 5

component C9

14 3 3 protein zeta delta

Actin alpha skeletal
muscle

Calcium binding protein
8

Complement factor D

Actin cytoplasmic 1

Cartilage acidic protein
1

Complement factor H

Actin cytoplasmic 2

Actin gamma enteric
smooth muscle

Cartilage oligomeric
matrix protein

Complement factor H
related protein 1

CD5 antigen like

Complement factor H
related protein 2

Alpha 1 antitrypsin

Ceruloplasmin

Complement factor H
related protein 3

Alpha 2 antiplasmin

Clusterin

Alpha 2 HS
glycoprotein

Coagulation factor IX

Complement factor H
related protein 4

Coagulation factor VII

Alpha 2 macroglobulin

Coagulation factor X

Complement factor H
related protein 5

Angiotensinogen

Coagulation factor XII

Ankyrin repeat and SCS
box protein 14

Coagulation factor XIl1I
A chain

EGF containing fibulin
like extracellular matrix
protein 1

Apolipoprotein A |

Apolipoprotein A 11

Coagulation factor XIl1I
B chain

Extracellular superoxide
dismutase Cu Zn

Apolipoprotein A IV

Collectin 11

Fibrinogen alpha chain

Apolipoprotein C |

Apolipoprotein C 1l

Apolipoprotein C Il

Complement C1q
subcomponent subunit
A

Fibrinogen beta chain

Fibrinogen gamma
chain

Apolipoprotein D

Apolipoprotein E

Apolipoprotein F

Complement Clq
subcomponent subunit
B

Fibulin 1

Fibulin 5

Ficolin 3

Apolipoprotein L1

Apolipoprotein M

Complement C1q
subcomponent subunit
C

G patch domain
containing protein 2

Beta 2 glycoprotein 1

Beta Ala His
dipeptidase

Galectin 3 binding

C reactive protein

Complement C1r protein

subcomponent Gelsolin

Complement C1s Glutathione peroxidase
subcomponent 3

C4b binding protein
alpha chain

Complement C3

Haptoglobin

Complement C4 A

C4b binding protein
beta chain

Complement C4 B

Haptoglobin related
protein

Complement

Hemopexin
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Nuclear factor of
activated T cells
cytoplasmic 4

Nuclear interacting
partner of ALK

Heparin cofactor 2 region Len
Hepatocyte growth Ig lambda 1 chain C
factor activator regions

Histidine rich Ig lambda 2 chain C
glycoprotein regions

HLA class | Ig lambda 3 chain C

histocompatibility
antigen Cw 17 alpha
chain

regions

Phosphatidylcholine
sterol acyltransferase

Ig lambda chain V 1lI
region LI

Hyaluronan binding
protein 2

Ig lambda chain V 1lI
region SH

Phosphatidylinositol
glycan specific
phospholipase D

Ig alpha 1 chain C
region

Ig mu chain C region

Phospholipid transfer
protein

Ig alpha 2 chain C
region

Ig mu heavy chain
disease protein

Plasma kallikrein

Plasminogen

Ig gamma 1 chain C
region

Immunoglobulin J chain

Platelet factor 4

Ig gamma 2 chain C
region

Immunoglobulin
lambda like polypeptide
5

Platelet factor 4 variant

Pregnancy zone protein

Ig gamma 3 chain C
region

Insulin like growth
factor binding protein 4

Proteasome subunit beta
type 9

Ig gamma 4 chain C
region

Ig heavy chain V 1lI
region BR

Inter alpha trypsin
inhibitor heavy chain
H1

Protein AMBP

Protein CREG2

Protein phosphatase 1M

M

Ig heavy chain V I11
region TIL

Inter alpha trypsin
inhibitor heavy chain
H2

Protein Z dependent
protease inhibitor

Prothrombin

Ig heavy chain V I11
region TUR

Inter alpha trypsin
inhibitor heavy chain
H3

Putative BMSL1 like
protein
ENSP00000383048

Ig kappa chain C region

Ig kappa chain V |

Inter alpha trypsin
inhibitor heavy chain
H4

Putative
uncharacterized protein
FLJ45825

Retinoic acid receptor
responder protein 2

Retinol binding protein
4

Selenoprotein P

Serotransferrin

Serum albumin

Serum albumin

Serum amyloid A 4
protein

region AU Keratin associated

Ig kappa chain V| protein 195

region Gal Kininogen 1

Ig kappa chain V | Lipopolysaccharide
region Lay binding protein

Ig kappa chain V | Lumican

region WAT Mannan binding lectin
lg kappa chain V 111 serine protease 1
region HIC Mannan binding lectin
Ig kappa chain V 111 serine protease 2
region SIE Membrane spanning 4

Ig kappa chain V 111
region VG Fragment

Ig kappa chain V |11
region WL

domains subfamily A
member 18

Serum amyloid A
protein

Ig kappa chain V IV

N acetylmuramoyl L
alanine amidase

Serum paraoxonase
arylesterase 1

Sulfhydryl oxidase 1

Neutrophil defensin 3

Tetranectin
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Thioredoxin domain Tubulin beta 1 chain protein C

containing protein 9 Uncharacterized protein Vitamin K dependent
Thrombospondin 4 C220rf34 protein S
Transcription cofactor UPF0583 protein Vitronectin

vestigial like protein 1

C150rf59

Transforming growth
factor beta induced
protein ig h3

Vacuolar protein sorting
associated protein 4A

Zinc finger protein 566

Transthyretin

Vitamin D binding
protein

Tubulin alpha 4A chain

Vitamin K dependent

HDMSE:

14 3 3 protein epsilon

Apolipoprotein D

Collectin 11

14 3 3 protein epsilon

Apolipoprotein E

14 3 3 protein zeta delta

Apolipoprotein F

72 kDa type IV
collagenase

Apolipoprotein L1

Complement C1q
subcomponent subunit
A

Actin alpha skeletal
muscle

Beta 2 glycoprotein 1

Actin cytoplasmic 1

Beta Ala His
dipeptidase

Complement C1q
subcomponent subunit
B

Actin cytoplasmic 2

C reactive protein

Actin gamma enteric
smooth muscle

C4b binding protein
alpha chain

Complement Clq
subcomponent subunit
C

Adiponectin

C4b binding protein
beta chain

Complement C1r
subcomponent

Alcohol dehydrogenase
1

Cadherin 1

Alpha 1
antichymotrypsin

Cadherin 13

Complement C1s
subcomponent

Cadherin 5

Complement C3

Alpha 1 antitrypsin

Alpha 1B glycoprotein

Carboxypeptidase N
subunit 2

Complement C4 A

Complement C4 B

Alpha 1B glycoprotein

Cartilage oligomeric
matrix protein

Alpha 2 antiplasmin

CD5 antigen like

Complement
component C8 alpha
chain

Alpha 2 HS
glycoprotein

Ceruloplasmin

Alpha 2 macroglobulin

Clusterin

Alpha actinin 1

Coagulation factor IX

Complement
component C8 alpha
chain

Alpha actinin 4

Coagulation factor VI

Angiotensinogen

Coagulation factor X

Complement
component C8 gamma
chain

Antithrombin 11

Coagulation factor XI

Apolipoprotein A |

Coagulation factor XI

Complement
component C9

Apolipoprotein A 1l

Coagulation factor XII

Complement factor D

Apolipoprotein A IV

Coagulation factor XIl1I
A chain

Complement factor H

Apolipoprotein C |

Apolipoprotein C I

Coagulation factor XIl1I
B chain

Complement factor H
related protein 1

Apolipoprotein C 111

Collectin 10

Complement factor H
related protein 2
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region TEW

Ig kappa chain V Il
region HIC

Complement factor H Hepatocyte growth
related protein 3 factor activator
Complement factor H Hepatocyte growth
related protein 4 factor activator
Complement factor H Histidine rich

related protein 5

glycoprotein

Ig kappa chain V Il
region NG9 Fragment

Cystatin C

Desmoglein 2

Hyaluronan binding
protein 2

Ig kappa chain V I11
region VG Fragment

DNA binding protein
inhibitor ID 1

Ig alpha 1 chain C
region

Ig kappa chain V Il
region WL

EGF containing fibulin
like extracellular matrix
protein 1

Ig alpha 2 chain C
region

Ig kappa chain V IV
region Len

Endoplasmin

Ig gamma 1 chain C
region

Ig lambda 2 chain C
regions

Endoplasmin

Extracellular matrix
protein 1

Ig gamma 2 chain C
region

Ig lambda 6 chain C
region

Extracellular superoxide
dismutase Cu Zn

Ig gamma 3 chain C
region

Ig lambda chain V |
region HA

Fibrinogen alpha chain

Ig gamma 4 chain C
region

Ig lambda chain V Il
region LI

Fibrinogen beta chain

Ig heavy chain V Il1

Ig lambda chain V Il
region SH

Ig lambda chain V IV
region Hil

Ig mu chain C region

Ig mu heavy chain
disease protein

Immunoglobulin J chain

— region BR
F'bf'”"ge” gamma Ig heavy chain V |11
Cham_ region PM
F!bul!n 1 Ig heavy chain V I
Fibulin 5 region TEI
Ficolin 2 Ig heavy chain V 111
Ficolin 3 region TIL
Forkhead box protein J2 Ig heavy chain V I
Galectin 3 binding region TUR
protein Ig heavy chain V 1lI
Gelsolin region WAS

Immunoglobulin
lambda like polypeptide
5

Glucokinase regulatory
protein

Ig kappa chain C region

Insulin like growth
factor binding protein 4

Glucokinase regulatory
protein

Ig kappa chain V |
region AG

Insulin like growth
factor 11

Glutathione peroxidase
3

Ig kappa chain V |
region AU

Haptoglobin

Ig kappa chain V |
region EU

Inter alpha trypsin
inhibitor heavy chain
H1

Haptoglobin related
protein

Ig kappa chain V |
region Gal

Inter alpha trypsin
inhibitor heavy chain
H2

Hemoglobin subunit
alpha

Ig kappa chain V |
region Ni

Hemoglobin subunit
beta

Ig kappa chain V |
region Scw

Inter alpha trypsin
inhibitor heavy chain
H3

Hemopexin

Heparin cofactor 2

Ig kappa chain V |
region WEA

Inter alpha trypsin
inhibitor heavy chain
H4

Ig kappa chain V 11

Kallistatin

Kininogen 1
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LEM domain
containing protein 2

Plasminogen

Thrombospondin 1

Lipopolysaccharide
binding protein

Platelet basic protein

Thrombospondin 4

Platelet factor 4

Lumican

Mannan binding lectin
serine protease 1

Platelet glycoprotein Ib
alpha chain

Transforming growth
factor beta induced
protein ig h3

Mannan binding lectin
serine protease 2

Platelet glycoprotein Ib
alpha chain

Mannan binding lectin
serine protease 2

PTE ankyrin domain
family member E

Transforming growth
factor beta induced
protein ig h3

Pregnancy zone protein

Mannose binding
protein C

Properdin

Transitional
endoplasmic reticulum
ATPase

Properdin

Transthyretin

Matrix Gla protein

Methyltransferase like
protein 4

Protein ACN9 homolog
mitochondrial

TTD non photosensitive
1 protein

Protein AMBP

Tubulin alpha 1B chain

MICAL like protein 2

Protein S100 A9

Tubulin alpha 1C chain

Myosin light
polypeptide 6

Protein Z dependent
protease inhibitor

Tubulin alpha 4A chain

Tubulin beta 1 chain

N acetylmuramoyl L
alanine amidase

Proteoglycan 4

Tubulin beta 2A chain

Proteoglycan 4

Tubulin beta 3 chain

N acylneuraminate
cytidylyltransferase

Prothrombin

Tubulin beta 6 chain

Protocadherin beta 12

Tubulin beta 8 chain

Neuferricin

Paladin

Retinol binding protein
4

Peroxisomal 2 4 dienoyl
CoA reductase

Secernin 1

Tubulin polymerization
promoting protein
family member 2

Selenoprotein P

Phosphatidylcholine
sterol acyltransferase

Selenoprotein P

Vitamin D binding
protein

Phosphatidylinositol
glycan specific
phospholipase D

Serotransferrin

Serum albumin

Vitamin K dependent
protein C

Serum albumin

Phospholipid transfer
protein

Serum amyloid A 4
protein

Vitamin K dependent
protein S

Pigment epithelium
derived factor

Serum amyloid A
protein

Vitamin K dependent
protein Z

Plasma kallikrein

Plasma protease C1
inhibitor

Serum amyloid P
component

Vitamin K dependent
protein Z

Vitronectin

Plasma protease C1
inhibitor

Serum paraoxonase
arylesterase 1

ZARL1 like protein

Zinc finger protein 165

SPARC like protein 1

Plasma serine protease
inhibitor

SPARC

Zinc finger protein
basonuclin 2

Sulfhydryl oxidase 1
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8.2 Appendix B

List of the up and down regulated proteins identified by Expression®and Progenesis

Table B-1: Proteins identified from 2D-LC-HDMSF analysis of pooled plasma. The
protein denoted as down regulated (0O - 0.05) were lower in healthy controls

therefore, indicative of disease. The proteins denoted as up regulated (0.95 — 1)

were higher in healthy controls therefore, protective.

Apolipoprotein C | 0 Protein AMBP 0
Apolipoprotein C 11 0 Protocadherin beta 12 0
C reactive protein 0 Selenoprotein P 0
Ceruloplasmin 0 Serum amyloid A 4 protein 0
Coagulation factor XII 0 Serum amyloid A protein 0
Collagen alpha 1 XVIII chain 0 Serum amyloid P component 0
Collectin 11 0 Sulfhydryl oxidase 1 0
Complement component C8 beta 0 Vitamin K dependent protein C 0
chain D lein 2 0.0
Complement factor H related 0 esmoglein 1
protein 2 . . 0.0
EGF containing fibulin like 0 SPARC like protein 1 1
extracellular matrix protein 1 . . 0.0
Endoplasmin 0 Antithrombin 111 2
Extracellular matrix protein 1 0 . . 0.0
Alpha 1 acid glycoprotein 2
Extracellular superoxide 0 P 10 glycoprotel 3
dismutase Cu Zn - 0.0
— TH complex subunit 7 homolog
Fibulin 1 0 3
Fibulin 5 0 A disintegrin and 0.9
Galectin 3 binding protein 0 metallgprotelggse Wf[t? 13 5
Insulin like growth factor binding 0 rombospondin Motts 09
protein 2 Secreted phosphoprotein 24 7'
Insulin like growth factor binding 0 09
protein 4 SPARC 7'
Inter alpha trypsin inhibitor . .
heavy chain H3 0 Myosin regulatory light 0.9
— polypeptide 9 8
Kininogen 1 0 :

Cumi 0 Peripheral plasma membrane 0.9
t_Jmlcan protein CASK 8
Nidogen 1 _ 0 Putative tubulin beta chain like | 0.9

Peroxisomal 2 4 dienoyl CoA 0 protein ENSP00000290377 8
reductase . 0.9
Pigment epithelium derived 0 Ficolin 2 9
factor _ _ 0.9
Platelet factor 4 0 Tubulin beta 3 chain 9'
Polyubiquitin B 0

YUbIg - Tubulin beta 6 chain 0.9
Pregnancy zone protein 0 9

222




14 3 3 protein beta alpha 1 Myosin light chain 6B 1
14 3 3 protein epsilon 1 Myosin light polypeptide 6 1
14 3 3 protein eta 1 Myosin regulatory light chain 1
14 3 3 protein gamma 1 12A
14 3 3 protein theta 1 Myosin regulatory light chain 1
14 3 3 protein zeta delta 1 éﬁB Ftigvinosol i
Actin alpha cardiac muscle 1 1 osphatidylinositol glycan 1
- specific phospholipase D
Actin alpha skeletal muscle 1 Platelet basi . 1
Actin aortic smooth muscle 1 ate’et basic protein
Act Iasmic 1 1 Platelet factor 4 variant 1
ct!n Cytop asm!c Platelet glycoprotein Ib beta

Actin cytoplasmic 2 1 chain 1
Actin gamma enteric smooth 1 POTE ankyrin domain family .
muscle member E
Adipocyte plasma membrane 1 PTE ankyrin domain family 1
assou_ated protein member F
Afamin 1 PTE ankyrin domain family 1
Alpha actinin 1 1 member |
Alpha actinin 4 1 PTE ankyrin domain family 1
Apolipoprotein A Il 1 member J
Apolipoprotein C IV 1 Properdin 1
Apolipoprotein D 1 Protein Z dependent protease 1
Beta actin like protein 2 1 inhibitor
Beta Ala His dipeptidase 1 Serum albumin 1
C4b binding protein beta chain | 1 Serum paraoxonase lactonase 3 | 1
Calreticulin 1 TFIII—I| baﬁall_transcrlptlon tl:act_or 1
Coagulation factor VII 1 compex nevicase XPB subunit

- - Transthyretin 1
Coagulation factor XI1I A chain |1 - -

Tropomyosin alpha 1 chain 1

Complement C1q subcomponent 1 Tropomyosin alpha 3 chain 1
subunit B
Complement component C8 Tropomyosin alpha 4 chain 1
alpha chain 1 Tropomyosin beta chain 1
Complement factor H 1 Tubulin alpha 3C D chain 1
Complement factor H related 1 Tubulin alpha 3E chain 1
protein 1 Tubulin alpha 4A chain 1
Complement factor H related 1 Tubulin beta 1 chain 1
protein 3 Tubulin beta 2A chain 1
Fanconi anemia group E protein | 1 Tubulin beta 2B chain 1
Insulir_l like growth factor I1 1 Tubulin beta 8 chain B 1
Integrin beta 3 1 Tubulin beta chain 1
Intelectinl 1 Vitamin D binding protein 1
Inter alpha trypsin inhibitor 1 Vitamin K dependent protein S | 1
heavy cha!n I—_I2 e e Vitamin K dependent protein Z 1
Mannan binding lectin serine 1

protease 1
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Table B-2: A list of all the proteins identified by progenesis LC-MS for the acute

heart failure study. After filtering, a total of 579 proteins were identified by

Progenesis LC-MS, of which 220 were expressed higher in non-survivors (A), 287

higher in survivors (B) and 72 were reported with no significant changes in

expression (C)

(A)

14 3 3 protein gamma

15
hydroxyprostaglandin
dehydrogenase NAD

Alpha 2 HS
glycoprotein

Cadherin 1

Anion exchange protein
4

Cadherin related family
member 2

26S proteasome non
ATPase regulatory
subunit 7

Annexin 2 receptor

Calmodulin

Annexin A9

Calpain 7

28S ribosomal protein
S34 mitochondrial

Antithrombin 111

Apolipoprotein A V

CAMP dependent
protein kinase inhibitor
gamma

40S ribosomal protein
S14

Apolipoprotein L1

40S ribosomal protein
SA

Arf GAP with dual PH
domain containing
protein 1

Carbohydrate
sulfotransferase 4

Cathelicidin
antimicrobial peptide

A disintegrin and
metalloproteinase with
thrombospondin motifs
13

Arf GAP with GTPase
ANK repeat and PH
domain containing
protein 5

CD2 antigen
cytoplasmic tail binding
protein 2

Actin cytoplasmic 1

Actin cytoplasmic 2

Acyl CoA binding
domain containing
protein 5

Axonemal dynein light
intermediate
polypeptide 1

Cell differentiation
protein RCD1 homolog

Ceruloplasmin

Chitotriosidase 1

Acyl CoA
dehydrogenase family
member 9
mitochondrial

Betal3 N
acetylglucosaminyltrans
ferase lunatic fringe

Cholesteryl ester
transfer protein

Beta 2 glycoprotein 1

Chromogranin A

Beta Ala His
dipeptidase

Coagulation factor VII

Coagulation factor XI

Alcohol dehydrogenase
1

Aldehyde
dehydrogenase dimeric
NADP preferring

Biogenesis of lysosome
related organelles
complex 1 subunit 2

Coagulation factor XIlI

Collagen alpha 1 XXV
chain

Bone marrow
proteoglycan

Collectin 10

Complement C5

Alpha 1 acid
glycoprotein 1

Alpha 1
antichymotrypsin

BTB PZ domain
containing protein
KCTD9

Complement
component C8 beta
chain

C reactive protein

Alpha 1B glycoprotein

C4b binding protein
beta chain

Complement
component C8 gamma
chain
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Complement factor H
related protein 2

Hemoglobin subunit
delta

subunit

Cullin 4A

Cystatin D

Heterogeneous nuclear
ribonucleoprotein A3

Intracellular hyaluronan
binding protein 4

Cytosol aminopeptidase

D tyrosyl tRNA Tyr
deacylase 1

Hippocalcin like protein
4

Intraflagellar transport
protein 20 homolog

Desmoglein 2

Histidine rich
glycoprotein

JmjC domain
containing protein 4

Dihydrofolate reductase

Discoidin domain
containing receptor 2

Homeobox protein
DBX2

JmjC domain
containing protein 7

DNA apurinic or
apyrimidinic site lyase

Homeobox protein Hox
All

Kallistatin

DNA repair protein
RAD51 homolog 1

Homeobox protein Hox
B6

Keratin type |
cytoskeletal 14

DnalJ homolog
subfamily B member 13

Homer protein homolog
2

Keratin type |
cytoskeletal 16

Kininogen 1

Dual specificity protein
phosphatase CDC14C

Ig alpha 1 chain C
region

Kv channel interacting
protein 1

Endophilin A2

Ig gamma 1 chain C
region

Lactotransferrin

Lamin B1

Enolase 1

Extracellular superoxide
dismutase Cu Zn

Ig gamma 2 chain C
region

Lipopolysaccharide
binding protein

Fermitin family
homolog 3

Ig heavy chain V |
region HG3

Lipoprotein lipase

Lumican

Glutaredoxin like
protein C50rf63

Ig heavy chain V Il
region SESS

Matrix Gla protein

Golgi reassembly
stacking protein 2

Ig heavy chain V I11
region BR

Mesencephalic
astrocyte derived
neurotrophic factor

GRB2 related adapter
protein

Ig heavy chain V I11
region GAL

Metalloproteinase
inhibitor 2

H ACA
ribonucleoprotein
complex subunit 1

Ig heavy chain V I11
region TEI

Methyltransferase like
protein 8

Ig kappa chain C region

Haptoglobin related
protein

Ig kappa chain V 11
region TEW

Mismatch repair
endonuclease PMS2

Heat shock factor
protein 4

Ig kappa chain V 111
region NG9 Fragment

Molybdopterin synthase
catalytic subunit

Heat shock protein 75
kDa mitochondrial

Ig kappa chain V 111
region WL

Multiple inositol
polyphosphate
phosphatase 1

Heat shock protein HSP
90 beta

Ig lambda chain V 111
region SH

Myogenic factor 6

Hematopoietic
progenitor cell antigen
CD34

Ig lambda chain V IV
region Hil

NADPH adrenodoxin
oxidoreductase
mitochondrial

Ig mu heavy chain
disease protein

NADPH oxidase 4

Neutrophil defensin 1

Hemoglobin subunit
beta

Insulin like growth
factor binding protein
complex acid labile

Nuclear mitotic
apparatus protein 1

Olfactomedin like
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protein 1

Olfactory receptor 5M8

Putative hydrolase
RBBP9

lactonase 3

Oncomodulin 1

Oncoprotein induced
transcript 3 protein

Putative lipocalin 1 like
protein 1

Sex hormone binding
globulin

Peroxisomal 2 4 dienoyl
CoA reductase

Putative TBC1 domain
family member 29

PH and SEC7 domain
containing protein 3

Putative tropomyosin
alpha 3 chain like
protein

SH3 containing GRB2
like protein 3
interacting protein 1

Sorcin

Sorting nexin 17

Phosphatidylinositol
glycan specific
phospholipase D

Putative
uncharacterized protein
FLJ00310

Sulfatase modifying
factor 2

Talin 1

Phospholipid transfer
protein

PWWP domain
containing protein 2A

Testis expressed
sequence 264 protein

Plasma serine protease
inhibitor

RAC gamma serine
threonine protein kinase

Tetranectin

Platelet factor 4

Potassium voltage gated
channel subfamily E
member 1

Ras association domain
containing protein 10

THO complex subunit 7
homolog

Thrombospondin 4

RAS guanyl releasing
protein 2

Transducin like
enhancer protein 3

POTE ankyrin domain
family member F

Ras related protein Rab
30

Probable
palmitoyltransferase
ZDHHC5

Ras related protein Rab
4A

Transforming growth
factor beta induced
protein ig h3

Procollagen C
endopeptidase enhancer
1

Ras specific guanine
nucleotide releasing
factor 1

Transmembrane protein
14E

Transmembrane protein
40

Programmed cell death
protein 4

Regulation of nuclear
pre mMRNA domain
containing protein 1B

tRNA methyltransferase
112 homolog

Tubulin beta 1 chain

Proprotein convertase
subtilisin kexin type 9

Ribulose phosphate 3
epimerase

Tubulin beta 6 chain

Tubulin beta chain

Protein BANP

Protein ERGIC 53

Protein FAM166B

SEC14 domain and
spectrin repeat
containing protein 1

Tuftelin

Protein FAM195B

Serine protease HTRA1

Tyrosine protein kinase
ZAP 70

Protein KT112 homolog

Protein MEM1

Serine threonine protein
kinase 4

Tyrosine protein
phosphatase non
receptor type 9

Protein rogdi homolog

Serine threonine protein
kinase ULK3

Ubiquitin carboxyl
terminal hydrolase 27

Proteoglycan 4

Serotransferrin

Pulmonary surfactant
associated protein B

Serum amyloid A 4
protein

Ubiquitin conjugating
enzyme E2 G1

Putative beta actin like
protein 3

Serum amyloid A
protein

Uncharacterized protein
C100rf131

Putative histone lysine
N methyltransferase
PRDM6

Serum deprivation
response protein

Uncharacterized protein
C160rf55

Serum paraoxonase

Uncharacterized protein
Clorfl22
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Uncharacterized protein
C2orf42

Vitamin K dependent
protein Z

protein 5

Uncharacterized protein
C7orf62

Uncharacterized protein
C8orf78

Vitelline membrane
outer layer protein 1
homolog

Zinc alpha 2
glycoprotein

Zinc finger protein 2

Uncharacterized protein
UNQ511 PRO 1026

WD repeat containing
protein 54

Zinc finger protein 568

Vesicle transport
through interaction with
t SNAREs homolog 1A

Williams Beuren
syndrome chromosomal
region 16 protein

(B)

WW domain binding

14 3 3 protein beta
alpha

Amyloid beta A4
protein

18

14 3 3 protein epsilon

14 3 3 protein zeta delta

Anaphase promoting
complex subunit 16

C4b binding protein
alpha chain

39S ribosomal protein
L3 mitochondrial

Angiotensinogen

Cadherin 12

72 kDa type IV
collagenase

Ankyrin repeat and
SOCS box protein 7

Cadherin 5

Actin aortic smooth
muscle

AP 3 complex subunit
delta 1

Calcium binding protein
p22

Calreticulin

Apolipoprotein A |

Actin gamma enteric
smooth muscle

Apolipoprotein A Il

Carboxypeptidase N
subunit 2

Adenomatous polyposis
coli protein

Apolipoprotein A IV

Cartilage oligomeric
matrix protein

Apolipoprotein B 100

Caspase 3

Adiponectin

Apolipoprotein C |

CD?5 antigen like

ADP ribosylation factor
like protein 14

Apolipoprotein C 1l

Apolipoprotein C 1l

Centrosomal protein of
95 kDa

ADP ribosylation factor
like protein 15

Apolipoprotein C IV

Apolipoprotein D

Chloride intracellular
channel protein 1

Afamin

Apolipoprotein E

Clusterin

Alcohol dehydrogenase
NADP

Apolipoprotein F

Coagulation factor IX

Apolipoprotein M

Coagulation factor V

Alpha 1 acid
glycoprotein 2

ATP binding cassette
sub family F member 2

Coagulation factor X

Alpha 1 antitrypsin

Alpha 2 antiplasmin

Alpha 2 macroglobulin

Basic leucine zipper
transcriptional factor
ATF like 3

Coagulation factor XI1I
A chain

Coagulation factor XI1I
B chain

Alpha actinin 1

Alpha actinin 2

BH3 interacting domain
death agonist

Coiled coil domain
containing protein 92

Alpha actinin 3

Alpha actinin 4

Alpha ketoglutarate
dependent dioxygenase
FTO

BTB POZ domain
containing protein
KCTD16

Collagen alpha 1 XXII
chain

Collectin 11

C C motif chemokine
17

C C motif chemokine

Complement Clq
subcomponent subunit
A
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Complement Clq
subcomponent subunit
B

domain containing

antigen DRB1 11 beta

Complement C1q
subcomponent subunit
C

Complement C1r
subcomponent

protein 5 chain

Fibulin 1 Hyaluronan binding
Fibulin 5 protein 2

Ficolin 2 Ig alpha 2 chain C
Ficolin 3 region

Complement C1s
subcomponent

Forkhead box protein
D4 like 3

Ig gamma 3 chain C
region

Complement C3

Fructose bisphosphate
aldolase C

Ig gamma 4 chain C
region

Complement C4 A

Complement C4 B

Galectin 3 binding
protein

Ig heavy chain V I
region NEWM

Complement
component C8 alpha
chain

Gelsolin

Glucosidase 2 subunit
beta

Ig heavy chain V Il
region TUR

Complement
component C9

Glutathione peroxidase
3

Ig heavy chain V Il
region WEA

Complement factor D

Complement factor H

Glyceraldehyde 3
phosphate
dehydrogenase

Ig kappa chain V |
region EU

Ig kappa chain V |
region Gal

Complement factor H
related protein 1

Golgin subfamily B
member 1

Ig kappa chain V |
region Ni

Complement factor H
related protein 3

Complement factor H
related protein 5

GRIP and coiled coil
domain containing
protein 1

Ig kappa chain V Il
region Cum

Dickkopf related
protein 3

Guanine nucleotide
binding protein subunit
alpha 13

Ig kappa chain V I11
region GOL

Ig kappa chain V I11
region POM

Dynamin like 120 kDa
protein mitochondrial

Haptoglobin

E3 ubiquitin protein
ligase BRE1B

Heat shock 70 kDa
protein 1 like

Ig kappa chain V I11
region SIE

E3 ubiquitin protein
ligase RBX1

Hemicentin 2

Ig kappa chain V IV
region Len

EGF containing fibulin
like extracellular matrix
protein 1

Hemoglobin subunit
alpha

Ig lambda 1 chain C
regions

Hemoglobin subunit
gamma 2

Ig lambda 2 chain C
regions

Endoplasmin

Hemopexin

F box only protein 17

Heparin cofactor 2

Ig lambda 3 chain C
regions

Fibrinogen alpha chain

Fibrinogen beta chain

Hepatocyte growth
factor activator

Ig lambda 6 chain C
region

Fibrinogen gamma
chain

Histone deacetylase 11

Ig lambda chain V Il
region LOI

Fibrinogen like protein
1

Fibronectin

HLA class |
histocompatibility
antigen B 15 alpha
chain

Ig mu chain C region

Immunoglobulin J chain

Fibronectin type 11

HLA class Il
histocompatibility

Immunoglobulin
lambda like polypeptide
5

Inhibin beta C chain
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Insulin like growth
factor binding protein 2

MAGUK p55 subfamily
member 6

containing protein 2

Insulin like growth
factor binding protein 3

Mannan binding lectin
serine protease 1

Pigment epithelium
derived factor

Insulin like growth
factor binding protein 4

Mannan binding lectin
serine protease 2

Plasma kallikrein

Insulin like growth
factor 11

Mannose binding
protein C

Plasma protease C1
inhibitor

Plasminogen

Integrin alpha Ilb

Integrin beta 3

MAPK MAK MRK
overlapping kinase

Platelet basic protein

Platelet factor 4 variant

Intelectin 1

Inter alpha trypsin
inhibitor heavy chain
H1

Meiotic recombination
protein SPO 11

Platelet glycoprotein Ib
alpha chain

Inter alpha trypsin
inhibitor heavy chain
H2

Mitogen activated
protein Kinase kKinase
Kinase 4

Pleckstrin homology
domain containing
family M member 1

Inter alpha trypsin
inhibitor heavy chain
H3

Monocyte
differentiation antigen
CD14

Poly rC binding protein
3

Inter alpha trypsin
inhibitor heavy chain
H4

Monofunctional C1
tetrahydrofolate
synthase mitochondrial

POTE ankyrin domain
family member E

POTE ankyrin domain
family member J

Muscleblind like
protein 1

Prefoldin subunit 3

Pregnancy zone protein

Interferon alpha 6

Myosin 9

Interferon induced
protein 44 like

Myosin light
polypeptide 6

Probable ATP
dependent RNA
helicase DDX58

Junctophilin 3

Keratin type |
cytoskeletal 10

N acetylmuramoyl L
alanine amidase

Proline rich acidic
protein 1

Nidogen 1

Properdin

Keratin type |
cytoskeletal 9

Keratin type Il
cytoskeletal 1

NTPase KAP family P
loop domain containing
protein 1

Protein AMBP

Protein CBFA2T3

Nuclear protein 1

Protein disulfide
isomerase A6

Keratin type Il
cytoskeletal 5

Nuclear receptor
binding protein 2

Protein EAN57

Protein FAM154A

Kinectin

Nucleoporin GLE1

Protein FAM9C

L lactate dehydrogenase
C chain

Organic solute
transporter subunit beta

Protein SOX 15

Leucine rich repeat
containing protein 1

Protein Z dependent
protease inhibitor

Ligand of Numb protein
X2

Peptidyl prolyl cis trans
isomerase H

Prothrombin

LSM domain containing
protein 1

Peptidyl prolyl cis trans
isomerase like 6

Putative DAP 2 like
protein C80rf68

Lys 63 specific
deubiquitinase BRCC36

Periodic tryptophan
protein 1 homolog

Putative protein
ZNF720

Lysozyme C

Phosphatidylcholine
sterol acyltransferase

Putative serum amyloid
A 3 protein

Pl PLC X domain

Putative
uncharacterized protein
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C21lorf32

Putative V set and
immunoglobulin
domain containing like
protein
ENSP00000303034

associated proteins B
and B

Trichoplein keratin
filament binding protein

Sorting nexin 22

Sorting nexin 25

Tropomyosin alpha 3
chain

SPARC like protein 1

Putative zinc finger
protein 861

SPARC

Tropomyosin alpha 4
chain

Rab GTPase binding
effector protein 1

Spectrin beta chain
brain 2

Tubulin alpha 4A chain

Tubulin beta 2B chain

Retinoic acid receptor
responder protein 2

Sprouty related EVH1
domain containing
protein 3

Tyrosine protein kinase
JAK?2

Retinol binding protein
4

Retinol dehydrogenase
8

Stimulated by retinoic
acid gene 8 protein
homolog

Uncharacterized protein
C150rf43

Uncharacterized protein
Cl7orf77

Sulfhydryl oxidase 1

Rho GTPase activating
protein 44

Susceptibility protein
NSG x

Uncharacterized protein
Clorf182

RUN domain
containing protein 3A

SAM domain and HD
domain containing
protein 1

Synaptonemal complex
central element protein
2

Uncharacterized protein
C200rf196

UPF0534 protein
Cdorf43

T box transcription
factor TBX15

Vinculin

Secreted
phosphoprotein 24

Talanin

Vitamin D binding
protein

Selenoprotein P

TBC1 domain family
member 3F

Vitamin K dependent
protein C

Semaphorin 3C

Septin 6

Serglycin

Telomere length
regulation protein TEL2
homolog

Vitamin K dependent
protein S

Vitronectin

Serine threonine protein
kinase 38 like

Testis expressed
sequence 22 protein

von Willebrand factor

Serine threonine protein
kinase Nek9

Tetraspanin 3

Thrombospondin 1

Zinc finger CCCH
domain containing
protein 6

Serine threonine protein
kinase SMG1

TIR domain containing
adapter molecule 2

Zinc finger matrin type
protein 4

Serum albumin

Serum albumin

TP53 target gene 3
protein

Zinc finger protein
basonuclin 2

Serum amyloid P
component

Transcriptional
repressor CTCFL

Serum paraoxonase
arylesterase 1

Transmembrane protein
198

Zinc finger protein with
KRAB and SCAN
domains 3

Transmembrane protein

Zinc finger protein with
KRAB and SCAN

Small nuclear 39B domains 4
ribonucleoprotein Transthyretin

©)

1 2 dihydroxy 3 keto 5 dioxygenase 5 AMP activated

methylthiopentene

14 3 3 protein eta

protein kinase subunit

230




beta 2

Activator of 90 kDa
heat shock protein
ATPase homolog 1

Histone lysine N
methyltransferase
MLL4

Rho related GTP
binding protein RhoF

ANL1 type zinc finger
protein 2B

Keratin type | cuticular
Ha3 |

Selenoprotein H

Arfaptin 1

Beta actin like protein 2

Ligand dependent
nuclear receptor
interacting factor 1

Serine threonine protein
kinase 17B

Serine threonine protein
Kinase 32A

Bifunctional
methylenetetrahydrofol
ate dehydrogenase
cyclohydrolase
mitochondrial

Mitochondrial import
inner membrane
translocase subunit
TIMA44

Sialic acid binding Ig
like lectin 16

Myosin Vb

Sperm protein
associated with the
nucleus on the X
chromosome N1

C terminal binding
protein 1

Neurturin

C type lectin domain
family 3 member A

Nuclear distribution
protein nudE like 1

Xytocin receptor

Cathepsin G

Pantothenate kinase 3

SWI SNF related matrix
associated actin
dependent regulator of
chromatin subfamily A
containing DEAD

Centrosomal protein of
290 kDa

Centrosomal protein of
57 kDa

Platelet activating factor
acetylhydrolase 2
cytoplasmic

T cell receptor gamma 2
chain C region

Coiled coil domain
containing protein 62

Poly A polymerase
gamma

Cyclin dependent
Kinase 2 interacting
protein

PTE ankyrin domain
family member |

TAF5 like RNA
polymerase 11 p300
CBP associated factor
associated factor 65
kDa subunit 5L

Procollagen
galactosyltransferase 1

Testis specific gene 13
protein

Cytochrome b5 type B

Dixin

Proteasome subunit beta
type 8

DNA cross link repair
1A protein

Protein disulfide
isomerase A4

Tigger transposable
element derived protein
3

Dynactin subunit 1

Dynein heavy chain 17
axonemal

Protein disulfide
isomerase

Transitional
endoplasmic reticulum
ATPase

Protein FAM171B

EF hand domain
containing protein D1

Protein lin 52 homolog

Tyrosine protein kinase
RYK

Exosome complex
component RRP40

Protein NipSnap
homolog 3B

Ubiquitin conjugating
enzyme E2 C

FERM domain
containing protein 4B

G2 M phase specific E3
ubiquitin protein ligase

Putative membrane
spanning 4 domains
subfamily A member
4E

Ubiquitin conjugating
enzyme E2 U

Uncharacterized protein
C2orfl5

Galectin 2

Glucocorticoid receptor
DNA binding factor 1

Putative prolyl tRNA
synthetase associated
domain containing
protein 1

Uncharacterized protein
C30rf43

Uncharacterized protein
KIAAQ753

Golgin subfamily A
member 3

Putative
uncharacterized protein
C130rf43

UPF0568 protein
C140rfl166

Zinc finger protein 541
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Zinc finger protein 593

Zinc finger protein 827

Zinc finger protein with
KRAB and SCAN
domains 2
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8.3 Appendix C
Figure C-1: The standard curve for SAP (A), IGF2 (B) and CYSD (C) usinag a

sandwich ELISA method. These graphs show the

relationship

of

chemiluminescence of each antigen using different plasma protein concentrations.
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Figure C-2: Boxplot comparing serum amyloid P component (SAP) in acute heart
failure patients. The Y axis shows the Log plasma SAP concentration (ng/ mL) and
the X axis shows the patient groups (0 = survivors and 1 = non-survivors with end
point of 1 year). This shows that SAP levels were higher in survivors than non-
survivors.
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8.4 Appendix D

Sample collection protocol for Chapters Four and Five

Biochemical Markers involved in the prediction of future cardiac events in Acute Heart

Failure - Research Proposal to COREC for ethical approval

Principal Investigator:
Prof Leong Ng (FRCP. MD), Professor & Honorary Consultant in Medicine & Therapeutics,
University of Leicester, Leicester

Co Investigators:

Dr lain Squire (BSc. FRCP. MD), Senior Lecturer & Honorary Consultant Physician,
University of Leicester, Leicester

Dr Derek Chin (FRCP. MD), Consultant Cardiologist, Glenfield Hospital, Leicester

Dr Turab Ali (MRCP), Clinical Research Fellow, University of Leicester, Leicester

Dr. Noor Mohammed (MRCP), Clinical Research Fellow, University of Leicester,

Leicester

Dr. Hafid Narayan (MRCP), Clinical Research Fellow, University of Leicester, L eicester

Department Address:

Department of Cardiovascular Medicine
Pharmacology & Therapeutics Division

Level 4, Robert Kilpatrick Clinical Sciences Building
University of Leicester

Leicester Royal Infirmary

Infirmary Road

Leicester, LE2 7LX, UK

Ph: 0116 252 3125

Fax: 0116 252 3108

Background:

Estimates of the incidence of heart failure are difficult due to different methods of diagnosing
this condition in populations. However, Hillingdon heart study estimates an incidence of around
140 per 100,000 for males and 120 per 100,000 in females. Other studies have estimated an
overall prevalence of around 2% of the population, increasing steeply with increasing age.
Again the management of heart failure has improved over recent years with introduction of
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agents such as ACE-inhibitors, aldosterone antagonists and beta-blockers. However the degree
of morbidity and rates of mortality due to this condition remain immense. Current treatments
for heart failure extend the life of the patient but do not stop the progression of the disease

process. These treatments may not be addressing the underlying cause of cellular injury.

Arginine Vasopressin (AVP):

Vasoactive neurohormonal systems, e.g. sympathetic nervous system (SNS), renin-angiotensin-
aldosterone system (RAAS), and arginine vasopressin (AVP), are normally stimulated under
conditions of acute volume depletion, and are activated by the low cardiac output and arterial
pressure. However, sustained and chronic activation of these systems, can cause progressive
ventricular remodeling. Vasoconstriction, water retention, and increased blood volume then
ensues, accelerating progression of congestive heart failure.” A posterior pituitary hormone,
AVP may directly and adversely affect myocardial function due to the effects on myocardial
contractility and cell growth. AVP contributes to hyponatremia, a powerful predictor of poor
outcome in heart failure.* The hormone has been shown to be a marker for the presence and
severity of chronic heart failure,* but little is known about the role of AVP in acute heart failure.
Improvement in survival in Heart Failure has been demonstrated with the administration of
AVP antagonists,” and they could be a useful addition to ACEIls in the management of
Congestive Heart Failure.® AVP receptor antagonist’s dual receptor activity may be particularly
useful as these pts may benefit from the increased cardiac output, reduced total peripheral
resistance, and reduced mean arterial BP that results from V1a receptor blockade as well as the
reduced congestion, reduced cardiac preload, and increased Na concentration induced by V2

receptor antagonism.”’

Adrenomedullin (ADM):

Adrenomedullin is a recently discovered endogenous peptide,® secreted from cardiac myocytes

and fibroblasts.® ADM is elevated in CHF, suggesting a possible role in the pathophysiology of
this disease.>®** ADM has hypotensive and natriuretic actions.® It may be an antifibrotic,
antihypertrophic, and positive inotropic factor in the failing and hypertrophied heart." In fact
ADM is a powerful marker for LV mass,’® and increase in plasma ADM levels in rats with Heart
Failure correlated with ventricular weight.> Also plasma ADM levels were correlated with
pulmonary artery pressure and pulmonary capillary wedge pressure.® Acute administration of
ADM has been shown to improve the hemodynamics, renal function, and hormonal parameters
in patients with heart failure.® Long-term administration of ADM induces pronounced and
sustained cardiovascular and renal effects in experimental heart failure, including reductions in
cardiac preload and afterload, as well as augmentation of cardiac output, sodium excretion, and
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glomerular filtration.* Plasma ADM was correlated strongly with Endothelin-1, -2, ANP, and
Norepinephrine, and relatively weakly with LV EF. Plasma ADM levels significantly decreased
after treatment.™ It has been established that plasma ADM levels are increased in patients with

13101L1617.1218 v et al found that plasma

heart failure in proportion to the severity of the disease.
ADM concentrations in patients with heart failure are determined by the presence of diastolic
dysfunction, and are especially raised in the presence of a restrictive filling pattern.™
Furthermore, recent studies suggest that plasma ADM level is an independent prognostic

1017 and heart failure.'®*®'" In HF, elevated circulating ADM also

indicator of cardiac injury
identifies patients likely to receive long-term benefit from inclusion of additional anti-failure
therapy (Carvedilol). Manipulation of the ADM system holds promise as a therapeutic strategy

in cardiac disease.™

Endothelin-1 (ET-1):
Less than 20 years after its discovery, ET is not only one of the most potent known

vasoconstrictors; it also has multiple other actions. It is produced by cardiac myocytes and
vascular endothelial cells?® and mediates pathologic hypertrophy and fibrosis of both ventricular
and vascular tissues, and potentiates the effects of other neurohormones, and acts as a
proarrhythmic.?* ET-1 causes cell proliferation® and myocardial effects. Also ET-1 contributes
to vascular dysfunction, myocardial ischemia and renal impairment in chronic heart failure.?®
Production of endothelin-1 is markedly increased in the myocardium of rats with heart failure.
Plasma levels of ET-1 are elevated in chronic heart failure, independent of aetiology,* and the
magnitude of elevation correlates with disease severity and symptoms.?>#?*2%" ET receptor
antagonists indeed have a potential to improve hemodynamics, symptoms, and potentially
prognosis in patients with CHF, which still carries a high mortality,”’ though in the recently
completed ET-A Receptor Antagonist Trial in Heart Failure (EARTH) trial in patients with
chronic heart failure showed lack of beneficial effects of long-term treatment with ET
antagonists in patients.”* Yamamoto et al showed chronic ETA receptor blockade’s beneficial
effects in diastolic failure through attenuation of the progression of LVH and fibrosis.? Plasma
levels of ET-1, are strong independent predictors of death after myocardial infarction as well as
in congestive heart failure.?*#?%%"2 ET antagonists markedly increased survival, reduced LV
dilatation, reduced hypertrophy and increased contractility of the noninfarcted LV wall. Chronic
treatment with ET antagonists bosentan might be beneficial in CHF and might increase long-

term survival in this disease.*%

Guanylin and Uroguanylin (GN and UGN):
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These 2 hormones were discovered to be activators of guanylate cyclase in the kidney and could
act as powerful natriuretic hormones®, in addition to their known effects on inhibition of
sodium reabsorption in the gut. Their role in heart failure is unknown at present, although
preliminary evidence suggests that there are factors in urine that could stimulate guanylate

cyclase, which may be related to uroguanylin®.

Matrix proteinases (MMPs) and Tissue inhibitors of Matrix Proteinases (TIMPSs)

Matrix metalloproteinases (MMPs) and their respective inhibitors (TIMPs) have been
implicated in the pathogenesis of heart failure. MMPs may lead to degradation of extracellular
matrix, leading to ventricular remodeling and TIMPs may also be involved in this
process. Our recent studies suggest that MMP9 and TIMP1 may be of importance in

cardiac remodeling after myocardial infarction®**°.

Gene polymorphisms and vascular disease

In a study of MMP-9 plasma concentrations of 1127 patients with documented evidence
of coronary artery disease, the T allele of the C-1562T polymorphism was associated
with increased MMP-9 levels, there was also a significant association between the
R279Q polymorphism and cardiovascular events in patients with stable angina over a
mean follow-up period of 4.1 years®. The C-1562 polymorphism has also been shown
to be associated with increased area of complicated coronary plaques in post mortem
studies, implicating this polymorphism in the development of significant coronary
disease®’. In addition, variations in the promoter regions of MMP-9 gene have been

related to the severity of atherosclerotic disease as detected in angiographic studies®®°.

Promotor polymorphisms in the MMP-2 gene (-790T/G and —735C/T) have also been
shown to be more frequent amongst patients with chronic heart failure (NYHA class 11-
IV) as compared to matched control subjects*. This provides further evidence as to the
importance of genetic factors in ventricular remodelling

Mizon-Gerard et al *
MMP-3 (-1171 5A > 6A), and MMP-9 (-1562 C > T). They demonstrated that MMP-3
polymorphism had a different impact on survival in heart failure patients with

investigated polymorphisms of the MMP-2 gene (-1306C>T),
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ischaemic and non ischaemic aetiology, the MMP-3 5A/5A genotype being a predictor

of cardiac mortality in patients with non-ischaemic but not ischaemic heart failure.

Recent studies using genome wide scans have revealed loci which are associated with
coronary artery disease®, such as polymorphisms on chromosome 9p21.3, 6g25.1
(rs6922269) and chromosome 2036.3 (rs2943634).

Hypothesis:

Biochemical Markers like Arginine Vasopressin, Adrenomedullin, Endothelin-1, Guanylin and
Uroguanylin, N-terminal Brain Natriuretic Peptide levels, Matrix proteinases and their
inhibitors TIMPs during Acute Heart Failure predicts future cardiac events. Gene

polymorphisms of these and other proteins contribute to outcome following acute heart failure.

Objectives:

To establish:

1. The role of biochemical markers in diagnosis of ‘acute’ Heart Failure

2. The role of biochemical and genetic markers in prediction of future cardiac events in heart
failure

3. The relation between new biomarkers and established markers of HF (like N-BNP)

4. The relation between biomarkers and severity of heart failure / symptoms

5. The relation between rise and fall in the plasma levels of biomarkers and worsening and
improvement respectively of symptoms of heart failure

6. The relation between biomarkers and degree of LV systolic and diastolic dysfunction

7. The relation between the biochemical and genetic markers and the cause of heart failure

*Study Design & Methods:
Patients with Acute Heart Failure will be recruited from the acute admission wards of Leicester
Royal Infirmary and Glenfield Hospital, Leicester. It is a prospective observational cohort

study.

Patients will be approached by a medically qualified investigator and formal informed consent
will be obtained after giving information about the study. The participation in the study is
totally voluntary. Once patient gives consent, blood and urine samples (20ml each) for
biomarkers will be obtained and detailed information leaflets will be provided. Then the patient

proforma will be filled (obtaining information regarding symptoms, brief examination and
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drugs and results of the investigations). Patients with acute coronary syndrome will be excluded
from the study. The urine samples do not need any processing before storage, while the blood
samples will be centrifuged and the resulting plasma will be clearly labeled and stored at -70°C
until processed (for biochemical markers) at a later stage. The buffy coat from spinning down
blood samples will be stored for extraction of DNA for the determination of gene
polymorphisms. Plasma, DNA and urine samples will be stored for up to 15 years after the end
of the study, with the patient’s consent, for future analyses of new proteins (after seeking ethical
approval) that may have been discovered which may be of use in predicting prognosis of these
patients. During the admission patient’s progress will be monitored and Echocardiography
(ultrasound scan) will be carried out prior to discharge. Full examination will be done in
addition to Left ventricular systolic / diastolic function by 2-Dimensional, M-Mode, Doppler
and novel 3-Dimensional Echocardiography techniques. This will be performed by the MD
candidate who is experienced and has passed the British Society of Echocardiography (BSE)
accreditation examination for Transthoracic Echocardiography. Before discharge, again, blood
and urine samples (again 20ml each) will be obtained to see the effect of treatment and

improvement of symptoms on biochemical markers.

We will study the relationship between AVP, ADM, ET-1, GN, UGN, N-BNP, MMPs and
TIMPs (in blood and urine) and also polymorphisms in genes, and clinical outcome following
Acute Heart Failure admission. Other novel cardiovascular markers may also be measured. We
will recruit 819 patients in order to be able to analyze event-free survival using the Cox hazard
models using the above markers and clinical factors/variables. This figure is based on an
estimate of the standardized difference in biochemical levels between those with events and
those who survive event-free of 0.208 (with a event free vs event ratio of 2:1) with a power of
80% at p<0.05.

In a subset of 100 patients, daily (up to 5 days, including admission & discharge days) blood
samples (10ml each for additional samples) will be obtained to determine the time course of the
various biomarkers to the effects of treatment of Acute Heart Failure. This sample number was
chosen as in previous studies on peptides, we have found that with the standard deviations of
measurement, about 100 cases would enable differences between days to be detectable with a
80% power (P<0.05). We will ensure that this sample is obtained at the same time as routine
bloods taken for clinical purposes to avoid unnecessary venesection and discomfort to the

patients.
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The estimated time for recruitment is approximately 48 months. Patients will be followed up
(from their hospital notes record) after 6 months of recruitment for any hospitalization for Heart
Failure, any procedure performed (e.g. revascularization), and for death. The GP surgery will be
contacted only for those patients who have died in the community during the follow up time (to
find out the cause of death), as normally there is no record of these patient's cause of death in

the hospital notes (unless patients died in hospital).

To date no study has addressed the possible correlation in 'Acute Heart Failure' of blood AVP,
ADM, ET-1, GN, UGN, MMPs and TIMPs levels with future cardiac events, also its relation to
N-BNP (a marker of LV dysfunction and prognosis). Evidence of this correlation may provide
evidence for a role of these biomarkers in the pathogenesis of Heart Failure and as a possible
therapeutic target in this condition.

Our department has extensive research experience in the area of Heart Failure and Coronary
Artery Disease. We are currently carrying out number of research projects in this area. Patients
have, and continue to, demonstrate their willingness to participate in this type of project

(involving 2 blood & urine samples and Echo scan).
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8.5 Appendix E

List of publications and presentations at scientific meetings

Publications:

Auluck J*, Hakimi A*, Jones GDD, Ng LL, Jones DJL (2013) Assessment of
reproducibility in depletion and enrichment workflows from plasma proteomics using
label-free quantitative data-independent LC-MS. Manuscript accepted by Proteomics

(see attached paper)

Presentations:

Auluck J, NG LL, Jones DJL (2013). Searching for the elusive marker of Heart Failure.
Poster presentation at the Festival of Postgraduate Research, University of Leicester,
UK

Auluck J, NG LL, Jones DJL (2012). Proteomic biomarkers for predicting Acute Heart
Failure prognosis. Oral presentation at the cardiovascular seminar, University of
Leicester, UK

Auluck J, NG LL, Jones DJL (2012). HDMSF for the discovery of prognostic
biomarkers. Poster presentation at the 11™ East midlands proteomics workshop,

Loughborough University, UK

Auluck J, NG LL, Jones DJL (2012). Application of HDMSF for the discovery of
prognostic biomarkers in Acute Heart Failure Poster presentation at the 11" annual

world congress of HUPO, Hynes convention centre, Boston, MA, USA

Auluck J, NG LL, Jones DJL (2012). Apllication of HDMSE in Heart Failure
proteomics. Oral presentation at the 9" Proteomics Methods Forum Meeting, Barts

Cancer Institute, London, UK
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Auluck J, NG LL, Jones DJL (2011). Proteomic biomarkers of Heart Failure. Poster
presentation at the 10™ East midlands proteomics workshop, Loughborough University,
UK

Auluck J, NG LL, Jones DJL (2011). Impact of LC-MSFon biomarker discovery in
Heart Failure. Poster presentation at the 32" BMSS annual meeting, Cardiff, UK

Auluck J, NG L.L, Jones D.J.L (2010). Searching the human proteome for diagnostic

biomarkers of heart failure using a label-free LC-MSF approach. Poster presentation at
the 31% BMSS annual meeting, Cardiff, UK
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