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Abstract 

Plasma Proteomics for Biomarker Discovery to Predict 

Progression of Initially Asymptomatic Moderate-Severe Aortic 

Stenosis 

Daniel Chu Siong CHAN 

The optimal timing of aortic valve replacement in asymptomatic moderate-severe aortic 

stenosis (AS) is challenging. Robust markers predicting symptom onset or aortic valve 

related events in these patients are urgently needed. Plasma proteomics offers an opportunity 

to identify novel biomarkers in these patients. Two sample preparation workflows for mass 

spectrometry were developed and compared – a) Immunodepletion + Protein prefractionation 

on a reversed phased C18 column and b) extracellular vesicle pulldown followed by calcium 

silicate hydrate pulldown. The extracellular vesicle and calcium silicate hydrate pulldown 

method was more reproducible with >1500 protein identifications. This method was used for 

biomarker discovery in 92 propensity-matched event vs no-event samples, using one 

dimensional liquid-chromatography-linked tandem mass spectrometry with ion mobility 

specific collision energies for proteomic analysis. Samples were recruitment plasma samples 

from the PRIMID-AS study, a prospective observational multicentre study of asymptomatic 

moderate-severe AS patients with extensive phenotyping with electrocardiography, 

echocardiography, bicycle exercise testing and multiparametric cardiac magnetic resonance 

testing with T1 mapping, late gadolinium enhancement and stress first pass perfusion 

imaging. The primary endpoint was valve replacement for spontaneous AS-related symptoms 

or cardiovascular death or unplanned cardiovascular hospitalisation.  49 proteins were found 

to be differentially expressed, which may represent novel associated pathways such as fatty 

acid oxidation, inflammation, cell death/apoptosis/autophagy, arrhythmogenesis, neural 

remodelling and lysosomal survival. Of these, 17 were selected for verification using 18O-

isotope-labelled-pooled internal standards as the reference. Apolipoprotein D (APOD) 

emerged as a strong predictor of the primary endpoint, independent to exercise testing, sex, 

peak velocity, mean gradient and N-terminal-pro-brain natriuretic peptide. Addition of APOD 

to baseline characteristics resulted in a net reclassification improvement of 50-78%, 

particularly in moderate AS. Important correlates of APOD were tetranectin and body mass 

index. This biomarker could be used to optimally time aortic valve replacement in this group 

of patients. 
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Chapter 1 Introduction 

1.1 Epidemiology of aortic stenosis (AS) 

Calcific AS is increasing in frequency. Aortic valve replacement (AVR) operations in the US 

have doubled in the past decade, and are likely to double further in the next 20 years (Nkomo 

et al., 2006). In the United Kingdom, between 2006 and 2015, the number of isolated first-

time AVRs has indeed nearly doubled (Figure 1-1) and continues to rise (source: UK 

National Adult Cardiac Surgery Audit, accessed from the Blue Book Online, Society of 

Cardiothoracic Surgery in Great Britain and Ireland, http://bluebook.scts.org). 

 
Figure 1-1: Number of Isolated first-time aortic valve replacements in the past decade in UK (source: UK National 

Adult Cardiac Surgery Audit, accessed from the Blue Book Online, Society of Cardiothoracic Surgery in Great 

Britain and Ireland, http://bluebook.scts.org) 

 

AS is the most common valvular disease requiring surgery (Iung et al., 2003). The 

Cardiovascular Health Study (Supino et al., 2006) which looked at 5201 individuals above 

the age of 65 found 26% to have aortic sclerosis where the aortic valve (AV) is thickened 

with associated calcification but without any significant obstruction to blood flow. In 

comparison, 2% of the entire sample aged > 65 had AS. The prevalence of AS in this 
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particular group varies between age groups; 1.3% in the 65-75 age group, 2.4% in the 75-85 

group and 4% in the >85 age group. Although not officially measured, one can extrapolate 

from population statistics that AS affects ~308000 individuals in the UK. The rate of 

progression of AS to surgery, symptom development or endpoints like heart failure (HF) or 

sudden death is determined by AV obstructive severity and the response of the myocardium 

to obstruction (Pellikka et al., 2005, Cioffi et al., 2011). 

Other causes of AS include congenital AS, which is usually unicommisural, but is unlikely to 

go unnoticed before adulthood, due to the very high prevalence of symptoms and risk of 

sudden death. The other rare cause of AS is rheumatic heart disease occurring as a result of a 

prior Group-A-Streptococcus infection. In this circumstance, AS is unlikely to occur in 

isolation, without affecting the mitral valve, and is extremely rare in a developed country due 

to effective treatment of streptococcal infections since the advent of antibiotics early in the 

last century (Roberts, 1970). 

1.2 Pathophysiology of AS 

1.2.1 Asymptomatic AS 

1.2.1.1 Valvular narrowing 

The AV is a tricuspid valve positioned just beyond the orifice of the left ventricular outflow 

tract (LVOT) at the outlet of the heart. The cusps are thin, mobile and appose at a central 

point in a 'Mercedes-Benz' appearance, and are supported in a ring by their attachment to the 

aortic annulus. As such, the mechanical stress applied by systemic BP after the systolic phase 

of the cardiac cycle has ejected its contents into the aorta, is evenly distributed between the 

three cusps, throughout diastole (Thubrikar et al., 1986).  
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In calcific AS, the leaflets progressively become fibrosed, thickened and then finally 

calcified, with the resultant effect of reduced mobility and increased stiffness, leading to 

progressive orifice narrowing. Whilst historically, this process has been thought to be due to 

'wear and tear', increasingly there is evidence that various pathways and pathologies are 

involved, including biochemical, humoral and genetic pathways, which ultimately will 

determine the rate of progression and symptom development. 

AS is characterised by obstructed blood flow due to a reduction in effective orifice size of the 

AV. With degenerative AS, there is often corresponding calcification on the AV, with 

stiffening of the AV leaflets. In contrast, in rheumatic AS, there is classically commissural 

fusion along the edges of the cusps, resulting in a reduced effective orifice area, but with 

valvular tips that remain mobile. 

1.2.1.2 Factors that initiate disease 

The development of AS has many similarities to the development of atherosclerosis. The 

process begins with endothelial injury, which in AS is probably caused by mechanical stress. 

As in atherosclerosis, disease localises to areas of increased mechanical stress and reduced 

shear stress. Two coronary arteries perfuse the heart, the left and the right, and these usually 

arise from the cusps of the left and right aortic sinuses respectively. As a result of the 

increased shear stress in these areas in supplying blood flow to the myocardium, they are 

relatively spared from development of AV lesions. Conversely the non-coronary cusp, which 

has relatively lower shear stress, but a relatively similar mechanical stress to the other two 

cusps, is more likely to develop AV lesions. Furthermore, mechanical stress is highest where 

the AV cusps arise from the aortic wall, as they are the sites of maximum flexion. 

Correspondingly, 50% of the lesions in AS are seen in this location (Otto et al., 1994).  

Evidence that mechanical stress is an important initiating and driving factor of AS comes 
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from bicuspid AVs. Bicuspid valves inherently undergo more stress than tricuspid valves as 

the mechanical stress on the valve is spread across two points of maximal flexion compared 

to three. As a result, bicuspid valves almost universally anticipate the requirement for AVR 

by approximately 2 decades (Pachulski and Chan, 1993). 

 

1.2.1.2.1 The role of inflammation 

Endothelial injury and disruption allows lipid penetration into the valvular endothelium, 

which then accumulate as foci of intense inflammation (O'Brien et al., 1996, Olsson et al., 

1999). These highly cytotoxic lipids are likely to stimulate and mediate the inflammatory 

processes and subsequent valvular calcification (Parhami et al., 1997) similar to 

atherosclerosis. Evidence that there is intense inflammatory activity includes localisation of 

adhesion molecules at sites of valvular lesions (Ghaisas et al., 2000). These molecules 

facilitate endothelial infiltration by macrophages and T-cells which release inflammatory 

cytokines such as TGF-B1, TNFα and IL1-β (Jian et al., 2003, Kaden et al., 2003). The 

cytokines in turn drive progressive fibrosis of the valve. In addition, circulating C-reactive 

protein (Galante et al., 2001) is elevated in AS and valves with AS are ‘hotter’ than normal 

valves in-vivo (Toutouzas et al., 2008). Macrophage uptake of 18-fluorodeoxyglucose, 

widely used to measure macrophagic activity in atherosclerosis (Fayad et al., 2011), is 

elevated in valvular AS (Dweck et al., 2012a). 

At the tissue level, there is evidence of neovascularisation and micro-haemorrhages, focussed 

around calcific lesions with intense inflammation, with associated increase in T-cell density. 

There is associated upregulation of ICAM1 and VCAM1 in these new-vessels, confirming 

that these neo-vessels are the likely entry point for macrophages into the valve. There is 

inflammatory haemorrhage in 78% of severe AS valves which is associated accelerated 

disease progression (Akahori et al., 2011). Progression of vascular atherosclerosis often leads 
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to formation of a thin fibrous cap which could subsequently rupture and cause thrombosis 

with resultant vascular occlusion. In contrast, in AS, due to the location of the disease in the 

aorta and mobility of the AV, continuous inflammation results instead in accumulated 

fibrosis and remodelling of the extracellular matrix, leading to thickening and stiffening of 

the valvular cusps. Valvular media contains fibroblast-like cells and vimentin, some of which 

differentiate into myofibroblasts thought to be responsible for accelerated valvular 

fibrosis(Liu et al., 2007). Additionally, angiotensin converting enzyme (ACE) is likely to 

play a key role in mediating fibrosis. ACE generates angiotensin II locally in valvular lesions 

and are likely to activate angiotensin receptors which have been identified on valvular 

myofibroblasts (O'Brien et al., 2002). 

1.2.1.3 The importance of calcification 

Calcification seems to be an important event in AS, and can easily be quantified on computed 

tomography (CT). Extent of calcification correlates well with AS severity (Cowell et al., 

2003), progression of disease (Davies et al., 1991) and development of symptoms and 

significant events (Rosenhek et al., 2000). The process appears to be driven by 

myofibroblasts which differentiate into osteoblasts through a coordinated signalling process 

involving Wnt3-crp5-b-catenin, RANK/RANKL and Runx2-NOTCH1 (Caira et al., 2006, 

Kaden et al., 2004a, Garg et al., 2005). These osteoblasts which make bone, along with 

associated calcification factors such as sialoprotein, osteopontin and bone morphogenic-2 

(Rajamannan et al., 2003, O'Brien et al., 1995, Mohler et al., 2001, Kaden et al., 2004b) leads 

to further remodelling and calcification, producing lamellar bone and microfractures (Mohler 

et al., 2001) characteristic of late stage severe disease. 

Why only 1/6 of AV calcification accelerates to cause haemodynamic obstruction and stenosis 

is unclear (Cosmi et al., 2002). AV calcification is associated with a lower bone mineral 
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density, advanced age and hypertension (Aksoy et al., 2005). There is an association between 

AV calcification and the presence of the B-allele of the Bsml polymorphism of the Vitamin-D 

receptor. This polymorphism, is also associated with reduced bone mineral mass in 

homozygotes(Ortlepp et al., 2001). Calcium homeostasis has also been implicated (Urena et 

al., 1999) because patients with end-stage renal failure on haemodialysis with a higher 

vitamin-D and higher calcium-phosphorus product are more likely to develop calcific AS. 

This is thought to be driven by hyperparathyroidism. However, not all individuals with AV 

calcification have any of these predisposing factors. 

1.2.2 The development of symptomatic AS 

1.2.2.1 Development of symptoms 

Symptomatic AS carries an extremely poor prognosis, with a mortality of approximately 25% 

per year. The classical triad of AS symptoms are exertional angina, exertional syncope and 

exertional dyspnoea. The average survival with symptom development is 5, 3 and 2 years 

with the onset of angina, exertional syncope and dyspnoea or other HF symptoms 

respectively (Ross and Braunwald, 1968).  

However, asymptomatic AS carries an excellent outlook. It is often difficult to predict when 

an asymptomatic individual will develop symptoms, but the point at which symptoms occur 

especially with the presence of severe AS would prompt urgent surgical referral for AVR. 

1.2.2.2 Angina 

Angina occurs when there is a mismatch between oxygen demand and oxygen supply in the 

myocardial tissue bed. Myocardial tissue is unique from other tissue beds in that it only 

obtains its blood supply in diastole, with highly optimal oxygen extraction. A normal 

individual has a coronary blood flow reserve of 500-800% of the resting blood supply. This 
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reserve can then supply adequate oxygen to satisfy an increased myocardial demand during 

exercise. In the presence of left ventricular hypertrophy (LVH), there is both an increased 

myocardial tissue mass and therefore corresponding resting demand, as well as exertional 

demand, with resultant reduction in coronary blood flow reserve of 50-75% of the resting 

supply. Furthermore, this is compounded potentially by the reduction in capillary supply in 

hypertrophied myocardium (Breisch et al., 1984), leading to anginal symptoms. 

1.2.2.3 Dyspnoea or HF symptoms 

LVH also leads to impaired diastolic function. The diastolic phase in the cardiac cycle 

comprises both an active phase and passive phase. The myocardium actively relaxes before 

the ventricle fills passively from the left atrium. In LVH, the active phase takes longer, due to 

the increased mass. The diastolic time is fixed and therefore, passive filling of the ventricle is 

delayed and has to be completed in a shorter period of time (Zile and Brutsaert, 2002). 

Chronic LVH also increases wall stiffness resulting in high ventricular filling pressures. 

Collectively this impairs diastolic filling and progression leads to reduced capacity of the left 

atrium to 'absorb' the increased pressures, leads to back pressure on the pulmonary venous 

circulation resulting in pulmonary congestion and dyspnoea (Hess et al., 1984). 

1.2.2.4 Syncope 

The mechanism of AS causing syncope is not certain. Exercise causes a requisite drop in total 

peripheral resistance. In normal individuals this is accompanied by an increase in SV which 

maintains blood pressure (BP) and end organ perfusion. In AS the SV may not increase 

sufficiently due to the obstruction and the resultant BP mismatch is thought to lead to 

exertional syncope (Schwartz et al., 1969). A 20 mmHg drop in BP during exercise testing in 

severe AS carries a IIa recommendation for AVR (Nishimura et al., 2014) although there is 

conflicting evidence regarding the usefulness of hypotension to predicting outcome (Das et 
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al., 2005). The alternative theory is that the extremely high intracardiac pressures during 

exercise to increase cardiac output causes a reflex vasodepressor response mediated by 

baroreceptors within the heart, leading to a drop in BP causing syncope (Richards et al., 

1984). The remaining theory is that a combination of a substrate for ventricular arrhythmias 

and adrenergic drive may cause an arrhythmia that causes syncope. 

1.2.2.5 The response of the myocardium 

Left ventricular hypertrophy (LVH) seems to be central in the development of symptoms and 

progression to HF. Its development is quite well described. 

The normal effective AV outlet is approximately 3cm2 in size. A 50% reduction in orifice 

area from normal has a minimal effect on the pressure gradient (Carabello and Paulus, 2009). 

However a continued worsening of the obstruction will lead to an increase in pressure 

overload. As the pressure gradient across the narrowed AV gradually increases, the pressure 

the left ventricle has to generate to overcome the afterload increases, inducing the left 

ventricle to compensate. 

The compensatory mechanism is described by the Laplace equation (Grossman et al., 1975) 

which describes that  

𝐰𝐚𝐥𝐥 𝐬𝐭𝐫𝐞𝐬𝐬 =  
𝐩𝐫𝐞𝐬𝐬𝐮𝐫𝐞 × 𝐫𝐚𝐝𝐢𝐮𝐬

𝟐 × 𝐰𝐚𝐥𝐥 𝐭𝐡𝐢𝐜𝐤𝐧𝐞𝐬𝐬
   

Wall stress is equal to afterload, and this is determined by the pressure gradient divided by 

double the wall thickness. Therefore, in the presence of an increasing pressure gradient, a 

corresponding increase in wall thickness will allow minimal change to the afterload. 

Cardiac output is determined by the product of stroke volume (SV) and heart rate. SV is 

determined by the preload, cardiac contractility and afterload. Starling's law of the heart 
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describes the relationship between all three (see (Katz, 2002) and references therein). An 

increase in preload and cardiac contractility or/and a reduction in afterload leads to increased 

SV. Conversely, an increase in afterload but without a corresponding rise in contractility or 

preload will lead to reduced cardiac output. 

LVH is commonly seen in AS and has long been thought to be beneficial in AS to maintain 

cardiac output. However LVH has been linked to HF (Levy et al., 1990) and is a marker of 

poor prognosis in other cardiovascular conditions with hypertrophic features, e.g. 

hypertrophic cardiomyopathy (Spirito et al., 2000) and hypertension (Schillaci et al., 2000).  

The LVH response in AS is highly heterogeneous (Cioffi et al., 2011) which has prognostic 

implications. Inappropriately high LV mass, defined by Cioffi and colleagues as an indexed 

LV Mass (LVMI) >110% predicted, was associated with a lower midwall stress-corrected 

fractional shortening (a marker of subclinical depression of LV function), with an associated 

increase in event rates (AVR, death, HF, non-fatal MI and development of symptoms). This 

may explain the poor correlation between severity of AS and symptom onset (Salcedo et al., 

1989, Gunther and Grossman, 1979). More recent CMR studies confirm that there is no 

correlation between peak AV velocity (AS severity) and indexed LVMI (Dweck et al., 

2012b). In fact, the degree of LVH appears to be affected by other risk factors, such as age 

(Salcedo et al., 1989), being male, obesity(Lavie et al., 2009), polymorphisms on the ACEI/D 

gene (Orlowska-Baranowska et al., 2004), coexistent hypertension (Rieck et al., 2010) and 

arterial stiffness (Briand et al., 2005, Hachicha et al., 2009). 

1.2.2.6 Progression to HF 

After a sustained period of compensated hypertrophy, the LV eventually becomes unable to 

maintain a forward flow through the AV against the increased afterload. The heart then 
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transitions into a state of failure, which is associated with development of symptoms, adverse 

events and poor prognosis. 

This change is marked at a cellular level by two processes (Hein et al., 2003) where there is 

an excess of myocardial myocyte apoptosis without commensurate myocyte regeneration, 

resulting in a 5-10% loss of myocytes annually (Bishopric et al., 2001). The rate of loss is 

thought to be affected by the level of afterload (Cheng et al., 1995, Leri et al., 1998) but also 

seems to involve angiotensin II (Gonzalez et al., 2002, Schluter and Wenzel, 2008) whereby 

its local release in the myocardium is mediated by stretch, and its blockade in hypertension 

with angiotensin receptor blockers appears to reduce the rate of myocyte apoptosis. The lack 

of coronary blood flow reserve and reduced myocardial microperfusion may also worsen 

cardiomyocyte apoptosis (Galiuto et al., 2006). The use of renin-angiotensin blockers in 

severe AS and preserved LV ejection fraction was recently shown to be associated with a 

lower LV mass index and lower incidence of concentric hypertrophy (Goh et al., 2017). A 

prospective pilot randomized controlled trial showed that ramipril use was associated with a 

progressive reduction in LV mass in asymptomatic patients with moderate severe AS, with 

trending improvement in myocardial physiology (preserved tissue systolic velocity) and 

slower progression of the AS (slower reduction in valve area) when compared to placebo, 

although there was no difference in major adverse cardiovascular events or AVR (Bull et al., 

2015). 

Fibrosis is an obligatory process in myocardial hypertrophy (Anderson et al., 1979, 

Krayenbuehl et al., 1989) and seems to be focussed in areas of apoptosis (Bing et al., 1997) in 

a process akin to scarring in response to an injury. There is myofibroblastic infiltration and 

secretion of extracellular matrix proteins such as collagen I & III (Weber, 2004), a process 

which can be seen on cardiac magnetic resonance (CMR) with late gadolinium enhancement 

(LGE) as midwall fibrosis. This finding is associated with an 8-fold increased risk of 
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mortality (Dweck et al., 2011) and is promising as a predictor of adverse outcome in 

asymptomatic AS. Whilst AVR improves the poor prognosis associated with mid-wall 

fibrosis by 4 times, the adverse prognosis does not return to normal despite AVR, where the 

mortality rate in patients with midwall fibrosis who underwent AVR was 53.8 per 1000 

patient years vs. 13.7 per 1000 patient years in the No fibrosis group (Dweck et al., 2012b). 

Although patients with AVR had regression of LV mass and extracellular volume (interstitial 

reversible fibrosis), there was no reduction in LGE/fibrosis up to 2 years after AVR (Everett 

et al., 2018). In asymptomatic patients who did not have AVR, fibrosis burden increased by 

an average of 78%. This suggests that by the time fibrosis has developed to a detectable level 

on CMR, it is already too late for AVR to have its maximal prognostic benefit. 

Possible reasons for the irreversible risk despite a mechanical relief from the obstruction with 

AVR include the possibility of residual systolic and diastolic abnormalities after AVR (Hein 

et al., 2003, Martos et al., 2007, Gonzalez et al., 2003) and arrhythmic tendencies (Nazarian, 

2011) as seen in other conditions associated with myocardial fibrosis (Assomull et al., 2006) 

although work in this area is lacking. 

Given the appalling prognosis of symptomatic AS and presence of mid-wall fibrosis in AS, 

timing of AVR should be before development of symptoms and LGE on CMR. In practice, 

this may be difficult to achieve, based on the current evidence.  
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1.3 Current management of asymptomatic AS 

 

Although AVR techniques have improved substantially over the years, surgical (or more 

recently, percutaneous) AVR has remained the only effective method for mechanically 

relieving the obstruction caused by progressive AS. This treatment is particularly urgent 

when symptoms develop, with an incremental mortality risk of 2% for each month that the 

patient is waiting for surgery from symptom presentation (Lund et al., 1996). 

International guidelines agree that AVR is indicated in symptomatic severe AS (Baumgartner 

et al., 2017a, Nishimura et al., 2014). Furthermore, asymptomatic severe AS in the presence 

of impaired LV ejection fraction (<50%) also receives a Class I recommendation, albeit with 

a lower level of evidence (B in American guidelines and C in European guidelines). This is 

because of the extraordinary improvement in symptoms following AVR and that in the 

absence of any other cause of LV dysfunction, the dysfunction is likely to make substantial 

improvement after reducing the pressure overload, and justifies the surgical risk. Surgical risk 

in healthy individuals without evidence of frailty or other risky conditions is low, at <1.5% 

risk of mortality in centres of excellence (Nishimura et al., 2014). AVR is also indicated in 

asymptomatic severe AS patients who develop symptoms (of dizziness, angina or dyspnoea) 

on an exercise test, which still receives a Class I indication in both European and American 

guidelines, although the recommendation weakens to IIa, Level C (European) or IIa Level B 

(American) for a fall in BP below the baseline during an exercise test (without developing 

symptoms), based on weak evidence (Das et al., 2005).  The guidelines differ on their 

recommendations for rapid progression of AS (Table 1-1).
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Table 1-1: Differences between recommendations from different societies; AHA: American Heart Association, ESC: European Society of Cardiology, AS: AS, AVR: Aortic Valve 

Replacement, LOE: Level of Evidence, ETT: Exercise testing, BP: Blood pressure, AV-Vmax: peak velocity across aortic valve, BNP: Brain natriuretic peptide. Classes of 

recommendation: I – action recommended/indicated, IIa – action should be considered, IIb – action may be considered; Levels of Evidence: A – supported by multiple randomized 

trials and confirmatory evidence on metanalyses, B – supported by a single randomized control trial or multiple non-randomized trials, C-expert consensus where robust evidence is 

lacking 
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There is a lack of robust predictors of prognosis in AS to influence clinical decisions thus 

requiring clinicians to monitor patient-reported symptoms very closely and referring for 

surgery as soon as symptoms develop. Whilst this constitutes excellent follow-up from the 

patient's perspective, the wide variations in rate of progression of moderate asymptomatic AS 

requires that patients with moderate AS (AV-Vmax 3-3.9m/s) to be followed up (and receive 

repeat imaging) every 1-2 years, and patients with severe AS (AV-Vmax >4m/s) to be 

followed up and re-imaged every 6-12 months.  

Asymptomatic AS carries an excellent prognosis. Even with conservatively-managed 

asymptomatic severe AS (AV-Vmax>4m/s or AVA<1cm2) the incidence of sudden death 

ranges from 0.4%/yr (Rosenhek et al., 2000) to 4.8%/yr if these patients were strictly not 

operated on (Amato et al., 2001). In a series of 116 asymptomatic patients with very severe 

AS (AV-Vmax>5ms), the risk of sudden death is only 0.3%/yr (Rosenhek et al., 2010). The 

average risk of sudden death with asymptomatic AS is, therefore, <1% as long as patients 

remain truly asymptomatic. 

Exercise testing is currently used to determine if asymptomatic individuals with Severe AS 

are truly asymptomatic.  One series showed that its positive predictive value in predicting 

spontaneous AS symptoms at 1 year is 57% but the negative predictive value is 84% and is 

most specific in those aged <70yrs (Das et al., 2005). In contrast, another series, which 

studied the negative predictive value of exercise testing, found that of 73% participants with 

mod-severe AS and a normal exercise test, 50% went on to have an event (AVR or CV death) 

during a follow up period of 20±14 months, suggesting that the negative predictive value of 

exercise testing is potentially only valid within a limited time-frame (Marechaux et al., 2010), 

or that exercise testing, while better than nothing, was not a very good positive predictor or 

events in asymptomatic AS. 
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54.3% of AVR is performed in those aged>70 (Iung et al., 2003) in keeping with the fact that 

degenerative AS is most prevalent in the elderly (>70). Symptom determination in this group 

can be especially problematic and is further compounded by the diminishing accuracy of 

exercise testing.  Especially in patients with limited mobility, self-reported symptoms may 

not be forthcoming, and objective assessment may be challenging (Manning, 2013). Event-

free survival in asymptomatic severe AS patients aged >70 years declined steeply from 73% 

at 1 year to 16% at 4 years in this age group, with no difference between patients aged below 

80 or above 80 years, with the event-free survival of patients age <70 years being 

significantly better (Zilberszac et al., 2017). Importantly, 43% of patients aged >70 years who 

became symptomatic abruptly developed severe symptoms as their first symptom, despite 

close 6 monthly follow-up, which was associated with worse long term survival (Piérard et 

al., 2014). 

1.4 The argument for more biomarkers 

 

Whilst there is a clear signal of poorer outcome if fibrosis (by LGE) has developed, there is 

no definitive clinical data to support early AVR in asymptomatic AS at present, although 

randomized controlled trials for early AVR vs current guideline-based approaches are on-

going (EVoLVeD, AVATAR (Banovic et al., 2016) and EARLY TAVR; ClinicalTrials.gov 

NCT03094143, NCT02436655, NCT03042104). Early AVR for asymptomatic severe AS 

could be performed in patients who are chronologically younger and potentially fitter for 

surgery, reducing the surgical risk. They are also less likely to have developed the later 

irreversible damage from fibrosis which is associated with poor prognosis. Furthermore, 

much of the early fibrosis, identified by increased extracellular volume fraction (ECV) could 

be reversible with relief of pressure overload (Everett et al., 2018), before the onset of 

replacement fibrosis (Figure 1-2).  
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However, AVR is not risk-free. There is a small but significant risk of surgery, currently 

estimated at ~2.7% in Europe (Iung et al., 2003) but ~1.5% in America (Nishimura et al., 

2014) in a healthy patient without concurrent coronary disease. Isolated AVR surgical 

mortality in the UK between 2010 and 2015 has been on a downward trend (1.84% to 

1.55%), despite an increase in the proportion of higher-risk patients, based on the EuroScore 

(bluebook.scts.org). If concurrent CABG is being considered, the risk increases to 4.3% in 

Europe (Iung et al., 2003) or 3.22% in the UK in 2015 (bluebook.scts.org). There are also 

other risks to consider, e.g. prosthetic valve infective endocarditis, thrombosis with 

mechanical prostheses, associated risks of anticoagulation, and in the case of a bioprosthesis, 

valvular deterioration, necessitating eventual repeat surgery to replace the valve. These 

cumulative risks are estimated at about 1% per year (Thai and Gore, 2000). 

A recent large multicentre registry of 3815 consecutive patients with severe AS (AV-

Vmax>4m/s) found 1808 to be asymptomatic. Of these, 291 patients had an early AVR 

strategy, and 1517 had a watchful waiting strategy. These patients were propensity-matched, 

but differences remain, namely younger age and more severe AS in the early AVR group, 

which found less incidences of death (15.4% vs. 26.4%) or HF hospitalisation (3.8% vs. 

19.9%) in the early AVR group vs. the watchful waiting group during a 5-year follow up 

period (Taniguchi et al., 2015). Whilst conclusions cannot be drawn from this registry, 

namely because the choice of early AVR vs. conservative strategy was made by the patient's 

physicians (likely biased), it does suggest that in low-surgical-risk patients, early AVR could 

safely be considered, and may be beneficial. In the Euro Heart Survey, 20% of AS 

interventions were classed as 'over-use' of the intervention, suggesting their 

surgeons/cardiologists believe that AVR should be performed early (Iung et al., 2003). 
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However, until results of randomized controlled trials to determine the optimal timing of 

AVR in patients with asymptomatic moderate to severe AS are forthcoming, clinicians lack 

the evidence to support any recommendation other than waiting for symptoms to develop. 

Until then, more robust predictors of outcome are needed in the form of biomarkers (Figure 

1-2). Ideally, these will be identified from a cohort of patients and investigators blinded to the 

results of the test under evaluation, thus not biasing the results. 
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Figure 1-2: Central Figure - what is the optimal timing for AVR - should it be before onset of replacement fibrosis, troponin & BNP elevation, and symptoms? LV: left ventricle, 

BNP: brain natriuretic peptide,  MMP: matrix metalloproteinase, AV: aortic valve
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1.5 Current state of the art for biomarkers of prognosis in AS 

A systematic literature search in Pubmed for the terms “biomarkers” and “aortic stenosis” 

and “prognosis” identified 124 articles which were not classed as reviews. Of these, a 

systematic perusal of the titles and abstracts only identified 53 publications in English related 

to blood biomarkers whether directly or indirectly. All these publications are summarised in 

tables in the appendix. 

Most of the work in this area focused on the natriuretic peptides which are markers of 

neurohormonal activation, with 9 publications on BNP (Sato et al., 2019, Goodman et al., 

2016, Henri et al., 2016, Ben-Dor et al., 2013, Mannacio et al., 2013, Katz et al., 2012, 

Iwahashi et al., 2011, Kefer et al., 2010, Lancellotti et al., 2010) and 10 publications on 

NTproBNP (Kaneko et al., 2019, Mizutani et al., 2017, Mizutani et al., 2018, Nguyen et al., 

2017, Farré et al., 2014, Boer et al., 2013, Elhmidi et al., 2013, Weber et al., 2006, Bergler-

Klein et al., 2004). Cardiac troponin, a marker of myocardial injury has 7 publications on the 

subject (Kohler et al., 2016, Koskinas et al., 2016, Chin et al., 2014, Chorianopoulos et al., 

2014, Frank et al., 2013, Saito et al., 2013, Rosjo et al., 2011). Unsurprisingly, both 

natriuretic peptides and troponin feature in 5 multi-marker analyses (Ferrer-Sistach et al., 

2019, Dahou et al., 2018, Auensen et al., 2017, Lindman et al., 2015, Solberg et al., 2012).  

The populations in which these studies were performed, ranged from moderate to severe AS, 

with or without AVR. Most outcome studies however were performed in patients with severe 

AS undergoing AVR, particular TAVI, and should be interpreted appropriately as this 

particular group of patients are by definition very high surgical risk. In this high risk group, 

both natriuretic peptides and troponin were mostly independently associated with increased 

short and longer term mortality, although the findings were not completely uniform; 6/7 

studies found natriuretic peptides to be associated with mortality. Of the 4 studies in TAVI 
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testing troponin, 1 of the studies found that troponin was a better predictor of mortality 

compared to NTproBNP. 

Other markers associated with mortality in this population were anaemia, GDF-15 & 

MRproADM (marker of cardiovascular stress) (Lindman et al., 2015), as well as acute kidney 

injury post-TAVI, and there were a few markers which predicted this injury (NGAL, Cystatin 

C and anaemia) (Elmariah et al., 2016, Arai et al., 2015, Johansson et al., 2014, Kidher et al., 

2014). 

Quite interestingly NTproBNP and MRproADM (Csordas et al., 2015, Lopez-Otero et al., 

2013) were compared with the logistic Euroscore II, commonly used to evaluate 

perioperative surgical risk, and both were found to be superior to the score in the TAVI 

population. Being aware of the high risk only helps inform the decision-making for the 

patient; in this high-risk group it is not clear how the mortality risk can be lowered. One study 

found that natriuretic peptides predicted mortality in conservatively treated severe AS, but 

not patients with AVR (Weber et al., 2006), implying that surgery in these patients with 

higher natriuretic peptide levels probably does alter the risk of mortality, but these findings 

have not been described elsewhere. 

Other biomarkers have been described; cardiac myosin-binding protein C has a similar 

prognostic association as troponin (Anand et al., 2018). 5-adenosyl-homocysteine was 

associated with acute kidney injury after TAVI (Elmariah et al., 2016); Fibulin-1 was 

associated with diastolic dysfunction/restrictive filling in severe AS (Dahl et al., 2012); 

Galectin-3, a marker of fibrosis, was found not to be associated with AV-related events 

(Arangalage et al., 2016), although this population included mild AS (NTproBNP in the same 

population associated with AV-related events, but not independent of AS severity (Nguyen et 

al., 2017)). Sheer stress is considered important in severe AS, and high molecular weight 
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von-willebrand-factor could be used to differentiate true-severe AS from pseudo-severe AS 

in low-flow low gradient AS (Kellermair et al., 2018). Microparticles released from platelets 

were elevated in severe AS undergoing TAVI, with the surgery lowering the amount of 

circulating microparticles, suggesting improvement in sheer forces (Jung et al., 2017). A 

number of microRNA's have been associated with left ventricular hypertrophy as well as 

mortality (Chen et al., 2014, Rosjo et al., 2014, Garcia et al., 2013). Finally, lipoprotein(a) 

and soluble urokinase plasminogen activator receptor (suPAR), both associated with 

increased cardiovascular risk (from ischaemic heart disease), were associated with coronary 

artery disease and ischaemic events respectively, in AS patients, highlighting the contribution 

of concomittent coronary disease to prognosis (Hodges et al., 2016, Ljungberg et al., 2017). 

Of note, one study mentions that elevated troponin post-TAVI in patients with complex 

coronary disease was associated with significant mortality post-TAVI (Koskinas et al., 2016). 

Multi-marker risk stratification strategies have been explored (Ferrer-Sistach et al., 2019, 

Dahou et al., 2018, Auensen et al., 2017, Lindman et al., 2015, Solberg et al., 2012, 

Kapelouzou et al., 2015, Parenica et al., 2012, Elmariah et al., 2016). Of the 7 publications 

looking at multiple markers, 6 looked at long term adverse outcomes. One was done in 

asymptomatic severe AS, another was done in low-flow-low-gradient AS. One study in 

asymptomatic severe AS found that when troponin was compared directly with NTproBNP in 

the same proportional hazards model, NTproBNP was classed as not having an independent 

prognostic effect (Ferrer-Sistach et al., 2019). Conversely, in a separate population of patients 

referred for AVR, troponin was not retained in a parsimonous model to predict mortality 

(Lindman et al., 2015). Yet another study finds both (as well as diabetes), together to be 

strongly predictive of mortality in patients with severe AS referred from valve replacement 

(Solberg et al., 2012). 
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In summary, the current biomarker landscape in terms of prognosis in AS has been very 

focused on natriuretic peptides and troponin. Overall, high levels of troponin or natriuretic 

peptides were associated with higher risk of adverse events, even when asymptomatic, but 

not necessarily when mild AS patients were included in the studies. Some more novel 

biomarkers have been found in single studies to be potentially important and deserve 

additional work, implying a need to focus on other pathways associated with progression of 

AS. Multi-marker studies have the potential of measuring multiple pathways at once and 

hence can better describe the overall risk, but studies evaluating multiple markers so far have 

not suggested additional importance of other markers when compared directly with 

natriuretic peptides or troponin. More of these studies are therefore urgently required. 

1.6 Plasma Proteomics to identify Biomarkers 

1.6.1 Proteomics 

Proteomics refers to the study of proteomes and their functions. The term proteomics was 

coined in 1995, wherein it was defined as the "large-scale characterisations of the entire 

protein complement of a cell line, tissue or organism" (Anderson and Anderson, 1996, 

Wasinger et al., 1995). An inclusive view of proteomics involves identifying protein-protein 

interactions, protein modifications, and protein localisation, etc. The proteome changes in 

response to alterations in gene expression or environmental pressure. The effect can be 

observed in alteration in protein expression at various levels, such as the level of the 

organism, tissue or cellular level. As a result, proteomics is a natural vehicle for clinical 

biomarker discovery. 

The profiling of proteins, whether by quantitative or qualitative means in clinical tissue 

samples, or bodily fluids such as plasma, urine or cerebrospinal fluid is termed clinical 

proteomics (Banks and Selby, 2003). In its simplest form, an experiment comparing the 
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proteomic profile between a diseased patient group and a healthy patient group which is 

otherwise controlled helps identify the differences in protein expression associated with the 

disease, and can help identify potential biomarkers of disease. 

1.6.1.1 Bottom-up proteomics 

Bottom-up proteomics involves identifying proteins from its constituent peptides, so as to 

provide as complete a view of the proteome as possible, then looking for changes in protein 

expression levels in two or more groups with a different phenotype. This typically is a three-

step approach, which comprises 1) sample preparation 2) sample analysis and 3) data 

analysis. There are many established protocols with regard to this, with no clearly superior 

method. State-of-the-art mass spectrometric (MS) technology has enabled the large-scale 

identification of unknown masses with considerable accuracy and sensitivity, and paired with 

large libraries of known spectra and sequences for proteins, has substantially improved the 

rate at which proteins can be identified. 

All steps involved in identifying the proteome and quantitating its constituents affect both the 

identifications and the quantities measured. As such a robust workflow with high 

reproducibility is required in order to enable meaningful conclusions about any MS 

experiment. 

A typical bottom-up proteomics experiment involves the digestion of proteins with the 

enzyme trypsin to create tryptic peptides. Trypsin is a highly specific enzyme, cleaving the 

protein at the C-terminal end of lysine or arginine residues, except when either of these 

residues is flanked by proline. This simplifies the deduction of the identifications of the 

peptides, especially with comprehensive sequence libraries. These peptides are then separated 

by online liquid chromatography coupled to a mass spectrometer, which detects these 

peptides as masses, and reports them in the form of mass/charge (m/z) ratios. The resultant 
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m/z results are passed on to a bioinformatics platform for data analysis which identifies the 

masses, by matching the generated spectra from these masses against databases of known 

peptides/proteins as well as quantifying the amount of these masses by some measure of ion 

intensity. Differentially expressed proteins in samples and controls are then verified as 

biomarkers through other methods such as enzyme-linked immunoassays to determine if the 

biomarker is truly associated with the disease, ideally in a prospective cohort or blinded 

verification cohort. 

1.6.2 Plasma 

Plasma is a suitable medium to identify biomarkers. Obtaining samples is minimally invasive, 

quite acceptable to patients and after extraction can be stored at -80°C indefinitely for future 

analysis. Given that plasma is the circulating medium in mammals after separation of the 

cellular component, it lends itself to being a carrier of all the differentially expressed proteins 

in the organism (Anderson and Anderson, 2002) that have either been secreted by tissues, or 

leaked by tissues in response to either a change in expression or/and environmental insult, 

e.g. in the case of troponin which is leaked after myocyte necrosis into plasma. Finally, 

biomarkers discovered in plasma could easily be translated into clinical practice. 

1.6.2.1 Plasma vs. Serum 

The decision between using plasma vs. serum for biomarker discovery is a pragmatic one. 

The difference between the two media is that plasma has an anti-coagulant additive added to 

it at the time of sampling, so that clotting factors are not activated. This means that all the 

clotting factors are still present to be assayed, and there is potentially reduced post-sampling 

protease activity. The cells are separated from the plasma by centrifugation, and taken off 

gently avoiding the buffy coat after centrifugation. Serum on the other hand, is what is 
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obtained after venepuncture, after allowing the sample to clot naturally. The clear fluid would 

be free of clotting proteins. 

 There are arguments for and against the use of either plasma or serum in biomarker 

discovery (Table 1-2), but the decision is generally a pragmatic one. For example, levels in 

plasma cannot be directly compared to levels in serum, therefore if a research group has a 

tradition of using plasma for all their studies to date, will continue using it for the future, 

should there ever be a need to compare individual levels between studies. Our research group 

has abundant experience using plasma in clinical studies for biomarker discovery and 

therefore this was the medium used in this study.
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Table 1-2: Arguments for and against the use of plasma or serum for biomarker discovery 

1.6.2.2 Challenges with plasma proteomics 

Translating novel biomarkers identified from plasma to clinical use, has been slow 

(Anderson, 2010). This is, in part, due to plasma's extreme complexity. 99% of proteins in 

plasma are made up of highly abundant plasma proteins. The top 7 of these are albumin, IgG, 

alpha-1-antitrypsin, IgA, transferrin, haptoglobin, and fibrinogen. There are other proteins as 

well in plasma; these have been termed moderately abundant and low abundance proteins. 

Whilst the abundant proteins play an important role in plasma, either as carrier proteins or as 

acute phase reactants, identifying novel biomarkers requires us to look past the bulk of 

plasma proteins into the low abundance proteins where changes in expression are more likely 

to be disease-specific and potentially more sensitive. 
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Figure 1-3: Complexity of the plasma proteome. 70 analytes in plasma occupying an abundance range spanning 12 

orders of magnitude. Permissions obtained, original published in (Anderson and Anderson, 2002). 

Plasma proteins span approximately 12 orders of magnitude (Anderson and Anderson, 

2002)(i.e. 1012) in abundance (Figure 1-3). For example, there is approximately 106 times 

more albumin than prostate specific antigen in plasma. Unfortunately, current technology for 

MS quantitation is limited to between 4-5 orders of magnitude (Anderson and Anderson, 

2002), which means that using unbiased mass spectrometric analysis (i.e. without 

targeting/filtering a specific molecule), the discovery/quantification of lower abundance 

proteins will be masked by high abundance proteins if the range of abundances in the sample 

exceeds this dynamic range. Extending this by combining fractionation methods or 2 

dimensional electrophoresis increases this dynamic range by up to 100x, but is still short of 

the 12 orders desired. 

1.6.2.3 Overcoming the challenges of plasma proteomics 

The field has seen significant advancements in mass spectrometric technology, as well as 

bioinformatics methods. Fractionation of samples into fewer complex fractions have been 
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used increasingly to attempt to address the high dynamic range of plasma. The focus shifted 

first on increasing the numbers of identifications, then later towards improving the quality of 

these identifications, resulting in an overall drop in numbers. 

1.6.2.3.1  Immunodepletion 

One of the most popular methods of improving the detection of the low abundance proteins is 

by immunodepletion. This method involves binding the high abundance proteins to 

immobilised antibodies on a stationary phase, such as a silica mount, and allowing the low 

abundant One of the most popular methods of improving the detection of the low abundance 

proteins is by immunodepletion. This method involves binding the high abundance proteins 

to immobilised antibodies on a stationary phase, such as a silica mount, and allowing the low 

abundant proteins to flow through. Many chromatographic columns have been designed for 

this purpose, with good results. Examples of these include ProteoPrep, Seppro and MARS-

14. The Multiple Affinity Removal System (MARS) – developed by Agilent, combines 

polyclonal antibodies targeting the top 14 high abundant proteins, which are albumin, 

haptoglobin, transferrin, IgG, IgA, alpha-1-antitrypsin, alpha-2-macroglobulin, alpha-1-acid 

glycoprotein, apolipoprotein-A1, apolipoprotein-AII, complement C3, IgM, transthyretin and 

fibrinogen (Echan et al., 2005, Pieper et al., 2003). It is highly reproducible 

chromatographically and retains its affinity for these proteins over 200 runs. 

Immunodepletion improves identification of proteins in plasma by 25% (Tu et al., 2010). 

Despite this, only 5-6% of the total protein identifications in plasma that has been 

immunodepleted are low-abundance proteins, and 90% of the proteins identified were the 

top-50-most-abundant proteins in plasma. Most commercially-available depletion columns 

perform similarly well, removing >98% of targeted proteins and ˜95% of the total protein 

(Beer et al., 2017). More extensive depletion (tandem IgY 14 and SuperMix immunoaffinity 

depletion) of high abundance (Top 14) and medium abundance proteins (additional 60 
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proteins) using avian polyclonal IgY-antibodies effectively captured 99% of the total protein 

(Shi et al., 2012). Extensive depletion in this way consistently identified 3-6x more low 

abundant proteins than other depletion methods. Authors reported that whilst the MARS14 

column identified ˜200 protein groups by 2 or more peptides and ˜50 protein groups by 1 

unique peptide on a Q Exactive Plus instrument in a 4-hour run, the IgY14/Supermix tandem 

depletion identified ˜680 protein groups by 2 or more peptides and ˜120 protein groups by 1 

unique peptide on the same instrument (Beer et al., 2017). The downside to this methodology 

is cost – a tandem IgY14/SuperMix depletion system costs ˜£16000 for a set of columns that 

are good for 100 injections – at ˜£160/sample. The MARS14 column costs £3000 and is good 

for 200 injections at ˜£15/sample. An additional concern about extensive immunodepletion is 

the loss of non-targeted proteins of interest, due to non-specific binding either to the column, 

the antibody or to the targeted proteins on the column eg. albumin (Gundry et al., 2007). 

Finally, non-targeted protein losses may vary from run-to-run, which may confound the 

interpretation of protein quantification. 

1.6.2.3.2  Fractionation 

1.6.2.3.2.1 Protein fractionation 

Pairing depletion with a fractionation step could hypothetically reduce the complexity of 

plasma, and improve the ability to detect low abundance proteins. Plasma proteins could be 

fractionated based on their various properties in a liquid phase through the use of liquid 

chromatography. Hypothetically, quantification of proteins resolved to their own fraction 

should be more representative than if compared to quantification of proteins which have been 

digested, then their peptides fractionated in one dimension, concatenated, then quantified 

post-hoc during mass spectrometric analysis. 
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 Proteins typically have a tertiary structure in aqueous media where the hydrophobic 

residues are sequestered at the core and charged polar residues are on the surface. 

Chromatographic modalities that can separate proteins based on different properties may 

therefore reduce the complexity of plasma. Proteins of high abundance could be isolated in 

discrete fractions, reducing masking of low abundance proteins from other fractions. 

 Ion exchange chromatography (IEX) leverages the attractive charges on the charged 

residues on the surface of proteins to the stationary phase of the opposite charge. It has been 

used with success as part of a 3-dimensional separation in shotgun-proteomics, more than 

doubling the number of protein identifications (Zhang et al., 2012, Hood et al., 2005). The 

mild nature of the conditions typically used in ion exchange chromatography do not denature 

proteins, but highly hydrophilic proteins (eg. Membrane and structural proteins) need to be 

solubilized first with organic solvents or solubilizing agents to be used with IEX. Elution in 

IEX involves a gradient of increasing salt concentration. Often however, very high salt 

concentrations are required making these method incompatible with mass spectrometry. 

Changing the pH of the mobile phase could also be used to change the net-charge of the 

proteins, thus reducing the salt concentration required for elution.  

 Hydrophobic interaction chromatography is another method that starts with a high 

concentration of a salt which reduces the water available to hydrate proteins, at which point 

the proteins will adsorb onto a modestly hydrophobic surface. As a reducing salt 

concentration gradient is run, adsorbed proteins are resolvated and elute in the order of their 

increase in hydrophobicity of their tertiary structure, not dissimilar to reversed-phase 

chromatography, although the stationary phase is much less hydrophobic and the mobile 

phase not denaturing. This separation method can be very useful not only to map peptides but 

also allow detailed post-translational modification analysis of single proteins as well as study 

protein complexes and interactions (Rackiewicz et al., 2017).  
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 Size exclusion chromatography on the other hand uses hydrophilic stationary phases 

with defined pore-sizes and is non-denaturing. Paired with 2D-peptide fractionation, size 

exclusion chromatography is successful in improving protein identifications in liver tissue 

lysate (Zhang et al., 2007), as well as mammary epithelial cell lysate (Jacobs et al., 2004). 

 Although reversed phase liquid chromatography (RPLC) is the most widely used high 

performance liquid chromatography (HPLC) method, these applications tend to be for 

peptides and not proteins. The reason it tends to be unsuitable is because the stationary phases 

tend to be very hydrophobic and cause proteins to denature. Further denaturation occur with 

the use of organic solvents featuring extreme pH’s all leading to the loss of their protein’s 

tertiary structure. Denaturation of large proteins potentially would lead to exposure of very 

large numbers of hydrophobic residues resulting in simultaneous interactions with the 

stationary phase, which would make protein elution much more difficult and lead to very 

wide protein peaks or no elution at all. Despite this, the macroporous high recovery reversed-

phased silica mounted c18 column (mRP-C18) appeared to have very promising results with 

good protein recovery and good protein resolution as long as optimal column conditions were 

adhered to, leading to identifications of low abundant proteins when paired with 

immunodepletion (Martosella et al., 2005).  

The preferred conditions for their fractionation involved maintaining a high column 

temperature (80°C) and utilising a binary gradient with water and 0.1% trifluoroacetic acid 

(TFA) as the aqueous buffer and acetonitrile and 0.08%TFA as the organic buffer. The 

shallowest part of the gradient of increasing organic composition was between 30-55% 

organic. The gradient length was 54 minutes. The maximal protein loading capacity was 

reported to be between 400-500 µg before apparent overloading. This has since been revised 

by the manufacturer to 380 µg. Finally, the method does not suffer from carry over, if the 

sample has been immunodepleted of the top-6 abundant proteins first. The group confirms 
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that using the preferred conditions, 98% protein recovery could be expected, in contrast to 

lower recoveries from other C8 columns also investigated for protein fractionation. 

Martosella tested a variety of temperatures and found that 80°C significantly improved 

separation resolution. Peak widening was noted at 40°C and 26°C for most peaks. Martosella 

found that temperature was by far the most important factor in separation efficiency. Other 

conditions were tested too, varying from no acid to higher concentrations of TFA in the 

mobile phases, and two different denaturants – guanidine and urea. There were minimal 

differences between the separations with the two denaturants, although urea was preferred. 

Martosella went on to lyophilise the fractions, reconstitute in 8M urea in an Ammonium 

bicarbonate buffer, digest with Lys-C followed by Trypsin, without a reduction or alkylation 

step. 

This was modified in a subsequent protocol (Zolotarjova et al., 2008) to include a 

Trifluoroethanol (TFE)-based denaturation step (Ru et al., 2006) where 50% TFE was used, 

followed by reduction and alkylation with DTT and IAA respectively. By combining 

immunodepletion, protein fractionation with the mRP-C18 and two dimensional (2D) online 

LC/MS/MS, they were able to identify several low abundant proteins in multiple fractions, 

with a high number of peptides identifying these proteins, although they combined protein 

fractionation with 2D online peptide separation LC/MS/MS, which is not a high throughput 

method. 

A few other groups have done some additional work on the mRP-C18 column, giving rise to 

some variation in protocols (Adachi et al., 2006, Malen et al., 2008, Ye and Li, 2014, 

Blankley et al., 2013), but they all retain the TFA as the acid modifier, acetonitrile as the 

organic solvent of choice and the column temperature of 80°C in their protocols. The only 
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real variation is the gradient steepness and the time of the entire duration of the separation, as 

well as the time from which fractions are collected. 

1.6.2.3.2.2 Peptide level fractionation 

Peptide level fractionation involves digestion of proteins with a specific protease, typically 

trypsin, then fractionating using a chromatographic mode. Typically examples are strong 

anionic/cationic exchange or high pH RPLC, coupled with online low pH RPLC for the 2nd 

dimension during LC prior to MS analysis. This method is very successful and reproducible, 

due to the stability and predictable properties of individual peptides, whether hydrophobicity, 

polarity or pI.  

A recent state of art review summarised 20 studies illustrating the fractionation methods that 

the proteomic community has reported, and whilst not exhaustive, is representative of the 

heterogeneity of methods used and described, the results obtained with variable levels of 

success (Pernemalm and Lehtiö, 2014). However, authors cited difficulty in comparing 

studies or methods; samples were depleted using different methods, different combinations of 

fractionation steps, and different combinations of LC/MS/MS equipment. These all made 

assigning any alleged improvement to any particular part of the workflow difficult. 

Furthermore, the authors also commented that “the number of replicates, number of fractions 

and amount of loaded sample heavily affects the results”. What is clear is that individual 

steps (including immunodepletion) can be considered ‘fractionation’ steps and whilst some 

fractionation steps increase the number of protein identifications dramatically (eg. From Top-

12 depletion to Top-12 depletion + Supermix depletion resulting in a doubling of protein 

groups (Qian et al., 2008)), other fractionation steps have a less profound impact (Cao et al., 

2012), e.g. increasing the number of fractions from 20 to 40 in SDS-PAGE only increased 

identifications by 32% (i.e. 1.6% more identifications per additional fraction) or increasing 
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the number of fractions from 20 to 40 in peptide-high-pH RPLC fractionation only increased 

identifications by 40% (i.e. 2% more identifications per additional fraction). 

1.6.2.3.2.3 Challenges with fractionation 

The overarching issue with multi-dimensional fractionation is the loss in throughput. The 

increase in protein identifications is not commensurate with the increase in analytical time. 

The second concern is that the incremental number of steps for sample preparation could 

result in significant sample losses and introduce factors which confound quantification and 

affect reproducibility. 

1.6.2.3.3 Enrichment 

Enrichment of low abundance proteins could also improve their detection. An example is the 

Proteominer technology, which was recently compared with top-20 immunodepletion 

(Hakimi et al., 2014). Although improving identification of low abundant species in plasma, 

quantitation may be affected due to saturation of the enrichment mechanism, resulting in 

skewed protein quantitation results. 

Alternative to the commercial systems for enrichment, other methods also enrich for certain 

subproteomes, e.g. phosphoproteomes with metal-ion affinity chromatography (Yue and 

Hummon, 2013).  

1.6.2.3.3.1 Calcium Silicate Hydrate (CSH) Enrichment 

Our research group had been working on enriching for proteins associated with high density 

lipoprotein, long implicated with a protective role in a variety of cardiovascular conditions. 

Enrichment of plasma lipoproteins with a CSH matrix is both cheap and easy to perform. It 

was originally developed to study plasma lipoproteins separated by non-centrifugal methods 

(Gordon et al., 2010), but in fact our research group has found it useful for single-shot plasma 
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proteomics (Emmens et al., 2018), even if the focus of the proteome it exposes is that of the 

high-density lipoproteome because it is highly relevant to the field being studied. 

1.6.2.3.3.2 Extracellular vesicle (EV) enrichment 

Most cells release exosomes (50-150 nm diameter), which are produced by inward budding 

and scission of the endosomal membrane containing intraluminal vesicles, which fuse with 

the plasma membrane, and contain intracellular proteins. Microvesicles however, are released 

by shedding of plasma membranes and are 100nm to 1µm in diameter. Current methods do 

not obtain pure exosomes, and instead provide a mixture of exosomes, microvesicles and 

other EVs like apoptotic bodies or even low density lipoproteins (Kowal et al., 2016, Sódar et 

al., 2016). However, EVs are associated with cardiovascular disease (Davidson et al., 2017) 

with potential for novel biomarker discovery, if a satisfactory method to enrich for associated 

proteins exist. 

Ideal methods needed to be cheap and reproducible, and did not require large quantities of 

sample (due to limited availability). One study demonstrated a simple workflow for isolating 

microparticles, by a sequence of washing platelet-poor-plasma after centrifugation at 18890g 

at room temperature for 30 minutes, removing the supernatant each time (Østergaard et al., 

2012). Methods such as size-exclusion chromatography followed by ultracentrifugation 

(Smalley et al., 2007) were considered, but would have been too cumbersome for larger 

sample sets. The pellet after centrifugation contains platelet fragments, microparticles and a 

plethora of vesicles of different origins, including lipoproteins and protein complexes as well 

as plasma proteins (György et al., 2011).  

Another group identified a simple method of salting-out exosomes from biological fluids 

based on the expression of the negatively-charged phospholipid phosphatidylserine on 

exosomes, by precipitation from solution by neutralizing the surface charge with acetate 
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(Brownlee et al., 2014). Authors demonstrated that titration of samples with 0.1M acetate to 

pH 4.75 resulted in rapid precipitation of virtually all exosomes in the sample, which could 

be resolubilized in an acetate-free buffer at neutral pH, with exosomes that had the same 

properties as exosomes isolated by ultracentrifugation. Although this “salting-out” method 

does selectively precipitate exosomes, it also non-selectively co-precipitates some non-

exosomal proteins, which authors identified as alpha-2-macroglobulin as well as fibrinogen. 

These two promising methods were worthwhile to be compared with an immunodepletion + 

protein fractionation workflow to see which was better for biomarker discovery. 

1.6.2.3.4 Digestion, Denaturation, Reduction & Alkylation 

Trypsin is a highly specific enzyme cleaving peptide bonds on the C-terminal of lysine or 

arginine, but not if either are flanked by proline. Tryptic efficacy is dependent on 

temperature, duration of digestion, pH, and protein characteristics. Whilst optimal 

temperature, duration of digestion and pH are well described for trypsin, improving protein 

digestion is less well described. Typically protein will benefit from denaturation, which 

unfolds proteins so that its lysine and arginine residues are exposed. Subsequently, proteins 

should be reduced which breaks covalent disulphide bridges between cysteine residues on 

different parts of the amino acid chain, which may potentially conceal further lysine and 

arginine residues within. The reduced residues should then be alkylated to prevent 

reformation of their disulphide bonds, and the resultant protein should now be an unfolded 

polypeptide chain ready for optimal tryptic digestion. 

Common methods for denaturation include introduction of chaotropic agents (urea, 

guanidine), surfactants/detergents (SDS, sodium deoxycholate), solvents (methanol, 

acetonitrile, TFE) or using heat. Other less known and evaluated methods includes 

denaturation with acid (Wu et al., 2011). Similarly there are a variety of methods for 
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reduction of proteins, but the best known are DTT, tris (2-carboxyethyl) phosphine (TCEP) 

and mercaptoethanol. Two classical methods for alkylation are IAA and iodoacetate. The 

choice of any of these agents depends a lot on the conditions of the buffer that the plasma 

proteins are in, effectiveness and time considerations, as well as ease of use. One study 

compared 14 combinations of heat, solvent, chaotropics and surfactants and their effects on 

tryptic digestion efficiencies on plasma protein and found that the best denaturant, in terms of 

a combination of efficacy and reproducibility was SDS, followed closely by deoxycholate 

(Proc et al., 2010). SDS however causes significant ion suppression even in small quantities, 

which causes significant ion suppression in our research labs, whilst deoxycholate could 

easily be fully removed prior to analysis. 

Reduction methods using DTT and TCEP are comparable in efficacy but TCEP appeared 

more robust in terms of stability of its reduction but also its wide active pH range (1.5-8) 

(Han and Han, 1994). In aqueous solution, its reduction reaction is irreversible and complete. 

It is unreactive with IAA, obviating the need to remove it before alkylation (Getz et al., 

1999). TCEP however is acidic if just diluted in water, and therefore should be neutralised 

first, or used in an alkaline buffer (e.g. if using with deoxycholate).  

Alkylation is performed with IAA, a thiol-compound which irreversibly reacts with available 

thiol groups on cysteine exposed by reduction of sulfyhydryl reducing agents (Smythe, 1936). 

Iodoacetate, its acid derivative, reacts slower. Alkylation prevents the reformation of the 

disulphide bonds that have been reduced to allow time for trypsin to digest any lysine or 

arginine residues on the chain that may have been hidden by the folded protein. IAA 

reactions occur well at room temperature but need to be performed in the dark and takes 20-

30 minutes to complete. Its reaction can then be quenched by addition of excess DTT or 

inactivated by light. 
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Tryptic digestion is most efficient at pH 8-9, at 37°C and completeness of digestion varies by 

time from protein to protein (Proc et al., 2010). It is sensitive to the presence of 

chaotropes/solvents/surfactants/iodoacetamide in variable quantities; therefore these need to 

be factored into the workflow decision making process to ensure preserved efficacy. Trypsin 

concentrations used vary from 1:100 to 1:25 enzyme:substrate (w:w) ratio. The higher 

concentrations of trypsin may cause trypsin autodigestion when it has run out of substrate; 

and its proteolytic fragments may then cause signal suppression in the same way high 

abundant peptides do. 

After tryptic digestion which is typically allowed to continue for 16 hours for convenience, 

the sample is acidified to denature trypsin and prevent autolysis, to a pH of <2. The sample is 

then desalted by solid phase extraction, e.g. with C18 columns, C18 cartridges or C18 Zip 

Tips. 

1.6.3 Mass Spectrometry 

Mass spectrometry is the analysis of charged ions, under vacuum with a resultant spectrum 

readout that allows significant information to be arrived at about the ionised molecule 

(including mass, isotopic profile, structural information and elemental composition). 

Modern MS of biological samples utilises equipment which are modular and customisable to 

almost any requirement. Each setup has its pros and cons and ultimately the cost element 

becomes the limiting factor in what technology is available to the researcher. 

Two different types of MS setups were used in the biomarker discovery and verification 

workflow.  
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1.6.3.1 Q-exactive Platform 

The ThermoFisher-Scientific Q-Exactive hybrid-quadrupole Orbitrap is a benchtop analyser 

which combines a quadrupole with an orbitrap analyser, coupled with ultra-high performance 

liquid chromatography. 

In principle, the sample is first desalted then separated by low pH RPLC on a C18 column. 

The eluting analytes/peptides become ionised/protonated by electrospray ionisation (ESI), 

which occurs at atmospheric pressure. ESI is a soft ionisation technique, leading to minimal 

fragmentation of the analyte. A high differential voltage applied across the ESI needle causes 

protonation of the molecules, through the formation of a Taylor cone. The positive charges 

that accumulate on the molecule/analyte continue to repel each other until two things occur; 

the analyte loses enough solute to enter the gas phase and it gains one or more protons, 

permitting travel in the direction of the voltage gradient into the mass spectrometer. 

Unlike other atmospheric pressure ionisation techniques such as matrix-assisted laser 

desorption ionisation (MALDI), ESI allows formation of multiply-charged macromolecules, 

which effectively increases the detector’s effective mass range on many platforms and has 

revolutionised MS-analysis of biomolecules. 

Charged molecules are carried into the MS where filtering and focussing occurs. In the case 

of the Q-exactive, the first stage is focusing with the S-Lens, followed by transfer through the 

hexapole. Here, additional neutral ions are removed from the analyte path, reducing 

background noise. Charged molecules are directed electrically by the hyperbolic quadrupole 

mass filter and collected in the C-Trap. A packet of charged molecules are then sent into the 

Orbitrap™ mass analyser for the full-MS scan, providing the MS1/precursor ion value in the 

form of m/z, and with corresponding ion intensities, allowing quantitation of that particular 

ion.  
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Most MSs perform MS in tandem (known as tandem MS/MS) where the second analysis 

involves fragmentation of the precursor ions into their constituents (usually by collision 

induced dissociation (CID) or in the case of the Q-exactive, higher-energy collision-induced 

dissociation (HCD)), resulting in a spectra of fragment ions. In data-dependent acquisition 

(DDA) mode, precursor-ions (e.g. top-10 abundant) are selected by the quadrupole for 

fragmentation in the collision cell. These fragments are then passed into the orbitrap mass 

analyser for detection (Makarov, 2000). 

The ion current of the orbiting ions are then translated by a fourier-transform-algorithm to 

constituent m/zs of the fragments. This allows detection of several molecules instantaneously, 

with very high mass accuracy. The fragment ion m/zs are then used in-silico to reconstruct 

the most accurate identification of the precursor masses, increasing the confidence of the 

identification of the peptide being analysed. 

DDA results in good quality spectra from which confident identifications can be made, with 

small data file sizes, lower computational overheads and storage costs for analysis. However, 

while the detector is fragmenting selected ions, unselected ions are not detected and are lost. 

Because peak picking is somewhat stochastic by nature, the result is that when comparing 

quantities between groups, there are missing data arising from ions that have not been 

fragmented. A promising computational method to reduce missing data from DDA 

acquisitions has recently emerged (Zhang et al., 2016a) which may be able to work around 

this problem. 

1.6.3.2 Synapt-G2 & G2-S 

The alternative approach is for data independent acquisition (DIA). DIA can be utilised on a 

Waters Synapt-G2 or G2S, a quadrupole-time-of-flight (TOF) platform. Like the QExactive 
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platform, the system is coupled to a NanoAcquity UPLC, which separates the peptides by 

RPLC. The samples are also ionised by ESI. 

Uncharged ions are filtered by the Z-spray, where an electrical charge is applied in tangent to 

the flow of ions from the electrospray so that only charged ions get into the mass 

spectrometer. There is subsequently a Step-wave, a series of RF modulators, which apply 

another tangential voltage on the ions that have made it into the mass spectrometer so that 

further neutral ions can be removed; it is this add-on that differentiates a Synapt G2-S from a 

G2. 

Ions then pass through a quadrupole where there is the opportunity to focus only certain types 

of ions (e.g., within a certain m/z range) then transferring into a trap. The detector cycles 

between detecting all precursor ions (no fragmentation) and detecting all fragments 

(fragmentation occurs in a collision cell just after the trap). CID occurs by electrically 

accelerating the ions into neutral gas molecules.  

In the case of MSE, these ions are then transferred into the TOF detector, and all fragment 

ions are detected in a continuous stream, separated by the time-of-flight of the ions to reach 

the detector. The size of the ion current on reaching the detector reflects the abundance of the 

ion allowing quantitation. An additional level of separation could occur before fragmentation, 

called “TriWave-Ion-Mobility-Separation” or TWIMS. This technology involves a counter-

flow of neutral gas applied in the IMS cells, allowing separation of precursor (or fragment) 

ions both by their physical shape and size and thus improving resolution. Isobaric precursor 

ions with the same m/zs will then separate by ‘drift-time’, in an ion-chromatogram fashion, 

adding a layer of separation. The application of ramped voltages to fragment everything after 

IMS is called High definition MSE (HDMSE). More recently the use of drift-time specific 

collision energies in the transfer cell adds an additional level of specificity with improved 
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signal to noise ratios, leading to increased identification of proteins in the sample (Distler et 

al., 2014). Data are generated in a continuous stream, and because everything is fragmented, 

the data files generated are much bigger (14 GB vs. 1 GB for Q-Exactive) and require a lot 

more computational resources to analyse. The benefit of a DIA (data independent acquisition) 

method like this is the ability to return to the same data file in the future and interrogate it 

again for other experiments in-silico. 

1.6.4 Data Analysis 

The subsequent step in the plasma proteomics workflow is the analysis of data that has been 

generated from mass spectrometry. This field is an area of intense research and has improved 

substantially over the past decade. 

In principle, the sample that has been prepared for ‘bottom-up’ proteomics should only 

contain peptides. With appropriate clean-up, background chemical noise can be reduced to a 

minimum, such that most of the charged particles that enter the MS are peptides. The MS 

generates data containing accurate precursor m/zs and these are paired with fragment m/z 

values together with retention times. Theoretically, unique peptides will have a unique 

retention time, and therefore, only a limited number of peptides of different identities will co-

elute at the same time. This can be optimised by adjusting the elution gradient and conditions 

for the elution. The longer the gradient or ‘run-time’ the better the theoretical resolution 

between peptide peaks. 

These limited numbers of peptides that co-elute are more likely to have different m/z and 

should be able to be differentiated. Furthermore, peptides that are co-eluting are then further 

fragmented, and these fragment ions will then provide accurate m/z’s that theoretically will 

add up accurately to the precursor ion values. However, in practice, assigning one peptide to 

one MS/MS spectrum is challenging even with complex algorithms (Michalski et al., 2011), 
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largely due to chimeric spectra due from co-fragmented peptides which makes up a large 

proportion of these spectra. 

The processing software takes a database file (fasta file) containing all known protein amino 

acid sequences for a particular organism and digests the proteins in-silico. This is highly 

specific if trypsin is used. The theoretical tryptic-digested peptides with their theoretical 

molecular weights can then be compared to the list of m/zs generated by MS. This is made 

even more accurate by comparing the fragment-ion-spectra with the theoretical fragment ion 

spectra, and an accurate match can be made of the precursor mass. In order to reduce false 

positives, a decoy database of peptides is also generated from the theoretical tryptic peptide 

digest database, typically with a reverse-sequence of amino acids. These will therefore have 

the same precursor mass, but will have different fragmentation sites and therefore spectra. 

Statistical algorithms are used to reduce the false discovery rate (FDR) while matching 

spectra to a pre-specified threshold, typically set at 1%. This means that of all the peptide 

sequence matches (PSMs) that have a particular probability, <1% of these PSMs were false 

positives. These calculations arise from the deductions made in the presence of the decoy 

database. 

Despite this robust method of identifying unknown masses, however, it is not unusual for 

>60% of the charged masses detected by MS to be unidentified by the usual means. Post-

translational modifications, genetic mutations, unknown chemical modifications and post-

digestion degradations all contribute to unidentified masses. These is only partially mitigated 

by predicting potential post-translational modifications, chemical modifications and 

degradations. 

There are a lot of data obtained from identified spectra. These peptides infer the presence of 

proteins. Whilst the presence of many peptides can be explained by multiple proteins, a 
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substantial number are unique to one protein (i.e. the presence of the peptide identification 

can only be explained by one protein in the database). If the confidence of the peptide 

identification is high, and the peptide is unique, the protein it came from can be inferred by 

that peptide alone (also known as one-hit wonders). However, because a PSM may be 

incorrect (a false positive), regardless of its uniqueness, there is no robust method to 

otherwise validate it. Most incorrect protein assignments only have one peptide inferring their 

presence. There is a lot of debate surrounding this issue (Gupta and Pevzner, 2009, Serang 

and Noble, 2012, Claassen et al., 2012, Reiter et al., 2009). The current consensus is that at 

least 2 peptides are required to confidently infer the presence of a protein in an untargeted 

experiment. 

The protein inference problem has been comprehensively reviewed, e.g. (Nesvizhskii and 

Aebersold, 2005). Firstly, peptide coverage for abundant proteins is high, but researchers tend 

to be interested in low abundant proteins which have low coverage. High peptide coverage 

results in high confidence, and the converse is true for low peptide coverage. Secondly, 

unique peptides can be surrogates for protein quantitation but, many peptides are degenerate 

(i.e. could originate from multiple different proteins). Deciding what proteins are present in a 

sample containing both unique peptides and degenerate peptides can be performed using the 

Occam’s Razor approach (Nesvizhskii et al., 2003). Multiple methods to assign probabilities 

of individual PSM assignments being correct (not occurring by chance) are available, such as 

the empirical modelling method, PeptideProphet (Keller et al., 2002) and the semi-supervised 

learning method, Percolator(Kall et al., 2007) with extensive similarities. The Waters Synapt 

systems have data processed in Protein Lynx Global Server (PLGS) which employ an ion 

accounting system with similar checks and tests to provide confidence that a particular 

peptide exists within a protein (Li et al., 2009).   
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Inferred proteins can be quantified based upon the abundances of their constituent peptides, 

which has a linear relationship with the ion intensity of the peptides. Increased accuracy of 

abundances can be obtained by utilising both information on fragment ion intensity and 

precursor ion intensity. Spiking a standard protein (e.g. alcohol dehydrogenase from 

Saccharomyces cerevisiae) into the analyte provides a reference to which molar amounts of 

individual protein species can be inferred from the ion intensities, allowing absolute label-

free quantitation of proteins in the sample. The Top3 method of quantification (Silva et al., 

2006) has been recently shown to be the best correlated to protein abundances throughout the 

quantification range in the absence of labelled standards (Ahrné et al., 2013).  

1.6.5 Verification and Validation 

Robust statistical modelling is performed to identify the best candidates found through this 

workflow to be validated as putative biomarkers. These could be verified in the unadulterated 

sample used for bottom-up proteomics, with immunoassays. Increasingly however, there is a 

trend towards using multiple-reaction monitoring (MRM) methods or parallel-reaction 

monitoring (PRM) methods to validate putative biomarkers. These methods use spiked-in 

isobaric peptide (or protein) standards, which are of known concentration and have a known 

retention time. The spiked-in peptide signal is then compared against the native signal, and a 

ratio obtained, which can then be used to calculate the absolute quantity of the peptide. The 

experiments have high sensitivity and are predominantly not affected by ion-suppression 

from highly abundant peptides. Traps in the MS can be set-up to select only masses of 

interest, within a known retention time, and can monitor multiple masses in the same 

experiment. The MRM experiments can easily be scaled, and antibodies do not need to be 

raised to the peptide/proteins of interest. Developing multiplexed immunoassays are very 

challenging and often the manufacturer determines which peptide to make antibodies to 

(Anderson and Anderson, 2002). In contrast, with MRM/PRMs the researcher can decide 
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which masses to monitor, as long as heavy peptides can be synthesised to mimic the peptide 

of interest. 

If these conditions can be satisfied, then randomized controlled trials utilising these 

biomarker candidates could then be considered to see if a change in clinical decision making 

based on these biomarker candidates results in an improvement in a patient’s outcome. 

In practice however, this type of biomarker pipeline typically takes several years to complete, 

and often fails at the validation stage, suggesting that mass spectrometry proteomics-based 

biomarker discovery workflows still need further improvements at various stages. 

1.6.6 Rationale 

The identification of suitable biomarkers that can identify patients with initially 

asymptomatic moderate-severe AS who will benefit from early AVR would be of immense 

clinical benefit.  Biomarkers reflecting the complex process of LV remodelling progressing to 

decompensation are of particular interest.  In addition, the use of multiple markers may allow 

the safe identification of patients who are not at risk of complications in the short term, 

allowing less frequent review with important health care savings. 

1.7 Hypotheses 

In this project I aim to test the following hypotheses in patients with asymptomatic moderate 

severe AS. 

1) Plasma proteomics will uncover more accurate biomarkers that predict prognosis 

independent of existing risk stratification methods. 

2) Plasma proteomics will help us recognize novel pathways that are involved in 

progression of asymptomatic moderate-severe AS. 

In order to test the above hypotheses, the following objectives will be met. 
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1) Develop a method for sample preparation which is reproducible, with high throughput 

which can be used for biomarker discovery. 

a. Develop and test a workflow utilising MARS-14 immunodepletion as the first 

step in improving identification of low abundance plasma proteins and protein 

level fractionation of the sample with the mRP-C18 column prior to digestion. 

b. Develop and test a workflow ‘EV pulldown’ and CSH-enrichment in tandem, 

as two ‘fractions’ as a sample preparation method for high-throughput plasma 

proteomics.  

c. Compare both workflows and selecting the best method of the two for 

biomarker discovery. 

2) Utilise the selected workflow for biomarker discovery, by comparing the proteomic 

profile of propensity matched patients who reached an endpoint (cases) vs patients 

who did not reach an endpoint (controls), to identify a short list of proteins to call 

candidate biomarkers. 

a. Utilise label-free quantitation to determine up- and down-regulated proteins in 

both groups. 

b. Complete quantitation and statistical modelling with Progenesis QI. 

c. Perform gene ontology analysis to understand the interactions between 

proteins and pathways 

a. Create a shortlist of proteins for validation with a PRM method 

3) Develop and test a PRM method for multiplexed-analysis of shortlisted proteins. 

4) Validate shortlisted proteins in full study cohort, with the PRM method. 

1.8 Overall Experimental Design 

Plasma samples were from patients recruited into the PRIMID-AS study. Recruitment 

samples were used. The ‘Prognostic Importance of Microvascular Dysfunction in 
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asymptomatic patients with AS’ study (PRIMID-AS) study was a prospective, observational, 

multi-centre study of asymptomatic moderate to severe AS in the UK, comparing myocardial 

perfusion reserve (MPR) with exercise testing (Singh et al., 2013, Singh et al., 2017b). 

Briefly, inclusion criteria were ≥2 of: AVA <1.5cm2, peak gradient >36mmHg or MPG 

>25mmHg, and willingness to accept AVR if symptoms develop. Exclusion criteria were: 

previous coronary artery bypass grafting or valve surgery, absolute contraindications to CMR 

testing or adenosine,  other severe valve disease, EF ≤40%, recent myocardial infarction (<6 

months) and planned surgery. All participants provided written informed consent including 

for biomarker discovery. The study had National Research Ethics Service approval (Unique 

Ethics identification number: 11/EM/0410) and complied with the Declaration of Helsinki. 

All clinical, imaging, electrocardiographic, exercise testing, outcome, natriuretic peptide and 

troponin data relevant to the PRIMID-AS study were collected as part of the PRIMID-AS 

study, which ran between 2012 to 2015 (Principal Investigator: Gerry McCann, Co-Principal 

Investigator: Anvesha Singh, NCT01658345). My involvement was restricted to proteomic 

biomarker discovery and data analysis relating to proteomic data, including associations with 

phenotypic data from the PRIMID-AS study. 

Method development was performed on a single healthy volunteer’s samples. Both the 

biomarker discovery step and verification step were performed in patient samples. Biomarker 

discovery was performed on propensity-matched samples (46 cases and 46 controls) whilst 

the verification step was performed on all the patient samples (168 samples) although the 

additional samples were all controls. Further details are given in Chapter 3. 
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Chapter 2 Method Development 

2.1 Introduction 

A key starting point in proteomics is having a reproducible sample preparation method that 

yields a high number of targetable proteins. Incremental steps in sample preparation increases 

variability. Additional steps to improve reproducibility (e.g. with heavy-labelling using 

isobaric tags) may result in significantly higher cost and time required for sample preparation, 

data acquisition and analysis. To mitigate this, samples often need to be pooled in order to 

simplify sample preparation, resulting in loss of individual patient level data.  

In this section, 2 methods were developed and compared to see which allowed a satisfactory 

compromise in throughput and results. The end-point to be compared was protein numbers 

and reproducibility of quantification of each protein.  

The first method was immunodepletion followed by protein fractionation by RPLC before 

reduction, alkylation and digestion. Inspired by earlier techniques which combined 

multidimensional fractionation of proteins before LCMS/MS (Beer et al., 2011, Tang et al., 

2011), I wanted to develop a similar method involving protein fractionation without gel 

electrophoresis to increase throughput. 

The second method was fractionation by enrichment of proteins using CSH, a cheaply 

available matrix with an affinity for hydrophobic proteins, enriching for lipoprotein-

associated protein and enrichment for EVs. Lipoproteins are intrinsically linked with 

cardiovascular disease, justifying the focus on this subproteome, even if this method may not 

include analysis of other plasma proteins which were not “selected-for”. EVs may provide an 

extended view of low abundance proteins in plasma. 

One of the two methods would then be used for discovery of biomarkers in the next section. 
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2.2 Methods and Materials 

2.2.1 Pre-analytical Aspects 

All blood samples for method development were sourced from one healthy volunteer who 

provided written informed consent. Blood samples were obtained by venepuncture from the 

brachial fossa of the healthy volunteer. 50 mL of blood was drawn into pre-chilled EDTA-

containing tubes (final EDTA to blood concentration 1.5 mg/mL). Tubes were turned-over 8-

10 times and then stored at 4˚C and centrifuged at 1300g (in a centrifuge with a swinging 

bucket rotor) at room temperature within 4 hours of venepuncture for 15 minutes. Plasma was 

aliquoted into 1 mL aliquots with disposable pipettes carefully avoiding the cell layer and 

buffy coat, then stored at -80°C. 

2.2.2 Denaturation Methods 

2.2.2.1 Urea Denaturation 

Urea was purchased from Sigma. 6M urea was used for denaturation (Urea:Water (w/w) ratio 

of 0.495). Solid urea of known mass was added to a known volume of water/solute 

containing the plasma proteins, and allowed to denature at room temperature for 30 minutes, 

before any further steps are performed. 

2.2.2.2 Guanidine Denaturation 

Guanidine was purchased from Sigma. 6M guanidine was used for denaturation 

(guanidine:water (w/w) ratio of 1.009). Denaturation was allowed to occur at 65°C for 30 

minutes, before any further steps are performed. 
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2.2.2.3 Deoxycholate Denaturation 

Deoxycholic acid was purchased from Sigma. A 2% solution of ammonium deoxycholate 

(ADC) was made by first dissolving 0.8 g deoxycholic acid in 40 mL of water. 320 µL of 25 

M ammonium hydroxide (Sigma) was then added to the solution, and titrated to a pH of 8. 

An equal volume of this solution was added to the solution containing proteins needing 

denaturation, so that the denaturation occurred at a concentration of 1% ADC. Denaturation 

was allowed to occur at 65°C (in a convection oven) for 30 minutes unless otherwise 

specified. The overall ADC concentration was diluted further to 0.5% before digestion if 

performed directly after. 

2.2.3 Reduction Methods 

2.2.3.1 Dithiothreitol (DTT) Reduction 

DTT was purchased from Sigma. A 1 M stock solution of DTT was made then diluted in a 

pH 7-8 solution containing the proteins requiring reduction to a final concentration of 10 

mM. The reaction was allowed to take place at 65°C for 30 minutes. 

2.2.3.2 Tris(2-carboxyethyl)phosphine reduction (TCEP) 

TCEP was purchased from Sigma. A 1 M stock solution of TCEP was prepared (pH 2). This 

was diluted to a final concentration of 10mM in the solution containing the proteins requiring 

reduction. The reaction was allowed to take place at room temperature for 10 minutes. 

2.2.4 Alkylation Methods 

2.2.4.1 Iodoacetamide alkylation (IAA) 

IAA was purchased from Sigma. A 500 mM stock solution of IAA was made and diluted to a 

final concentration of 20 mM in the solution (pH 7-8) containing proteins requiring 
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alkylation. Alkylation was allowed to take place at room temperature in the dark for 30 

minutes. After this period, the solution was exposed to light to inactivate IAA before 

digestion. 

2.2.5 Digestion Methods  

2.2.5.1 Trypsin digestion 

Acetylated-trypsin from bovine pancreas (catalog no: T6763) was sourced from Sigma. Solid 

trypsin was dissolved in a 1 mM solution of hydrochloric acid to a final concentration of 

1mg/mL. Trypsin was then used at a ratio of 1:25 (trypsin:protein ratio) in a solution at pH 

7.8, in a 37°C incubator over a 16 hour period. After the digestion period, the solution was 

acidified to 1% formic acid (FA) to stop further digestion. 

2.2.6 Protein/Peptide Assays 

2.2.6.1 Bicinchoninic Acid Protein Assay 

Bicinchoninic acid and other materials for the assay were purchased from Sigma. The 

bicinchoninic acid (BCA) assay gives an estimation of the amount of protein in a sample and 

is based on the method first published by Smith (Smith et al., 1985). The BCA assay working 

solution was made by added 50 µL of C with 1.25 mL of B and 1.35 mL of A. A is 0.8 g of 

anhydrous sodium bicarbonate and 0.16 g of tartaric acid was added to 10 mL of water, and 

titrated with sodium hydroxide to pH 11.25. B was 1 g of BCA dissolved in 25 mL of water. 

C was 0.4 g of copper sulphate dissolved in 10 mL of water. In a clear plate, serial dilutions 

of protein standard of known mass (bovine serum albumin) were added to form a standard 

curve. 1-5 µL of protein-containing solution was pipetted into individual wells on the same 

plate. Each well was then made up to 100 µL with water, and 100 µL of the working solution 
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then added to each well. The reaction was allowed to take place in a 65°C oven for 20 

minutes. The plate was read at an absorbance wavelength of 562 nm. 

2.2.6.2 O-phthalaldehyde Peptide Assay 

O-phthalaldehyde (OPA), dimethylformamide (DMF), boric acid, Brij®S100 and potassium 

hydroxide were purchased from Sigma. The working solution of OPA was made by adding 

10 µL of A for every 1 mL of B. A was 8 mg of OPA in 100 µL of dimethylformamide 

(DMF). B was 100 mM boric acid with Brij®S100 added at a concentration of 1mg/mL, 

titrated to a pH of 10 with potassium hydroxide. 2 µL of mercaptoethanol was then added to 

this mix just before peptide assay. OPA reacts with primary amines in the presence of 

reduced sulfhydryl groups producing a fluorescent product with an emission wavelength of 

455 nm with excitation at 340 nm (Goodno et al., 1981). Unlike the BCA assay, it is not 

affected by detergents and reducing conditions, but is affected by the presence of other 

contaminating primary amines in the solution. To perform the assay, serial dilutions of a 

known protein or peptide standard was used for calibration. On the same plates, samples 

containing the protein/peptides of interest were placed in individual wells. Each well was 

made up to 50 µL with water. 100 µL of working solution was added to each well and the 

plate read in a Glowmax Fluorometer (ThermoFisher) at emission 455 nm and excitation 340 

nm. 

2.2.7 Desalting Methods 

2.2.7.1 Empore-C18 SD cartridge desalting method 

Empore-C18 SD cartridges (1 mL capacity) were purchased from 3M. Desalting was done on 

a vacuum manifold with a maximum negative pressure of 15mmHg. First, the cartridge was 

preconditioned with 1 mL of methanol (Sigma). The cartridge was then washed with 3 mL of 
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0.1% FA. The solution containing peptides to be desalted were then pipetted into the 

cartridge. After the solution had flowed through, the membrane was washed with 3 mL of 

0.1% FA. The peptides were eluted into a new vessel with 60% acetonitrile (Fisher Scientific 

HPLC grade) in 0.1% FA followed by 80% acetonitrile in 0.1%FA. These eluted peptides 

were then dried in a Speedvac (ThermoFisher Scientific) for 2 hours followed by 

lyophilisation overnight in a freeze dryer. 
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2.2.8 Immunodepletion of plasma proteins with a MARS-Human 14 Column 

 

Figure 2-1 Schematic of immunodepletion with a MARS-Human 14 column from Agilent. Top – Plasma containing 

high (H) abundant proteins and Low (L) abundant proteins are passed through the column. The top-14 High 

abundant proteins are bound to immobilised antibodies to these proteins within the column. The unbound proteins 

that ‘flow-through’ are (L) low abundant proteins, which can be further analysed. 94% of protein mass is removed, 

making up the top-14 fraction, leaving 6% behind for further analysis. (Source: Agilent (Mrozinski et al., 2008)) 

Immunodepletion was performed using a 4.6 x 100 mm Multiple Affinity Removal System – 

Human 14 column (MARS-Human 14) from Agilent according manufacturer’s instructions. 

Briefly, 40 µL of human plasma was diluted in 120 µL of Buffer A (proprietary solution from 

Agilent) a pH-neutral salt-containing buffer and filtered through a 0.22 µm spin filter (SpinX 

filter, Co-star) at 14000g for 1 minute. This sample was then placed in a Waters Alliance 

2765 separations module (HPLC) with an integrated autosampler. The sample was kept at 

4°C in the autosampler. 160 µL of the dilute sample was injected into the MARS Human-14 

column, after equilibration with Buffer A at an initial rate of 0.13 mL/min with the column 

maintained at room temperature (~23°C). The flow-through was detected with a UV detector 

set at 280 nm to detect proteins. A characteristic chromatogram is shown in (Figure 2-2). The 

low abundant fraction was collected and saved. After the flow-through fraction had been 

collected, the flow-rate of the HPLC was increased to 1 mL/min to flush any excess unbound 

proteins out. The mobile phase was then switched to Buffer B at 1 mL/min for 5 minutes. 
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This urea-containing low-pH buffer denatured the antibodies in the column and released 

bound proteins, which were seen as a spike in the chromatogram. After flushing, the column 

was regenerated with Buffer A for 5 minutes at 1 mL/min then equilibrated at 0.13 mL/min. 

The full depletion run was completed in 35 minutes. Used under optimal conditions, 

manufacturers state that the column could tolerate 200 injections without deterioration. 

Whilst the manufacturers claim that 40 µL is the plasma loading capacity for the column, 

Blankley found that the optimal injection for good high abundant protein depletion was in 

fact 25 µL of plasma (Blankley et al., 2013). 

 
Figure 2-2 Typical chromatogram of a MARS-Hu-14 depletion of human plasma. Low and High abundance fractions 

are marked. The low abundant fraction is collected for analysis. 

2.2.9 Protein fractionation 

A 4.5x50 mm mRP-C18 Hi Recovery column (Agilent) was used for fractionation. HPLC-

grade acetonitrile, TFA, FA and water were purchased from Fisher Scientific. Buffer A for 

fractionation was water with 0.1% TFA acid (v/v); Buffer B is acetonitrile with 0.08% TFA 
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(v/v). The flow rate through the column was set at 0.75 mL/minute. The gradient used for 

fractionation was 10% Buffer B for 3 minutes, then 30-70% B over 2 minutes, 70-100% B 

over 1 minute and held at 100% B for a further 2 minutes before decreasing back to 10% B 

over 2 minutes to reequillibrate the column. 6 Fractions were collected between 4.8 and 10 

minutes. Because the first and last fraction contained minimal protein, these two fractions 

were combined into one fraction. The operating temperature of the column was 80˚C 

(Martosella et al., 2005). 

2.2.10 Combined immunodepletion and protein fractionation workflow 

First, 40-120 µL of plasma was immunodepleted. The low abundant fraction was assayed 

using the BCA assay. This was then denatured, reduced with DTT and alkylated with IAA, 

then acidified with acetic acid (from Sigma) to 1% prior to fractionation. This workflow 

allowed the sample to be cleaned up during the fractionation step. Fractionation was 

performed on the mRP-C18 column, and 5 fractions were collected. These were then dried in 

the SpeedVac, then lyophilised. The following day, the sample was re-suspended in water. A 

protein assay was performed with the OPA assay, using albumin as standard. This sample 

was then digested with trypsin overnight then desalted and lyophilized again overnight. After 

resuspension in 0.1% FA, a peptide assay was performed, and 0.25 µg was injected for 

MS/MS. 

2.2.11 Extracellular vesicle pulldown 

2.2.11.1 EV pulldown with acetate 

This method was adapted from Brownlee’s work (Brownlee et al., 2014). 200 µL of frozen 

plasma samples were thawed at room temperature, vortexed, then pre-cleared by 

centrifugation at 3000g for 10 minutes to remove residual cellular debris. The ‘debris-free’ 

supernatant was carefully transferred into 1M ammonium acetate (ammonium hydroxide 
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titrated to pH 4.75 with acetic acid, both sourced from Sigma) to a final concentration of 100 

mM ammonium acetate. The extracellular vesicles (EV) were allowed to precipitate on ice 

for 45 minutes. The solution was diluted further with 1.2 mL of additional 100 mM 

ammonium acetate at room temperature, before centrifugation in a benchtop centrifuge 

(Eppendorf) at 20000g for 30 minutes at room temperature. The EV-free supernatant was 

drawn off, then the pellet washed twice by replacing additional 100 mM ammonium acetate, 

followed by brief vigorous mixing and repeat centrifugation at 20000g for 30 minutes. In 

total, 3 rounds of centrifugation and washing were completed. After the final centrifugation 

step, the ammonium acetate supernatant was removed. The sample was denatured with ADC 

and reduced with DTT as described in sections 2.2.2.3 and 2.2.3.1. The sample was alkylated 

with IAA. It was then diluted (doubled in volume) with 50 mM ammonium bicarbonate 

(Sigma) then digested overnight with 1 µg of trypsin. Following digestion, trypsin was 

denatured with FA, to a final concentration of 1% v/v. The samples were centrifuged further 

for 10 minutes at 20000g to remove the precipitated ADC. The supernatant was desalted as 

described in section 2.2.7.1, evaporated in the SpeedVac and lyophilized overnight. 

Lyophilised samples were suspended in 0.1% formic acid, a peptide assay performed and 1µg 

peptide injected for MS/MS. 

2.2.11.2 EV pulldown without acetate 

This method was based on (Østergaard et al., 2012). 1 mL of debris-free-plasma (i.e. 1500g 

centrifugation after venepuncture for 15 minutes, plasma separated, then further 3000g 

centrifugation for 10 minutes, then platelet-poor supernatant retrieved) was centrifuged at 

room temperature for 30 minutes at 18890g. 950 µL of supernatant was removed, and 

replaced with 950 µL ammonium bicarbonate 50 mM. This was further centrifuged at 18890g 

for 30 minutes. In total, these series of washes was performed 3 times. The EVs were pelleted 
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at the bottom of the centrifugation tube. These were then denatured, reduced, alkylated, 

digested, desalted then lyophilised and reconstituted in 0.1% formic acid before MS analysis, 

as in section 2.2.11.1. 

2.2.12 Enrichment with calcium silicate hydrate (CSH) 

CSH (trade name: LRA™- Lipid Removal Agent, sourced from Supelco, Bellefonte, 

Pennysylvania, USA) was prepared in a 100 mg/mL suspension in 50 mM ammonium 

bicarbonate. This was subjected to three successions of washes involving centrifugation at 

3000g for 10 minutes, then replacing the supernatant and resuspending with an equal volume 

of 50 mM ammonium bicarbonate, with a final concentration of 100 mg/mL of CSH. Plasma 

was contacted with CSH in a 50:100 (v/v) ratio and allowed to bind for 1 hour, in a tumbler. 

After binding, the unbound plasma proteins were washed off with 3 repeated steps of 

centrifugation at 14000g for 10 minutes, removal of the supernatant and re-suspending in 50 

mM ammonium bicarbonate. After the final wash, the sample was denatured with ADC and 

reduced with DTT at 65˚C for 30 minutes as described in sections 2.2.2.3 and 2.2.3.1. The 

proteins were then alkylated with IAA, then the volume doubled with 50 mM ammonium 

bicarbonate, followed by digestion with 80 µg trypsin overnight (trypsin:protein ratio of 

1:25). The sample was then acidified and centrifuged. The supernatant was desalted, dried 

and lyophilized then reconstituted the following day like the EV samples. 

2.2.13 Tandem EV pulldown + CSH enrichment workflow 

Both the EV and CSH workflows were compatible, so sample preparation workflows were 

combined into two parallel workflows with the same starting material to maximize use of 

plasma samples. The overall workflow was to start by performing an EV pulldown with 200 

µL plasma. After the EVs were pelleted, 350 µL of the supernatant (equivalent to 50 µL 

plasma i.e. 350 µL/1400 µL total volume × 200 µL starting volume of plasma) were 
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contacted with CSH as described in the previous section, then both ‘fractions’ were prepared 

in parallel as described for separate MS analysis.  

2.2.14 Nanoparticle Tracking Analysis 

For additional confirmation about the size of the particles that have precipitated from the EV 

pulldown method, nanoparticle tracking analysis was performed on the Nanosight NS500 

nanoparticle tracking device (Malvern Instruments, Malvern, United Kingdom). The device 

tracks the light scatter from particles, which is directly proportional to the size of the particles 

and therefore can reveal the distribution of sizes of particles within a field of view. 

Nanoparticle tracking analysis was performed using camera sensitivity of 14. Three video 

acquisitions were performed over 60 seconds, at 25˚C, with a delay/settling time of 10 

seconds and advancing between each field of view. The device was primed with 500 µL of 

sample driven by Millipore water. Analysis was then performed in a batch at the end of the 

video capture, where the particle detection threshold was set to 6. Samples were analysed in 

triplicate.  

2.2.15 Mass Spectrometry analysis 

2.2.15.1 Waters Synapt G2 + Nanoacquity UPLC 

The sample (peptide mix/protein digest) was spiked with a peptide standard digest (alcohol 

dehydrogenase (ADH) from yeast/Saccharomyces cerevisiae; Uniprot Accession No. 

P00330) so that there was 50 fmol of this standard per injection in 0.1% FA. This was then 

sampled from the sample manager maintained at 8˚C. The sample was first further desalted in 

the nanoACQUITY UPLC Symmetry C18 Trap column at a 0.3 µl/min. The sample was then 

pushed onto a nanoACQUITY UPLC 1.8µm HSS T3 75 µm × 150 mm C18 column for 

peptide separation, using an elution gradient defined by %A and %B, where A was 0.1% 

formic acid and B was 100% acetonitrile (v/v) + 0.1% FA (Table 2-1). The gradient was 65 
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minutes long and data was acquired throughout. The sample eluting from the column was 

ionized using electrospray and analysed in the Waters Synapt G2 mass spectrometer using 

HDMSE. The TOF analyser cycles between precursor and product ion analysis every 0.5 s. 

The product ions are then pushed into the TOF analyser in the same way as precursor ions, 

and data is acquired both as intensity (surrogate for abundance) as well as m/z using DIA. 

 

 
 

Table 2-1: Gradient for mobile phases on NanoAcquity UPLC for peptide separation; %B refers to percent buffer B 

(100% acetonitrile + 0.1% formic acid) 

2.2.15.2 Thermo QExactive + Dionex UPLC 

The sample was reconstituted the same way (section 2.2.15.1). This was then sampled from 

the autosampler at 4-5˚C. The sample was first desalted on a cartridge-based trap-column, 

using a 300 µm x 5 mm C18 PepMap (5 µm, 100Å) and separated using Easy-Spray pepMap 

C18 column (75 µm x 50 cm) at a flow rate of 0.3 µL/min on a Ultimate 3000 RSLC nano 

HPLC system (Dionex/ThermoFisher Scientific, Bremen, Germany), using an elution 

gradient defined by %A and %B, where mobile phase A was 0.1% FA and B was 80% 

acetonitrile/20% water (v/v) + 0.1% FA (Table 2-2). The column was operated at a constant 

temperature of 45˚C. The nanoHPLC system was coupled to a Q-Exactive mass spectrometer 

(ThermoScientific, Bremen, Germany). The Q-Exactive was operated in DDA top10 mode. 
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Full scans (precursor ions) were acquired at a resolution of 70000 at 200-2000m/z, with an 

automatic gain control or target ion value (AGC) of 106
 with a maximum fill time of 50 ms. 

MS2 scans (product ion scans) were acquired at a resolution of 17500, with an AGC of 105 

with a maximum fill time of 100 ms. The dynamic exclusion time for the Top10 algorithm 

was set at 30s, to increase dynamic range. 

Notably, whilst the number of protein identifications between platforms are not directly 

comparable, reproducibility of quantification was internally controlled. The immunodepletion 

+ prefractionation workflows were tested on the Synapt-G2 platform, whilst the EV + CSH 

workflows were tested on the Q-Exactive platform. This was necessary because of the limited 

availability of mass spectrometric platforms due to other on-going studies at the time. 

  
 

Table 2-2: Gradient for separation on the Ultimate 3000; %B refers to percent buffer B which was 80% 

acetonitrile/20%water + 0.1%formic acid 

 

2.2.16 Data Analysis 

Data files from the Waters platform were exported from Mass Lynx version 4.1 and 

processed on Protein Lynx Global Server (PLGS) version 3.0.2. These files were processed 

using the threshold settings – high energy 350, low energy 50 and intensity 500. A fixed 

carbamidomethylation on cysteine (i.e. alkylation) modification was used. In addition, 

variable modifications with methionine oxidation and deamidation of asparagine and 

phosphorylation on STY were also used to allow for variable chemical modifications. One 

missed cleavage was allowed. Finally, for protein inference, the inclusion rules used were 2 

peptides per protein, 5 fragments per protein and 2 fragments per peptide were used. The 
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samples were processed at 1% FDR to improve confidence about protein inference. 

Quantification of the protein is inferred from the sum of the top 3 abundant precursor ions for 

the protein (Top3 or Hi3 quantification). Protein amounts were normalized to alcohol 

dehydrogenase protein amounts.  

Data files from the Q-exactive platform were processed in Proteome Discoverer 2.1. Peptide 

spectrum searches were performed using the SequestHT engine within Proteome Discoverer 

against the human database from Uniprot (downloaded November 2013), allowing for 2 

missed cleavages, with a minimum peptide length of 6 and maximum of 144. Precursor mass 

tolerances was set at 10ppm and a fragment mass tolerance of 0.02 Da, and only precursor 

masses between 350 and 5000 Da were allowed. A fixed carbamidomethylation on cysteine 

was used, and up to 3 variable modifications were allowed, which were methionine oxidation, 

deamidation of asparagine, phosphorylation on STY and acetylation of the protein N-

terminus. Peptides were validated with Percolator against a decoy database. Only high 

confidence peptides were retained and a minimum of two peptides required for protein 

inference. Proteins were validated using FidoCT, and quantified using the Top3 abundant 

combination of unique and razor peptides, using strict parsimony (non-unique peptides can 

only be used to make up quantification values for one protein only). All analyses were 

filtered using a 1% FDR. Protein amounts were normalized on alcohol dehydrogenase 

amounts, by specifying in Proteome Discoverer that protein amounts should be normalised to 

alcohol dehydrogenase protein amounts. 

Protein lists were exported into Microsoft Excel for evaluation. Where reproducibility was 

assessed, the coefficient of variation (CV), the ratio of standard deviation to the mean was 

calculated. A CV of <0.2 was considered acceptable for reproducibility. 
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2.2.17 Experiments performed 

2.2.17.1 Comparing urea vs. ADC for denaturation 

Urea was compared with ADC to see which was ‘better’ at denaturation. For this experiment 

– the workflow of urea denaturation + DTT reduction + IAA alkylation was compared with 

ADC denaturation + DTT reduction + IAA alkylation. The experiment was performed on 

undepleted plasma and digested with trypsin as described in section 2.2.5.1, lyophilised and 

desalted as described in section 2.2.7.1. The samples were analysed on the QExactive. The 

principal comparative factor was the number of protein groups. Samples were prepared in 

triplicate. 

2.2.17.2 Comparing DTT vs. TCEP reduction 

Next, DTT reduction was compared with TCEP reduction using ADC denaturation and IAA 

alkylation. The samples were prepared otherwise in the same way as section 2.2.17.1. 

2.2.17.3 Comparing denaturation only vs. denaturation + reduction + alkylation before 

protein fractionation 

Denaturation with urea before protein fractionation on the mRP-C18 column (as performed 

by original authors (Martosella et al., 2005)) was compared with denaturation with urea + 

reduction with DTT + alkylation with IAA before protein fractionation on the mRP-C18 

column to see if there was an appreciable effect on separations. The rationale was to save 

time after fractionation to avoid having multiple extra steps after the fractionation step before 

the sample could be digested. The comparison was the qualitative appearance of the 

chromatograms to see which was better (narrower peaks, reproducible retention times). 

Plasma was immunodepleted as in section 2.2.8. Four immunodepletions were performed of 

the same plasma sample. Two were assigned to the denaturation-first workflow, and two 
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were assigned to the denaturation+reduction+alkylation-first workflow. For the denaturation-

first workflow, the low abundant fraction was denatured with urea before separation on the 

mRP-C18 column. For the other workflow, the low abundant fraction was denatured with 

urea, then reduced with DTT and alkylated with IAA before separation on the column as 

described before. Chromatograms were recorded. No fractions were collected in this 

particular experiment. 

2.2.17.4 Comparing guanidine+DTT+IAA vs. urea +DTT+IAA before fractionation 

Due to concerns that urea use would affect the extent of carbamylation of lysine residues 

which could might impair the efficacy of trypsin digestion (Kollipara and Zahedi, 2013), 

guanidine for denaturation was also compared with urea, by substituting urea for guanidine as 

described in section 2.2.2.2, in the denaturation/reduction/alkylation before fractionation 

workflow and comparing the separation chromatograms. Two sample preparation replicates 

were performed. 

2.2.17.5 Evaluation of whether fractionation isolates proteins into individual fractions 

Using the immunodepletion + guanidine/DTT/IAA-first + mRP-C18 fractionation workflow 

to separate the sample into 6 fractions, and combining the first and last (fractions 1 and 6) 

into one fraction for analysis, mass spectrometric analysis was performed to assess whether 

fractionation isolates proteins into individual fractions. The fractions were collected between 

4.8-6.8 mins, 6.8-7.3 mins, 7.3-7.8 mins, 7.8-8.3 mins, 8.3-8.8 mins and 8.8-10 mins and 

labelled as fraction 1 to 6 respectively. Whilst there was no comparator, the measure of 

interest was number of proteins identified, and how many by percentage of these were found 

within one, two or more fractions. After fractionation, samples were dried in a vacuum to 

remove volatile acids and the acetonitrile, then lyophilised overnight. Proteins were 
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suspended in water, a protein assay performed, and then digested with trypsin as described in 

section 2.2.5.1. After desalting, the samples were analysed on the QExactive. 

2.2.17.6 Comparing a non-acetate-based EV-pulldown method vs an acetate-based EV-

pulldown method 

Given that two simple centrifugation based methods for EV pulldown have been described, 

these were compared as an initial strategy to see if there was any difference between the two. 

Samples were prepared from a single healthy volunteer. Plasma samples were pre-cleared by 

centrifugation at 3000g for 10 minutes to remove cellular debris. These samples were then 

prepared according to section 2.2.11.1 and section 2.2.11.2 for an acetate-based vs. a non-

acetate-based EV pulldown method respectively. The main difference between the two was a) 

the use of acetate to precipitate the EVs and b) the non-acetate based method started with 1 

mL of plasma, whilst the acetate based method started with 200 µL. Samples were analysed 

singly as this was an exploratory test. 

2.2.17.7 Optimised conditions for EV-pulldown with the acetate-based method 

It was not clear if all the steps for EV-pulldown were strictly necessary. The original method 

described that the ideal pH was 4.5, and that at least 3 washes were required as a minimum to 

significantly reduce plasma protein content (Brownlee et al., 2014). I aimed to establish 

whether dilution of plasma was necessary for the initial centrifugation step, whether the 

acetate-based precipitation needed to occur at 4˚C and whether the dilution volume needed to 

be large or whether a smaller volume was sufficient (to simplify pipetting). Therefore, 3 

conditions were tested, named BigDiluteCold, NodiluteNoCold and DiluteCold (Figure 2-3). 

Endpoints were number of proteins identified and reproducibility of quantification. Samples 

were prepared in duplicates. 
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Figure 2-3: Schematic illustrating differences in BigDiluteCold, NoDiluteNoCold and DiluteCold, all greyed out steps 

were not changed, black steps were where there were key differences; ADC: ammonium deoxycholate, DTT: 

dithiotreitol, IAA – iodoacetamide, MSMS: tandem mass spectrometry analysis 
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2.2.17.8 Nanoparticle tracking analysis 

For additional confirmation about the size of the particles that have precipitated from the EV 

pulldown method, nanoparticle tracking analysis was performed as described in section 

2.2.14. Samples were prepared using a slightly modified protocol to reduce the hypothetical 

risk of vesicular damage during sequential centrifugation. First, 22.2 µL ammonium acetate 

was added to 200 µL pre-cleared plasma. EVs were allowed to precipitate on ice for 45 

minutes. This suspension was further diluted with 100 mM ammonium acetate, followed by a 

single 20000g centrifugation step for 30 minutes. The supernatant was drawn off and the 

pellet was suspended in 100 µL of phosphate buffer solution (PBS). Two dilutions of the 

suspension were made (1:50 and 1:100) in 1 mL of PBS. Nanoparticle tracking analysis was 

then performed as described in section 2.2.14. 

2.2.17.9 CSH enrichment in precleared plasma vs. precleared+EV-removed plasma 

The CSH method was initially used directly on plasma that had not been either pre-cleared 

(i.e. cellular debris removed) nor had its EVs removed/precipitated. In order to ascertain how 

much and what proteins were removed by first precipitating the EVs, an experiment 

comparing the two was performed. Specifically, in one arm, “CSH_plasma”, 25 µL defrosted 

pre-cleared plasma (i.e. centrifugation at 3000g for 10 minutes keeping only the supernatant) 

was contacted with 100 µL of the CSH slurry as described in section 2.2.12. In the other arm, 

“CSH_EV-free” was prepared as follows. First, 200 µL plasma was pre-cleared of cellular 

debris by centrifugation at 3000g for 10 minutes. The supernatant was transferred to a clean 

tube, 22.2 µL 1 M ammonium acetate was added and EVs allowed to precipitate on ice for 45 

minutes. 1.2 mL of 100mM ammonium acetate was added, then this was centrifuged at 

20000g for 30 minutes. 350 µL of the EV-free supernatant (equivalent to 50 µL plasma) was 

then contacted with 100 µL of CSH slurry, with subsequent steps the same as for the 
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“CSH_plasma” arm. Samples were prepared in duplicate and analysed on the QExactive. The 

number of proteins and quantification CVs were compared. 

2.2.17.10 Comparing urea, heat and ADC as denaturants in calcium silicate 

hydrate preparation 

In order to ascertain whether the denaturation methods with 6M urea, heat and ADC 2% 

(ADC) affected protein identification and reproducibility of protein quantification, an 

experiment was performed to compare the three methods. Precleared-EV-free plasma was 

used for this experiment. 350 µL of the pre-cleared-EV-free plasma was contacted with 100 

µL CSH slurry as described in 2.2.12 and tumbled for 1 hour to bind. The solutions were then 

sequentially centrifuged and washed with ammonium bicarbonate 50mM 3x as described. For 

the urea arm, 200 µL 6M urea was added and allowed to react for 30 minutes at room 

temperature. For the heat arm, 200 µL of ammonium bicarbonate 50mM was added and the 

solution heated in a heating block at 65˚C for 30 minutes. For the ADC arm, 200 µL 2% 

ADC was added. For the no-denaturant arm, 200 µL of ammonium bicarbonate 50 mM was 

added. After denaturation, samples were reduced with DTT, diluted further with 200 µL 

ammonium bicarbonate 50mM, and digested with trypsin overnight. The next day, all 

samples were acidified to 1% FA (final concentration). The sample containing ADC was 

centrifuged at 14000g for 10 minutes to pellet the ADC, retaining the supernatant. All 

samples were then desalted, lyophilised and underwent MS analysis in the same way                 

on the Synapt-G2S. Samples for each condition were prepared in triplicate. The measure 

compared was the number of protein identifications and CVs of protein quantification 

amounts. 
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2.2.17.11 Evaluating reproducibility 

The immunodepletion and protein prefractionation reproducibility experiment was performed 

on a plasma samples derived from a healthy volunteer. 8 technical replicates were performed 

to evaluate reproducibility. Each fraction was analysed separately, and in a random order to 

reduce systematic error.  

The EV and CSH reproducibility experiment samples were prepared from plasma samples 

from the same healthy volunteer. 8 technical replicates was performed to evaluate 

reproducibility. 

In order to ascertain MS variation in quantification, after the 8 replicates had been prepared 

through their respective processes (EV and CSH) a small volume (50 µL) of each of the 8 

replicates were pooled to form a quality control sample (QC for both the EV and CSH 

pathways) which was injected between every 5 injections of the technical replicates. Each 

sample was injected in duplicate. The order of the samples being analysed was randomized 

from the sample preparation in order to mitigate the potential for systematic error. 
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2.3 Results 

2.3.1 Urea vs. ADC for denaturation 

 
Figure 2-4: Comparing denaturant on number of proteins identified; ADC=ammonium deoxycholate 

There were potentially more proteins identified with ADC, although the difference was not 

significant (Figure 2-4). One might also infer that urea gave more consistent results although 

again the difference was not significant. 

2.3.2 DTT vs. TCEP for reduction 

 
Figure 2-5: Comparing DTT vs. TCEP on number of proteins identified; DTT= Dithiothreitol, TCEP= Tris(2-

carboxyethyl)phosphine 
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There was no significant difference between the number of proteins identified with either 

reduction method (Figure 2-5). One might infer that DTT gave more consistent results 

although again the difference was not significant. 

2.3.3 Denaturation before protein fractionation vs. denaturation+reduction+alkylation 

before protein fractionation 

 
Figure 2-6: Two chromatograms of protein separation on the MRP-C18 column of immunodepleted plasma that has 

been denatured with urea before separation 

 
Figure 2-7: Two chromatograms of protein separation on the mRP-C18 column of immunodepleted plasma that has 

been denatured with urea, reduced with DTT and alkylated with IAA first before separation 

Qualitatively, both denaturation first vs, denaturation+reduction+alkylation first result in 

similar chromatograms (Figure 2-6 & Figure 2-7). However, there was variability in the 

retention times with the denaturation first chromatogram. As the peak widths appeared quite 
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similar, I concluded that using the denaturation+reduction+alkylation first workflow was the 

more pragmatic option. 

2.3.4 Guanidine vs. urea in denaturation+reduction+alkylation first workflow 

 
Figure 2-8: Two chromatograms of protein separation on the mRP-C18 column of immunodepleted plasma that has 

been denatured with guanidine, reduced with DTT and alkylated with IAA first before separation 

Using guanidine instead of urea did not appear to affect the protein separations significantly 

(Figure 2-7 vs. Figure 2-8), although there was some peak broadening with guanidine 

especially around 7-8 minutes of the chromatogram. I was sufficiently concerned about 

excessive carbamylation due to urea that I concluded the guanidine workflow was an 

acceptable alternative for separations and because the mRP-C18 column would desalt the 

sample anyway, there should not be any detriment to using guanidine for the workflow.   
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2.3.5 Proteins found in each fraction in qualitative analysis 

 
Figure 2-9: Time points where fractions were collected. F1 and F6 were combined for downstream analysis 

In a single run with 5 analysed fractions (i.e. Fractions 2,3,4,5 and 1+6), 227 proteins were 

identified (1% peptide and protein FDR, minimum 2 peptides per protein). The protein list is 

available in the Appendix for review. Of these, 31%, 13%, 13%, 26% and 17% of these 

proteins were seen in 5, 4, 3, 2 and 1 fractions respectively. This implied that this method was 

only partially successful in reducing the complexity of the sample, especially when using this 

short gradient for fractionation and using small numbers of fractions. 

2.3.6 Non-acetate-based EV pulldown vs acetate-based EV pulldown method 

Both the non-acetate-based and acetate-based EV pulldown methods yielded a similar 

number of protein groups (219 and 220 protein groups respectively). Whilst there was a 

sizable overlap in proteins identified between the two methods (61%), one might have 

expected a larger overlap than was seen, given that they both isolate EV populations from 

plasma (Figure 2-10). However, given that the no-acetate method did not yield a superior 

number of protein identifications but required much more plasma to start with, the acetate-

based method was preferred for further development. 
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Figure 2-10: Differences in numbers of protein groups identified with the no-acetate vs. acetate EV pulldown methods 

2.3.7 Optimal conditions for EV pulldown using acetate-based method 

 
Figure 2-11: Number of proteins and CVs of protein quantification amounts. Y-axis – protein identifications, colours 

indicate CVs of quantification amounts; CV: coefficient of variation; Interpret as the taller the column and the larger 

the contribution of the blue column, the better 

It was clear that a large volume of dilution, with precipitation on ice (BigDiluteCold) were 

necessary steps to ensure a good and consistent result in the EV pulldown method (Figure 

2-11). These steps could therefore not be skipped to speed-up sample preparation. 

Interestingly the numbers of proteins here were much lower than from the prior experiment 

reported in section 2.3.6. The reason may be that for CVs to be calculated, at least two 

amounts (in a duplicate) needed to be available, thus proteins that were only identified once 

were excluded from the number of identifications. 

2.3.8 Nanoparticle Tracking Analysis 

Nanoparticle tracking analysis demonstrated that the predominant species from the EV 

pulldown method measured between 90-100nm (Figure 2-12). In addition to the predominant 
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peak at 90-100nm, there was also a much smaller less dominant peak at ~300nm which 

represented microparticles. The area under the curve (an indication of the number of 

particles) inferred that the particle yield from 200 µL of plasma was 7-9x10e9 particles. This 

translated, after digestion and desalting, to ~30ug of peptide, which was substantially more 

than the typical 2ug extracted using a non-acetate based centrifugation method from 1mL of 

plasma (Østergaard et al., 2012). 

 
Figure 2-12: Distribution of particle sizes isolated in EV pulldown method 
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2.3.9 Comparing calcium silicate hydrate on precleared plasma vs. precleared plasma 

which has had EVs removed 

 
Figure 2-13: CSH on precleared plasma and EV-free plasma identify similar numbers of proteins and are 

reproducible methods 

The numbers of proteins and the CVs for quantification were very similar in EV-free 

precleared plasma as it was for pre-cleared plasma (Figure 2-13). The proteins identified were 

compared with the proteins from EVs (the “BigDiluteCold” experiment reported in the prior 

section); the table for this comparison can be seen in the Appendix. Whilst there was 

considerable overlap between the three lists, the proteins that were enriched-for by the EV-

pulldown method represented mainly intracellular proteins or transmembrane proteins, whilst 

the proteins enriched-for by the CSH method were mainly plasma proteins. The proteins 

which were common to both, were apolipoproteins and some abundant proteins. This 

comparison here implied that using EV-pulldown followed by CSH-enrichment in tandem on 

the same sample was complementary and reproducible for quantification, especially as 

plasma samples were scarce. 
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2.3.10 Effect of denaturant on calcium silicate hydrate preparation 

 
Figure 2-14: Effect of denaturant on CSH preparation; CSH: calcium silicate hydrate; ADC: ammonium 

deoxycholate; CV: coefficient of variation; Interpret as the taller the bar and the larger the blue bars the better 

When considering which denaturation method was better in the CSH preparation, urea 

appeared to yield slightly more proteins but had less reproducible quantification (Figure 

2-14). Heat and ADC were comparable. For pragmatic reasons (the heating block used to 

apply heat was limited to 30 samples at a time and the lab only had one heating block), ADC 

was chosen as the denaturant for both EV-pulldown and CSH-enrichment. 

2.3.11 Immunodepletion 

The manufacturer’s recommended method used for immunodepletion was very reproducible 

(Figure 2-15). Chromatograms overlaid on top of each other show that the abundances and 

amount eluted/trapped by the column remained the same between runs.  
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Figure 2-15: Eight depletion chromatograms which were very similar, lower abundant fraction between red lines 

were collected.  

Likewise the protein amounts eluted in the low abundant fraction were also very similar 

(Figure 2-16), with a CV of 0.1. 

 
Figure 2-16: Reproducible protein amounts in low abundant fraction from MARS14-Hu column 

2.3.12 Prefractionation on mRP-C18 column 

Chromatograms of the fractionation on the mRP-C18 column were very reproducible; 250 µg 

of each depletion was fractionated (Figure 2-17).  
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Figure 2-17: Chromatograms of 8 fractionations, vertical lines correspond to collection points for each fraction. F1 

and F6 were combined for downstream analysis. 

Protein assay of each fraction was not meaningful due to fairly low abundances of proteins in 

each fraction. After digestion, desalting and lyophilisation, peptide abundances were 

confirmed to be very low, with an average of 81% loss (compared to post-depletion protein 

assay). The peptide amounts in each fraction were consistent over 8 injections, with the most 

peptides in fraction 4 & 5, corresponding with the elution peak during separation (Figure 

2-17 & Figure 2-18). 
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Figure 2-18: Variation in peptide amounts within each fraction over 8 separations 

2.3.13 Reproducibility of quantification for immunodepletion and protein fractionation 

workflow 

After MS analysis, on the Waters Synapt-G2 platform, all protein list results were collated 

and summarized to demonstrate both the number of proteins found in each fraction and the 

variability in quantification for each protein. Over the 8 replicates (40 separate injections), 

218 unique proteins were detected. 61 proteins were found in all 5 fractions (Figure 2-20). 

Protein identifications ranged from 135-163 (mean 148) per sample after combining all 5 

fractions. Reproducibility assessment was performed on individual fractions to minimize the 

error from combining amounts from 5 fractions. Reproducibility was poor with this method 

(Figure 2-19). Overall, this workflow resulted in excessive protein losses during sample 

preparation and had poor reproducibility. 
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Figure 2-19: Low number of proteins with a quantification CV <0.2 in all fractions, colours refer to CV (coefficient of 

variation) as indicated in legend; the larger the blue bars are, the more reproducible the quantification of proteins 

within the fraction, lower CVs better. 

 
Figure 2-20: Venn Diagram showing overlap between proteins within each fraction 

2.3.14 EV Pulldown 

The number of single run protein groups from the EV pull-down method averaged at 213 ± 2 

protein groups.  
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The 213 proteins that appeared in all of the injections had Gene Ontology analysis (with 

PantherDB – pantherdb.com) to evaluate the protein classes and pathways in which these 

proteins participated. When considered by molecular function, 107 functions were identified. 

Approximately 2/3 of the proteins participated in binding and catalytic activity (Figure 2-21).  

 
Figure 2-21: Molecular function of proteins identified in 100% of injections from the EV pulldown method; In total 

86.6% of proteins had functions in binding, catalytic activity as well as structural molecules. 

Less than half the proteins with a gene ontology function identified could be mapped to 

cellular or intracellular components, with a significant proportion (almost 50%) which could 

be plasma proteins or extracellular proteins (Figure 2-22). 
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Figure 2-22: Cellular component localisation of proteins identified 

Finally, pathways were available for 55% of the proteins in the list (Figure 2-23). Major 

pathways involved (52.8% of proteins) were blood coagulation, integrin signalling, 

cytoskeletal regulation by RhoGTPase and inflammation mediated by chemo- and cytokines. 

  



Student No. 149055344 

100 

 

 
Figure 2-23: Pathway Analysis of functions of proteins isolated from EV pulldown method; pathways suggest proteins pulled-down participate in intracellular machinery 

 

Blood coagulation

Integrin signalling pathway

Cytoskeletal regulation by Rho 

GTPase

Inflammation mediated by 

chemokine and cytokine signaling 

pathway

Huntington disease

Glycolysis

Plasminogen activating cascade

Gonadotropin-releasing 

hormone receptor pathway

Nicotinic acetylcholine receptor 

signaling pathway

Angiogenesis

Alzheimer disease-

presenilin pathway

Dopamine receptor 

mediated signaling 

pathway

Parkinson disease

EGF receptor signaling pathway

Vitamin D metabolism and pathway

PI3 kinase pathway

Nicotine 

pharmacodynamics 

pathway

Cadherin signaling pathway

B cell activation
CCKR signaling map

Fructose galactose 

metabolism

p53 

pathway

Pyruvate metabolism
Wnt signaling pathway

Transcription regulation by 

bZIP transcription factor

FGF signaling pathwayOther

Pathway Analysis



Student No. 149055344 

101 

 

2.3.15 CSH Enrichment 

The average number of protein groups identified by CSH enrichment were 224±1.9. The total 

number of unique hits was 247, of which 213 were detected in all 8 injections (86.2%). 

Proteins enriched-for by the CSH method, were primarily plasma proteins, in particular if 

considering only proteins that were detected in all 8 injections. However, there was a 

preponderance for apolipoproteins, due to the affinity of the method for phospholipids. 

2.3.16 Do both methods explore mutually exclusive proteomes? 

A comparison between proteins seen in the EV and CSH workflows was made (Figure 2-24). 

Unsurprisingly, there was significant overlap between proteins seen in both workflows, due 

to the nature of the CSH method, but reassuringly there were proteins unique each of the two 

methods implying that both methods were complementary. 

 
Figure 2-24: Overlap of unique proteins seen in EV and CSH pulldown; diagram confirms that both methods are 

complementary 

2.3.17 Reproducibility of quantification of EV & CSH pulldown workflow 

A workflow combining both EV and CSH pulldown for analysis resulted in more 

reproducible quantification of proteins within the samples for the same number of replicates 

(Figure 2-25). There were more proteins with a CV <0.2 in the CSH method compared to the 

EV method, but both EV and CSH methods had far more proteins with low variation 

compared to the immunodepletion + prefractionation workflow. Additionally the figure also 
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demonstrated that there was variation inherent to the mass spectrometer (machine variability) 

which, although it was reassuringly low, was not absent. The fact that the CSH method had 

reproducibility similar to machine variability suggests there was minimal technical variation 

in the preparation technique, making it highly suitable for quantitative label-free shotgun 

proteomics. 

 
Figure 2-25: Variability in quantification of proteins in EV and CSH preparation methods, as part of the same 

workflow; the QC stacked bars represent the variability of the mass spectrometer, all injections for the QC samples 

were from the same sample vial in the autosampler, whilst each replicate for EV_Prep and CSH_Prep were separate 

sample replicates, reflecting the variability in the sample preparation method, but also the contribution of machine 

variability 

2.4 Discussion 

2.4.1 Method development 

Several methods for denaturation were used in sample preparation in these experiments. All 

appeared comparable in reproducibility (heat, urea, ADC and guanidine) although urea may 

have had a slightly lower reproducibility with protein quantification. Similar findings were 

found by others (Proc et al., 2010). Guanidine was eventually used in the immunodepletion 

and fractionation protocol because the mRP-C18 column would facilitate clean-up in one step 

(ie. fractionation + sample clean-up). ADC was used for denaturation in the EV+CSH 
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workflow because there was no simple but efficient way to remove guanidine, whereas 

deoxycholate did not have this problem. ADC was incompatible with acid pH’s, which was 

the working pH of the mRP-C18 column. Guanidine also to severely impairs trypsin 

digestion (Scheerlinck et al., 2015); mandating a clean-up step; hence it was not used for the 

EV+CSH workflow. Urea was avoided due to risk of in-vitro carbamylation and also 

appeared to have reduced protein quantification reproducibility. 

The acetate-based method for EV pulldown was selected due to its non-inferiority as a 

method to the non-acetate based method, and because it needed less plasma to start with. It 

was clear that precipitation of the EVs on ice was important, as well as a large dilution 

volume prior to sequential centrifugation and washes, for good protein identification numbers 

and for good protein quantification reproducibility. 

2.4.2 Immunodepletion Method 

In these experiments I found that the immunodepletion method on its own reproducibly 

yielded a similar amount of protein in the low abundant fraction, with good reproducibility of 

retention times. Each depletion with subsequent fractionation into 5 fractions, resulted in 

identification of an average of 148 proteins. These findings were lower than what others have 

been able to achieve (Tu et al., 2010, Smith et al., 2011). This could be due to sample losses 

from the workflow, but could also reflect the use of an older MS platform which is less 

sensitive and shorter LC times (e.g. 75 minute gradient used vs 4 hr gradient in Smith et.al). 

2.4.3 Fractionation with the mRP-C18 column 

Inspiration for the use of reversed phased HPLC prefractionation of immunodepleted plasma 

proteins to improve mass spectrometry identification of lower abundant proteins was 

obtained from the work of others (Martosella et al., 2005).The elution gradient in 

Martosella’s work was modified because the original 50 fractions was impractical, and hence 
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a more achievable 10 minute gradient was used (Blankley et al., 2013), with adjustment of 

the timings of fraction collection to coincide with the peaks where possible.  

Other methods of reducing complexity of plasma have been described, such as the popular 

MudPIT method (multi-dimensional protein identification technique) which involves ion 

exchange separation of tryptic peptide fragments either discontinuously or continuously prior 

to reversed phase liquid chromatography and online MS/MS detection (Washburn et al., 

2001). The caveat to any significant fractionation step however is the required time for 

analysis, e.g. a single sample fractionated into 15 fractions over 60 minutes then separated for 

75 minutes and injected on MS/MS takes 60 + 15 x 75 = 1185 minutes for sample analysis 

alone. Paired with the time taken to process the MS/MS data file (2-3 hours per data file = 

2250 minutes per sample), and one can see how any workflow utilizing this number of 

fractions could quickly become impractical, if individual sample level information was 

required. 

2.4.4 Reproducibility of the immunodepletion and protein fractionation workflow 

Although initially showing promise with reproducible chromatograms and acceptable lengths 

of protein lists, the actual quantification of proteins, which was the target of the method, was 

unsatisfactory. The low reproducibility of measured values of proteins from injection to 

injection within the same fraction in spite of collecting fractions from the same peaks in the 

chromatograms was a significant hindrance to the use of this workflow for any inferential 

work. Possible reasons for the poor reproducibility may be the adjustment of injection 

amounts from each fraction on the mass spectrometer based on peptide assay values, or 

sample losses during the workflow. It was therefore necessary to reduce the fractionation 

steps, to keep all the proteins in the sample together for analysis. 
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2.4.5 EV-pull down method 

The EV-pull down method was not only simple in execution but also a reproducible method 

for quantification purposes. Whilst there were appreciably more proteins identified in both 

the EV+CSH workflows, both separately and combined, their main attraction is the high 

reproducibility in only 2 fractions. 

A position statement by the International Society of Extracellular Vesicles (ISEV) gives steps 

to characterise extracellular vesicles (Théry et al., 2018). Two major criteria need to be 

fulfilled, which are that proteins in the sample need to belong to 2 or more categories as set 

out in their position statement, and that the size of the particles need to be confirmed by 2 

different but complementary technologies (electron microscopy and single particle analysers). 

Briefly, category 1 proteins are transmembrane proteins or GPI-anchored proteins localised to 

cellular membranes which confirm presence of a lipid bilayer structure specific to EVs, 

which could be tissue specific or not; category 2 proteins are intracellular proteins which 

could cytosolic; category 3 proteins are a list of ‘negative controls’ demonstrating purity of 

preparation – presence of these extracellular proteins which include plasma proteins, proteins 

typical of plasma protein complexes and apolipoproteins suggest that the preparation is not 

that of pure EVs, and category 4 or 5 proteins which are suggestive of EVs with specific 

functions. 

The EV-pulldown experiment identified integrins (integrin beta-6, ADAMTS1), 

transmembrane proteins (category 1 proteins) which are non-tissue specific. Additionally, 

heat shock proteins (HSPA1A) and cytoskeletal proteins (Tubulin alpha-4A) could also be 

demonstrated, both of which belong to the cytosolic protein group (category 2 proteins). 

Mitochondrial proteins were also identified (pyruvate carboxylase, acetyl-coenzyme A 

synthethase-like and leucine rich PPR motif protein) which confirms that the method also 
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isolates proteins from intracellular compartments (category 4 proteins). Finally some other 

secreted proteins associated with recovered EV’s (category 5 proteins) were also identified – 

transforming growth factor beta 1, fibronectin, galectin-3 binding proteins and CD5 antigen-

like protein. Importantly however, plasma proteins were also present, typical examples found 

were – apolipoproteins (A IV, A V, CII, CIII, D, E and M), albumin and there were also 

proteins associated with protein aggregates (eg. ubiquitin 40S - a ribosomal protein). This 

means that this EV-pulldown method does not isolate pure EVs but also includes lipoproteins 

and protein complexes – both of which may masquerade as EVs on electron microscopy or 

particle tracking analysis. 

2.4.5.1 Nanoparticle Tracking Analysis 

Nanoparticle tracking analysis was performed as a confirmatory step to demonstrate that the 

particles isolated using the EV-pulldown method were in the exosome - microvesicle size-

range. Nanoparticle tracking works on the principle of Brownian motion where the velocity 

of motion of any particle is directly proportional to its mass and energy. The energy available 

to each mass in a body of fluid is fixed if the temperature is fixed, therefore the activity of the 

particle is directly proportional to its mass. Nanoparticle tracking utilises a laser aimed at a 

sample; its light is scattered by the particles within the sample. The scatter is ‘tracked’ by a 

sensor, which ascertains the mobility of the particles. The device tracks up to 5000 particles 

at any one time, which allows the ascertainment of a distribution of particle sizes within a 

field of view of a sample. The EV-pulldown pellet when resuspended had particles with the 

modal size in the 90-100 nm range, confirming that these particles precipitated by the acetate 

method were of the exosome size-range, and that a 200 µL sample provided plenty of 

particles for analysis. Electron microscopy assessment of the particles could not be performed 

due to cost and technical reasons, and would have helped confirm the size of the particles. It 
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must be noted however, exosomes were claimed to be enriched (and confirmed on electron 

microscopy and particle tracking analysis) by authors who first described this method 

(Brownlee et al., 2014). 

2.4.6 CSH enrichment 

The CSH enrichment method has been used with success in our laboratories for a number of 

years for proteomic profiling of plasma (Bhandari et al., 2015, Emmens et al., 2018). The 

original method was described in 2010 and was developed to simplify the proteomic 

characterization of human plasma lipoprotein populations to avoid the process of 

ultracentrifugation (Gordon et al., 2010). The matrix selectively adsorbs phospholipids in an 

irreversible fashion, and along with it their associated proteins.  

In the original method (and the updated method (Heink et al., 2015)), plasma was first 

separated by size with gel filtration, then the lipoproteins selected with the CSH resin, then 

digested with trypsin, before subsequent reduction and alkylation. The only modification in 

the workflow presented in my experiments, was the use of ADC as the denaturant – as a mass 

spectrometry compatible surfactant alternative to sodium dodecyl sulphate, as well as 

performing reduction and alkylation before digestion. The reason for doing this is that in 

principle, the surface area for the CSH resin is thought to be saturated with hydrophobic 

particles. The binding is thought to be irreversible, so bound particles/proteins have to be 

“digested off” the resin by trypsin. Reduction and alkylation was performed before digestion 

to ensure that adequate access to the trypsin binding sites in the folded proteins was given, to 

improve recovery of the proteins in the sample.  

I have not used CSH to only isolate lipoprotein species; instead the aim was to reduce the 

complexity of plasma. It was no surprise that the protein species identified in the CSH-
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enrichment method included those described as associated with high and low density 

lipoproteins (Heink et al., 2015, Gordon et al., 2010). 

The degree of overlap of proteins seen between EV and CSH proteins was not surprising. 

Membrane associated proteins are typically highly hydrophobic and given that vesicles were 

encapsulated in a lipid-bilayer, one could speculate that in plasma samples that have not be 

cleared of exosomes, that these particles would preferentially associate with CSH, although 

their concentrations, in comparison with lipoproteins, are probably lower and would therefore 

be less likely to be detected as part of the CSH workflow alone.  

2.4.7 Reproducibility of the EV+CSH workflow 

Comparing the immunodepletion+fractionation workflow with the EV+CSH workflows, the 

latter had significantly better reproducibility for label-free shotgun proteomic analysis. Whilst 

the CVs for technical replicates was not as low as e.g. immunoassays, the variance seen in the 

protein quantification was sufficiently low for hypothesis generation and unmasking of 

pathways that may be over- or under-expressed in a certain condition. Working with two 

fractions instead of 5 was also substantially more pragmatic.  

2.4.8 Challenges and Limitations 

There were significant limitations in interpreting this work. I did not compare whether 

immunodepletion alone vs. enrichment with CSH or EV pulldown alone were 

better/sufficient for biomarker discovery. The experience of others in this field (Smith et al., 

2011) suggest that immunodepletion on its own is reproducible, and therefore by inference, 

the source of the technical variation in the immunodepletion + protein fractionation workflow 

was likely to have been from the fractionation aspect. Comparing two different workflows on 

different mass spectrometric platforms was an important limitation in itself; it is difficult to 

attribute the difference in reproducibility directly to one aspect of the workflow. However, 
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time and machine-availability constraints prevented these experiments from being performed 

in a fully controlled fashion, and should therefore be interpreted with healthy skeptism. The 

method development was only performed on plasma from a single healthy volunteer. As 

such, other sources of pre-analytical variation e.g. different individuals, sampling issues, 

different operators, and different geographical sites were not tested. This may have important 

implications in particular to EV-pulldown, as patient/disease samples were likely to be very 

different samples. 

2.5 Conclusion 

The current immunodepletion + fractionation workflow developed cannot work for biomarker 

discovery, due to its poor reproducibility. The EV + CSH workflow was found to be suitable 

for biomarker discovery, due to its low variance and was sufficiently pragmatic. The method 

was felt to be suitable for plasma-proteomic-profiling, with the caveat that the method may 

select for hydrophobic proteins, lipoprotein or phospholipid-associated-proteins. This could 

be viewed as a strength; EVs are formed of membrane phospholipid bilayers and carry 

molecular messengers to distant sites and could be a rich source of novel biomarkers.
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Chapter 3 Biomarker Discovery 

3.1 Introduction 

In this section, the EV+CSH workflow was applied for discovery of novel biomarkers in AS. 

Samples from the PRIMID-AS study (Singh et al., 2013) were used. The primary outcome of 

the PRIMID-AS study was a composite of: spontaneous symptom development necessitating 

referral for AVR, or death/hospitalisation for AV-related events (syncope, chest pain, 

breathlessness or HF). Recruitment plasma samples were available. The study and general 

methods was introduced in section 1.8. 

Existing risk-stratification methods are satisfactory, but have poor specificity or sensitivity in 

identifying patients who are likely to spontaneously develop symptoms or events in 

asymptomatic moderate-severe AS. Early AVR in well-selected individuals is associated with 

low perioperative risk (1%), but difficult to justify in the absence of symptoms because of the 

low risk of sudden death without surgery if asymptomatic (<1%) due to low excess benefit. 

Early identification of patients likely to develop spontaneous symptoms or events could 

improve the optimal timing of surgery, especially with long elective waiting times, where the 

risk continues to increase after symptoms develop (Carabello, 2013). 

This discovery step therefore aimed to generate specific targets that would be suitable for 

verification. 

3.2 Aims and Objectives 

The aim was to utilise the EV+CSH workflow to ‘discover’ biomarker candidates which 

would then be used to generate specific hypotheses with respect to the endpoints in the 

PRIMID-AS study. 
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Therefore, the objectives were:- 

1) To discover candidate biomarkers that are differentially expressed in plasma between 

patients that reached the primary-endpoint (AVR for symptomatic AS, unplanned 

hospitalisations for syncope, chest pain or HF or cardiovascular death) and those that 

did not reach the primary endpoint, by the end of the study in initially asymptomatic 

patients with moderate-severe AS, 

2) To interpret the biological meaning of these findings, and generate hypotheses about 

which candidate biomarkers should be verified using other techniques. 

 

3.3 Methods 

3.3.1 Patients 

Plasma samples were from patients recruited into the PRIMID-AS study. Recruitment 

samples were used.  

The PRIMID-AS study was a prospective, observational, multi-centre study of asymptomatic 

moderate to severe AS in the UK, comparing myocardial perfusion reserve (MPR) with 

exercise testing (Singh et al., 2013, Singh et al., 2017b). Briefly, inclusion criteria were ≥2 of: 

AVA <1.5cm2, peak gradient >36mmHg or MPG >25mmHg, and willingness to accept AVR 

if symptoms develop. Exclusion criteria were: previous CABG or valve surgery, absolute 

contraindications to CMR testing or adenosine, other severe valve disease, EF ≤40%, recent 

myocardial infarction (<6 months) and planned surgery. All participants provided written 

informed consent. The study had National Research Ethics Service approval (Unique ethics 

identification number: 11/EM/0410) and complied with the Declaration of Helsinki. 
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3.3.1.1.1 Investigations 

All patients underwent 12-lead electrocardiography, transthoracic echocardiography, CT-

Calcium scoring, symptom-limited bicycle exercise testing (ETT), venous blood sampling for 

biomarker analysis and 3T multi-parametric CMR at baseline (including stress and rest first-

pass perfusion imaging, pre- and post-contrast T1 mapping and late gadolinium enhancement 

(LGE)). A positive ETT was defined as ‘any AS symptom on ETT or fall in BP below 

baseline during exercise’(Baumgartner et al., 2017a). A positive ETT was not used to define 

‘spontaneous AS symptoms’. CMR image analysis was undertaken at the core lab by a single 

blinded observer (Anvesha Singh), as previously described (Singh et al., 2013, Singh et al., 

2017b). Multi-detector CT images through the AV were acquired in the diastolic phase of the 

cardiac cycle, using sequential acquisitions of 3mm slices in full inspiration. AV-calcium 

score was calculated using the Agatston method (Agatston et al., 1990) and reported in 

Agatston units. 

3.3.1.1.2 Biomarker Analysis 

Blood samples were obtained by venepuncture from brachial fossae of recumbent patients at 

the time of recruitment, after informed consent. Equipment for blood sampling was provided 

by the study sponsor and all recruitment sites received appropriate training for sample 

handling protocols, to reduce pre-analytical variation.  

In brief, up to 50 mL blood was drawn into pre-chilled EDTA-containing tubes. Tubes were 

turned-over 8-10 times and then stored at 4˚C and centrifuged at 1300g (in a centrifuge with a 

swinging bucket rotor) on-site at room temperature within 4 hours of venepuncture for 15 

minutes. Plasma was aliquoted into 1 mL aliquots with disposable pipettes carefully avoiding 

the cell layer and buffy coat, then stored at -80°C on site and transferred in a batch at the end 

of the study to the biobank at University of Leicester using an approved cold-chain courier. 
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Plasma was defrosted only once prior to analysis. Biomarker analysis was performed in a 

batch at the end of the study. N-Terminal pro-brain natriuretic peptide (NTproBNP) was 

analysed using our in-house non-competitive immunoassay (Khan et al., 2008). HsTNI was 

analysed using the ARCHITECT STAT high-sensitivity assay (Abbott Laboratories, Abbott 

Park, Il, USA) by colleagues in University of Edinburgh (Dr Marc Dweck and Dr Russell 

Everitt). 

3.3.1.1.3 Follow-up and endpoints 

Patients had a minimum follow-up of 12 months or until reaching the primary endpoint. The 

primary endpoint was a composite of AVR for spontaneous symptoms or unplanned 

hospitalisation with HF, chest pain, syncope or any cardiovascular death. Management 

decisions were left to the patients’ attending physicians, who were blinded to all 

investigations other than echocardiography. Endpoints were adjudicated by 2 independent 

cardiologists. 

3.3.2 Sample selection for biomarker discovery 

Out of 174 patients recruited for the PRIMID-AS study, 168 had sufficient recruitment 

plasma samples for analysis, of which 46 reached the primary outcome. As such, to maximise 

biomarker candidate discovery, patients with the 46 endpoints (Event Group) were matched 

with 46 patients without end-points (NoEvent Group). Matching was performed in R (version 

3.3.1, R-project.org) by propensity matching with the ‘MatchIt’ package, instead of direct 

matching because patients could not be matched directly on more than just age and sex. Other 

variables such as presence/absence of arrhythmia, body mass index (BMI), presence/absence 

of hypercholesterolaemia, systolic and diastolic blood pressure (SBP/DBP), presence/absence 

of diabetes (DM), left ventricular ejection fraction (LVEF), NYHA class, AV-Vmax, sex, 

smoking status, and weight may all affect the likelihood of reaching the primary endpoint. 



Student No. 149055344 

114 

 

After calculating a propensity score for an individual based on the independent variables to 

the outcome measure using a logistic regression model, the function then matches the 

controls with the cases using the nearest neighbour approach (Ho et al., 2011). 

3.3.3 Sample preparation 

3.3.3.1 Materials and methods 

All materials sourced as described in chapter 2. In this experiment, a ‘DTT Premix’ stock was 

prepared to simplify denaturation and reduction. It was a 20 mL mixture of 10 mL ADC 2%, 

9.8 mL of ammonium bicarbonate 50 mM and 200 µL 1M DTT. This yielded a mixture with 

of pH 7.8, 1% ADC and 10 mM DTT. A CSH slurry was prepared as described in section 

2.2.12. 

3.3.3.2 General preparation 

Aliquots from the study were randomized in pairs in sample preparation order using the 

function ‘sample’ in R. They were prepared in 5 batches of (3×18 and 2×19 samples). The 

batches were prepared sequentially after randomization. Within each batch, 11.2 µL (if from 

batch of 18) or 10.6 µL (if from batch of 19) of each sample was pooled to create a quality 

control sample. Each of these was prepared the same way as the samples. When the samples 

were ready for MS analysis, a quality control (QC) peptide sample was established by 

pooling the 5 QC samples to form one common pool to be used throughout the study. One 

pooled QC was prepared for the EV samples and another was prepared for the CSH samples. 

The following methods were used to prepare the samples for proteomic analyses. A 

simplified schematic of the workflow used can be seen in Figure 3-1.  
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Figure 3-1: Schematic of sample preparation for biomarker discovery; EV: Extracellular vesicles; CSH: calcium 

silicate hydrate; LC MS/MS: Tandem mass spectrometry 

3.3.3.3 EV sample preparation 

Each batch of aliquots was defrosted at room temperature for 2 hours before preparation on 

the day of the experiment. 200 µL of sample was then centrifuged at 3000g for 10 minutes to 

remove cellular debris. The supernatant was transferred to a clean tube. 22.2 µL of 1 M 

ammonium acetate (pH 4.75) was added, mixed thoroughly then placed on ice for 45 

minutes. The sample was then diluted with 1200 µL 100 mM 37˚C ammonium acetate, to 

reduce its viscosity, then centrifuged at 20000g for 30 minutes. The supernatant was removed 

for parallel processing with CSH-enrichment. The EV-pellet was further cleaned through a 

process of repeated washing with 500 µL of 100 mM ammonium acetate, mixing thoroughly, 

then centrifugation at 20000g for a further 30 minutes and discarding the supernatant. In total, 

the washing process was performed 3 times. After the final wash step, the EV-pellet was 

denatured and reduced with 100 µL of DTT premix for 30 minutes at 65˚C. 4 µL of 0.5 M 

iodoacetamide (IAA) was added (final concentration 20mM), and allowed to alkylate for 30 
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minutes in the dark at room temperature. 100 µL of 50mM ammonium bicarbonate was 

added (diluting ADC to final concentration 0.5%), followed by 1µg of trypsin for digestion 

overnight in a 37˚C incubator. 

The following day, samples were acidified with FA to a final concentration of 1%, mixed 

thoroughly then centrifuged at 14000g for 3 minutes. The supernatant was then desalted, 

dried in a SpeedVac for 1 hr 30 minutes, and lyophilised in a freeze-dryer overnight as 

previously described (section 2.2.7). 

3.3.3.4 CSH sample preparation 

350 µL of EV-poor plasma (from section 3.3.3.3) was allowed to bind to 100 µL of CSH for 

1-hour by gentle tumbling. Unbound plasma proteins were washed off by 3 cycles of 

centrifugation at 14000g for 10 minutes, discarding the supernatant, adding 1 mL of 50mM 

ammonium bicarbonate then mixing thoroughly. After the final wash cycle, the supernatant 

was discarded. The sample was denatured and reduced with 300 µL DTT Premix for 30 

minutes at 65˚C. This was followed by alkylation with 12 µL of 1M IAA for 30 minutes at 

room temperature in the dark. 300 µL 50mM ammonium bicarbonate was added, then 80 µg 

of trypsin (trypsin:protein ratio of 1:25) to digest at 37˚C overnight. The samples were then 

desalted, dried and lyophilised overnight like the EV-samples. 

3.3.3.5 Sample preparation for MS analysis 

Lyophilised samples were suspended in fixed volumes of 0.1% FA (30 µL for EV samples 

and 50 µL for CSH samples). The OPA peptide assay was used to determine approximate 

amounts of peptide in each sample. The concentrations were adjusted with 0.1% FA so that 

all samples had the same concentration (600 ng) of peptide. Each sample was then prepared 

by adding an equal volume of 100 fmol of a standard protein digest (alcohol dehydrogenase 
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from Saccharomyces cerevisiae, Uniprot: P00330) to an equal volume of sample, then 1 µl of 

the sample was injected, containing 300 ng peptide and 50 fmol ADH per-injection on 

column. 

3.3.3.6 MS Analysis 

Samples were analysed on a Waters Synapt-G2S Mass Spectrometer (Waters, Manchester, 

UK), coupled to a NanoAcquity Ultra Performance Liquid Chromatography (UPLC) (Waters, 

Manchester, UK) as previously described (section 2.2.15.1).  

3.3.3.6.1 Scheduling 

To begin, QC samples were injected in triplicate. The data were analysed and an average 

number of protein ‘hits’ for the QC samples were taken as a benchmark, whereby subsequent 

QC injections were not to deviate from the benchmark by more than 10% of the initial value. 

Samples were analysed in singles, with a blank injection after each sample, and a QC 

injection after every 5 samples. A further triplicate injection of QC samples was performed at 

the end of the study. 

3.3.3.6.2 Data analysis 

Raw data generated from the mass spectrometer were analysed on Progenesis QI for 

Proteomics version 3.0 (Nonlinear Dynamics, Newcastle upon Tyne, UK). Apex3D 

processing used 130 as the low energy (LE) threshold and 25 for the high energy (HE) 

threshold. For ion accounting, the reference proteome library was searched twice. The library 

used was the ‘reviewed’ human .FASTA database from Uniprot (downloaded 18 November 

2013, with 39673 sequences including isoforms). Criteria used in the first round of database 

searching was 1 fragment per peptide, 3 fragments per protein and 1 peptide per protein, at 

4% FDR. After the first library search, the library was searched again using 2 fragments per 
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peptide, 5 fragments per protein and 2 peptides per protein, at 1% FDR. In addition, 

carbamidomethylation on Cysteine was used as a static modification and methionine 

oxidation, deamidation of asparagine, and phosphorylation of serine, threonine and tyrosine 

were used as variable modifications. 2 missed cleavages were allowed. Progenesis QI was 

allowed to select its reference chromatogram, to which other chromatograms were aligned. 

Quantification by Progenesis Qi was performed by creating an aggregate chromatogram (run) 

containing all the features in the experiment, then comparing these features to the features 

present in each sample, improving the signal-to-noise ratio. Finally, Progenesis Qi also 

normalised all features (or peaks), adjusting the intensity of peaks based on the assumption 

that most of the peptides/proteins in the sample do not change between samples 

(http://www.nonlinear.com/progenesis/qi/v2.3/faq/how-normalisation-works.aspx). As a 

result, the average total intensities for all peptides/features in all samples should be similar. 

For data generation monitoring during the experiment, raw files were analysed with Protein 

Lynx Global Server version 3.0.2 (Waters, Manchester, UK), using thresholds of 130-LE, 25-

HE, 500-intensity, and 2 fragments per peptide, 5 fragments per protein and 2 peptides per 

protein (or more).  The number of protein ‘hits’ was recorded and at the end of the study, 

samples that had protein ‘hits’ that were more than 2 standard deviations from the average 

number of hits were repeated. Where samples were re-analysed, if the repeated sample’s 

results ‘hits’ was closer to the study average, then the repeated sample’s results were used for 

analysis, otherwise, the first attempt’s results were used. 

After Progenesis QI analysis, result files were generated, including a ‘protein output file’, 

where in this study a Hi10 quantification method was used (i.e. protein quantified on up to 

the sum of the top 10 most intense unique peptides for the protein). The use of a Hi10 

quantification method was based on our observation that often a large number of peptides in a 

protein did not correlate with each other, hence utilising a larger number of peptides to infer a 
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protein amount was potentially better. In addition, a Peptide Output file was also generated, 

allowing close scrutiny to be applied to the proteins seen. 

3.3.3.7 Result Analysis 

The baseline summary characteristics used for matching after propensity matching was tested 

with a student’s t-test for parametric data and chi-squared test for categorical data. Normality 

was tested with the Shapiro-wilk test and with Q-Q plots. P-value < 0.05 was taken as 

statistically significant. For results generated from Progenesis QI, first the data was pre-

processed to remove some of the lower confidence peptides and proteins. First, all non-

unique peptides were removed. Second, only peptides with 8-25 amino acid residues were 

retained. Third, peptides that contained phosphoryl-STY, de-amidation-N and methionine-

oxidation were excluded. Fourth, all peptides with missed cleavages were excluded. Finally, 

the list of remaining peptides were used to ascertain which proteins to focus on, because 

verification/validation was to be performed with suitable surrogate peptides that have 

previously been observed. 

Having discarded the unsuitable peptides, the remaining proteins were used for further 

analysis. A Mann-Whitney U test was used to determine if the proteins were significantly up 

or downregulated in the NoEvents Group vs the Events Group. Where a correlation test was 

performed, a 2-tailed Spearman test for correlation was performed, and reported as (rho, p-

value). 

Both the EV and CSH protein lists were analysed, and the differentially up and 

downregulated proteins combined into a single list to be evaluated for pathway analysis. 

Pathway analysis was performed with Cytoscape (version 3.5.1) (Shannon et al., 2003) with 

the ClueGO (version 2.3.4) (Bindea et al., 2009) and CluePedia (version 1.3.4) plugins, using 

the method described in a tutorial by Trindade et. Al (Trindade et al., 2018). Specific settings 
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used were searches performed in GlueGo:Functions mode, grouping by prespecified 

‘Clusters’. Ontology/Pathways used were GO Biological Processes and WikiPathways, using 

‘all available evidence’ for annotation. Network specificity was set between ‘Medium’ and 

‘Detailed’, with GO Tree Interval set as 5 to 11, GO Term/Pathway Selection was based on a 

criteria of a minimum of 2 Genes OR 5% Genes within the term OR was 60% specific to the 

GO Term. The GO Term/Pathway Network Connectivity considered a kappa score of 0.4 to 

qualify for a link. After annotation, results were exported as a spreadsheet. Biological 

‘meaning’ for the results was further supplemented by literature review on each biomarker 

candidate.  

3.4 Results 

One hundred seventy four patients were recruited and followed up for an average of 369±156 

days (range 181-791). 168 had sufficient recruitment plasma samples for analysis, of which 

46 reached the primary outcome.  These comprised 40 AVRs for spontaneous symptoms, 1 

cardiovascular death & 5 unplanned hospitalisations (1 chest pain, 2 dyspnoea, 1 HF, 1 

syncope)). The time delay from blood sampling to event was variable, ranging from 5-677 

days with a median of 242 days. 

3.4.1 Balance of cases vs controls 

168 patients were evaluated for matching, using the MatchIt algorithm. Figure 3-2 visually 

displays the distribution of propensity scores of the matched “Event” units and matched ‘No 

Event’ units. Although better matched, the groups were not completely balanced (Figure 3-3). 

Baseline characteristics of the two matched groups can be seen in Table 3-1. 
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Figure 3-2: Distribution of propensity scores between matched Events and NoEvents patients 
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Figure 3-3: Distribution of propensity scores before and after matching between groups; Note: no difference between 

Raw and Matched Events because all events were used in discovery. 

Both groups had a similar distribution for matched features (Table 3-1). There a similar 

number of co-morbidities, sex-split, NYHA class, AV-Vmax, BMI, LV function and blood 

pressure. 

  



Student No. 149055344 

123 

 

 
Table 3-1: Average values between NoEvents and Events used for propensity matching; NYHA: New York Heart 

Association Class, I – mild limitation in activity, II – moderate limitation in activity; BMI: body mass index; BP: 

blood pressure; LV: left ventricle 

3.4.2 General mass spectrometric findings 

In the EV-study, there were two ‘events’ beyond the control of the course of the experiment 

that occurred. Specifically, there were two electrospray-emitter occlusions that necessitated 

an ‘emitter rebuild’ involving a process of (re)building a clean emitter block, with a new 

silica emitter tip, confirming ideal positioning against a reference sample (Glu-Fib peptide), 

then performing a ‘lock-spray and calibration setup’ with Glu-Fib. This was followed by 

running of a HeLa standard digest, which was required to give >2000 hits to be assured of 

sufficient machine sensitivity. In both cases, the experiment was suspended for 4 days for 

these steps to be accomplished. Utilising the protein hits from the samples as a guide, there 

was no apparent detriment to the number of hits (protein identifications) in each sample.  
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Figure 3-4 shows how the QC sample’s hits remained fairly constant throughout the study, 

with more variability in the actual experimental samples as expected. Additionally, there was 

a slight drift downwards in the number of identifications from the beginning to the end of the 

study, although in absolute terms there was only an average drop of 5 protein identifications 

comparing the beginning vs. the end of the study in the QC samples. 

When plotting the sum Top3 matched peptide intensities for all proteins identified in each 

sample (as a surrogate for the total amount of sample), the variability in the total signal 

intensity is reassuringly stable, particularly in the QC samples, although there were some 

outliers in the actual samples (Figure 3-5).  

 
Figure 3-4: Variation in protein hits over course of EV-study by injection order 
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Figure 3-5: Sum Top3 Peptide Intensities over course of EV-study by injection order 

 

The number of hits correlated with total intensity (Spearman’s rho = 0.403-0.42, p<0.001), 

even in the presence of outliers. 

Similar findings were seen with CSH part of the study (Figure 3-6 & Figure 3-7). 

 
Figure 3-6: Protein hits during the CSH study by injection order 
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Figure 3-7: Sum Top3 Peptide Intensities over course of CSH-study by injection order 

 Interestingly, with the CSH samples, there was no correlation between hits and intensity, 

even when outliers were removed. 

In total, three samples were repeated as they had protein hits just outside the 2-standard-

deviation-from-the-mean-rule specified, but the repeats did not bring the sample results any 

closer to the mean and therefore the initial samples results were used. 
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3.4.3.1 EV Results 

Using the protein lists of quantification and identification results from Progenesis QI, the EV 

experiment identified 1415 protein groups (“hits”) with quantification and an additional 1405 

protein groups without quantification. Only quantified proteins were used for analysis. 

There was nearly a 7-fold increase in the number of protein identifications compared to the 
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analysed), the use of patient samples which may have more proteins in illness, the use of a 

different MS platform (Synapt-G2S) and the way the data were analysed with the use of 

Progenesis QI for proteomics, which quantifies features first before identification, with 

significantly improved signal-to-noise ratio and resultant identifications. 

When the EV protein results were used to generate a principal component plot, to visualise 

unsupervised patterns in the underlying data, 3 ‘clusters’ could be seen (Figure 3-8). 

 
Figure 3-8: Principal component plot of EV experiment revealing clusters of experimental data 

These ‘clusters’ corresponded to periods during which the experiment ran continuously, with 

separation coinciding with periods when the experiment had to be suspended for essential 

maintenance (i.e. emitter-tip blockages). These systematic errors introduced into the data 

were not overtly detectable on the number of ‘hits’ or total peptide intensities during the 

study, but nevertheless affected the quality of the data. 

-20

-10

0

10

20

30

40

-30 -20 -10 0 10 20

P
ri

n
ci

p
al

 C
o

m
p

o
n
en

t 
2

Principal Component 1

NoPrimaryEvent

PrimaryEvent

QC



Student No. 149055344 

128 

 

 
Figure 3-9: Cluster assignment in EV-study for statistical adjustment 

In order to mitigate this effect, to determine which proteins were differentially 

expressed/regulated in the patients with/without Primary Events, each cluster was assigned a 

value, such that the cluster class could be ‘adjusted for’ in a logistic regression model (Figure 
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have been spuriously excluded. 
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remained to be statistically evaluated. Of these, 25 were significantly different in abundance 
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testing with Mann Whitney U statistics identified 3 further proteins which were significantly 

different, although there were a number of ‘cluster adjusted’ protein results which were not 

significant on non-parametric statistics. Table 3-2 and Figure 3-10 summarise the 28 different 

proteins groups in the EV experiment by Primary Event.  
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Table 3-2: Proteins that were differentially expressed between Events and No Events, p-MWU: p values from Mann 

Whitney test, p-log: p-values from logistic regression after adjusting for clusters; %Diff: %Difference is a ratio of the 

medians of proteins in Events vs NoEvents expressed as a percentage 

 

Uniprot Protein Group Gene % Diff p-MWU p-log Higher In

P07996 Thrombospondin-1 THBS1 22% 0.035 0.036 No Event

Q9UKZ4 Teneurin-1 TENM1 22% 0.096 0.042 No Event

P35442 Thrombospondin-2 THBS2 18% 0.035 0.03 No Event

Q2UY09 Collagen alpha-1(XXVIII) chain COL28A1 18% 0.015 0.02 No Event

P05160 Coagulation factor XIII B chain F13B 16% 0.138 0.041 No Event

P46100 Transcriptional regulator ATRX ATRX 16% 0.104 0.021 No Event

P35542 Serum amyloid A-4 protein SAA4 15% 0.04 0.034 No Event

A0AVI2 Fer-1-like protein 5 FER1L5 15% 0.027 0.036 No Event

Q86VF7 Nebulin-related-anchoring protein NRAP 15% 0.069 0.044 No Event

P80108 Phosphatidylinositol-glycan-specific phospholipase D GPLD1 14% 0.005 0.009 No Event

Q04756 Hepatocyte growth factor activator HGFAC 14% 0.091 0.044 No Event

P10909 Clusterin CLU 13% 0.138 0.049 No Event

P31749 RAC-alpha serine/threonine-protein kinase AKT1 11% 0.053 0.04 No Event

Q12805 EGF-containing fibulin-like extracellular matrix protein 1 EFEMP1 11% 0.08 0.031 No Event

Q9NR12 PDZ and LIM domain protein 7 PDLIM7 10% 0.042 0.114 No Event

O00187 Isoform 2 of Mannan-binding lectin serine protease 2 MASP2 4% 0.027 0.041 No Event

Q6ZS30 Neurobeachin-like protein 1 NBEAL1 1% 0.123 0.04 Event

P51790 H(+)/Cl(-) exchange transporter 3 CLCN3 3% 0.045 0.135 Event

P14770 Platelet glycoprotein IX GP9 5% 0.031 0.486 Event

A6H8Y1 Transcription factor TFIIIB component B'' homolog BDP1 6% 0.076 0.03 Event

Q13418 Integrin-linked protein kinase ILK 7% 0.047 0.047 Event

Q7Z3B4 Nucleoporin p54 NUP54 7% 0.041 0.034 Event

Q6ZNE9 RUN and FYVE domain-containing protein 4 RUFY4 10% 0.024 0.021 Event

Q8IUC4 Rhophilin-2 RHPN2 18% 0.13 0.033 Event

P01009 Alpha-1-antitrypsin SERPINA1 25% 0.007 0.006 Event

Q8IYS0 GRAM domain-containing protein 1C GRAMD1C 29% 0.036 0.025 Event

Q5JSJ4 Protein DDX26B DDX26B 30% 0.011 0.01 Event

Q06609 DNA repair protein RAD51 homolog 1 RAD51 62% 0.109 0.04 Event
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Figure 3-10: Boxplots showing differences in abundance between Events and NoEvents for proteins that were 

differentially expressed in the EV experiments 

3.4.3.2 CSH Results 

The CSH experiment identified and quantified 1175 proteins, and an additional 433 proteins 

which could not be quantified by Progenesis QI. This increase in proteins identified mirrored 

the increment seen in the EV experiment, likely for the same reasons. After filtering the 

peptides as described in the methods section, there were 768 quantifiable proteins in the 
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protein list. Figure 3-11 shows the principal component plot for the first and second principal 

component, to demonstrate any underlying patterns in the data. 

 

 
Figure 3-11: Principal component plot for CSH Experiment showing a less obvious clustering of data into two groups 
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left-out from further evaluation due to lack of available literature and would be difficult to 

interpret, leaving 32 proteins to be considered as potential candidates. 

 
Figure 3-12: Cluster assignment for the CSH Experiment 
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Table 3-3: Differentially expressed proteins in CSH experiment between Events and NoEvents; p-MWU: p values 

from Mann Whitney test, p-log: p-values from logistic regression after adjusting for clusters; %Diff: %Difference is 

a ratio of the medians of proteins in Events vs NoEvents expressed as a percentage 

 

Uniprot Protein Group Gene % Diff p-MWU p-log Higher In

P02656 Apolipoprotein C-III APOC3 19% 0.017 0.016 No Event

O94915 Protein furry homolog-like FRYL 19% 0.022 0.022 No Event

P49321 Nuclear autoantigenic sperm protein NASP 14% 0.072 0.029 No Event

P01767 *Ig heavy chain V-III region BUT IgVII.BUT 12% 0.023 0.019 No Event

P48740 Mannan-binding lectin serine protease 1 MASP1 11% 0.046 0.039 No Event

P30043 Flavin reductase (NADPH) BLVRB 9% 0.121 0.047 No Event

Q9H799 *Uncharacterized protein C5orf42 C5orf42 8% 0.02 0.083 No Event

P02765 Alpha-2-HS-glycoprotein AHSG 8% 0.106 0.043 No Event

P43652 Afamin AFM 7% 0.008 0.017 No Event

Q15413 Ryanodine receptor 3 RYR3 6% 0.049 0.044 No Event

Q8N7Z5 Putative ankyrin repeat domain-containing protein 31 ANKRD31 6% 0.01 0.021 No Event

Q5T8P6 RNA-binding protein 26 RBM26 5% 0.029 0.02 No Event

P02760 Protein AMBP AMBP 5% 0.037 0.044 No Event

P02749 Beta-2-glycoprotein 1 APOH 5% 0.028 0.192 No Event

Q7Z7A4 PX domain-containing protein kinase-like protein PXK 3% 0.032 0.185 No Event

Q92830 Histone acetyltransferase KAT2A KAT2A 2% 0.127 0.025 Event

O75051 Plexin-A2 PLXNA2 4% 0.054 0.047 Event

Q8NAT9 *Putative uncharacterized protein encoded by LINC00324 LINC00324 6% 0.085 0.05 Event

A8MW92 PHD finger protein 20-like protein 1 PHF20L1 7% 0.029 0.066 Event

Q8IWN7 Retinitis pigmentosa 1-like 1 protein RP1L1 7% 0.022 0.027 Event

P18074 TFIIH basal transcription factor complex helicase XPD subunit ERCC2 7% 0.08 0.025 Event

Q9HCM2 Plexin-A4 PLXNA4 7% 0.01 0.012 Event

Q9NWX6 Probable tRNA(His) guanylyltransferase THG1L 7% 0.039 0.075 Event

Q7Z7A1 Centriolin CNTRL 7% 0.036 0.05 Event

P78417 Glutathione S-transferase omega-1 GSTO1 8% 0.012 0.005 Event

Q9H3G5 Probable serine carboxypeptidase CPVL CPVL 8% 0.003 0.005 Event

P05090 Apolipoprotein D APOD 8% 0.064 0.018 Event

Q92619 Minor histocompatibility protein HA-1 HMHA1 8% 0.037 0.052 Event

Q92614 Unconventional myosin-XVIIIa MYO18A 8% 0.018 0.03 Event

Q8NB59 Synaptotagmin-14 SYT14 10% 0.015 0.063 Event

P05452 Tetranectin CLEC3B 10% 0.104 0.026 Event

Q09428 ATP-binding cassette sub-family C member 8 ABCC8 11% 0.007 0.064 Event

Q6IQ55 Tau-tubulin kinase 2 TTBK2 11% 0.153 0.048 Event

Q9BZ29 Isoform 4 of Dedicator of cytokinesis protein 9 DOCK9 11% 0.027 0.068 Event

P01009 Alpha-1-antitrypsin SERPINA1 12% 0.07 0.023 Event
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Figure 3-13: Boxplots showing differences in abundance of proteins between Event/NoEvent in the CSH experiment.  

3.4.3.3 Pre-analytical Considerations 

In this multisite study (10 UK sites), an important variable which may have contributed to 

pre-analyical variation is the sample-handling-practices of personnel at different sites. Whilst 

all personnel received appropriate training, the facilities used are different, and may have 

contributed to pre-analytical variation. To qualitatively access this, samples from different 

sites were marked on a principal component plot to see if there were patterns suggestive of 
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bias by recruitment site. There was no apparent contribution by recruitment site to the 

clustering of the data (Figure 3-14 & Figure 3-15). 

 
Figure 3-14: Principal component plots from EV experiment stratified by recruitment site; colours correspond to 

recruitment sites 

 
Figure 3-15: Other principal component plots from EV experiment stratified by recruitment site; colours correspond 

to recruitment sites 

 

The same test was applied to the CSH experiment to evaluate this (Figure 3-16 & Figure 

3-17). Again there was no bias towards recruitment site(s) which may have contributed to this 

clustering of data. It is unlikely that pre-analytical factors explain the clustering of the data. 

More likely, analytical factors were the cause (e.g. preparing samples in two batches and 

emitter tip blockages). 
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Figure 3-16: Principal component plot for CSH experiment stratified by recruitment site; colour: recruitment site 

 
Figure 3-17: Other principal component plot for CSH Experiment stratified by recruitment site; colour: recruitment 

site 

 

3.4.3.4 Gene Ontology Analysis 

In total, there were 29 proteins that were upregulated in NoEvents, compared to 30 proteins 

that were upregulated in Events to be evaluated for biological plausibility, so that an 

assessment could be made about the likelihood of usefulness as a biomarker. 

Gene Ontology and Pathway analyses were performed in Cytoscape and ClueGO to ascertain 

if there were differentiated pathways between Events vs NoEvents groups. Out of 29 

Genes/Proteins uploaded in the NoEvents Cluster, 1 was not functionally annotated in either 
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Ontology selected. On the other hand, out of 30 Genes/Proteins uploaded in the Events 

Cluster, 4 were not functionally annotated. 

After applying the criteria described earlier (section 3.3.3.7) (for an acceptable balance 

between pathway specificity and sensitivity) only 22 Genes out of the 59 Genes (37.29%) 

were associated to representative Terms and Pathways. After 3 iterations of grouping of the 

terms and pathways, there were 5 main groups of pathways which were relevant, with 50% 

overlap between the groups. This information was more readable as a table, after removing 

redundancies, particularly in the largest group (Table 3-4). 
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Table 3-4: Proteins/Genes and their associated terms/functions/pathways and their grouping into Events or NoEvents 

 

The large number of proteins/genes and functions in Group4 highlight how individual 

genes/proteins have multiple functions and intersect with other pathways. Some themes 

remain, however, for example: 1) catabolism of lipids/fatty acids/glucose for energy, 

associations with aerobic (mitochondrial) energy generation, and utilisation of lipids as an 

energy source.  2) Coagulation/ haemostasis/ platelet activation balanced with anti-

Group No. Genes Associated terms/functions/pathway Cluster

ATRX

NASP

MASP1

MASP2

SERPINA1

F13B

CLU

PLXNA2

PLXNA4

AKT1 Porphyrin

APOH anion transport

AMBP cholesterol reverse transport

APOC3 HDL clearance

CLU fatty acid metabolism

THBS1 lipid catabolism and transport

BLVRB lipoprotein lipase

GPLD1 long-chain fatty acid transport

RYR3 triglyceride metabolism

CLEC3B glucose metabolism

KAT2A mitochondrial cytochrome c

myelin

coagulation

fibrinolysis

plasminogen

haemostasis

JNK cascade

Heme

endothelial proliferation and migration

fibroblast

APOD

ERCC2

ILK

Group3 Neuronal axon guidance Events

Group4 No Events

Group5 Negative regulation of smooth muscle cell proliferation Events

Group1 DNA replication-independent nucleosome assembly No Events

Group2 Complement and coagulation cascades No Events
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coagulation/ fibrinolysis although fibrinolysis could be associated also with cellular 

migration, such as in 3) fibroblast/ endothelial proliferation and migration. 

3.4.4 Baseline and prognostic variables for patients in the PRIMID-AS study  

The baseline characteristics of patients from the PRIMID-AS study and baseline prognostic 

characteristics will be described in detail later (sections 4.5.2 and 4.5.3). In brief, the 

principal variables which were associated with AS severity were a) echocardiographic 

measures of stenosis severity:- the AV-Vmax, MPG, the AVA (the lower the valve area, the 

worse the stenosis), b) troponin levels, c) severity of AV calcification and d) level of LV 

remodelling (measured by LVMI and eccentricity of remodelling). 

Characteristics associated with the primary outcome were measures of AS severity, AV 

calcification, natriuretic peptide levels, haemoglobin levels (lower levels higher risk), renal 

function (measured by estimated glomerular filtration rate (eGFR) – where lower values 

translated to higher risk), sex (females associated with high risk) and a positive ETT. 

3.5 Discussion 

An important observation from the data was that the difference in medians between groups, 

expressed as a percentage difference in median abundance (arbitrary units), were quite small, 

with the largest difference of ~60% (outlier), but with most of the percentage difference 

centred around 8% (Figure 3-18). This highlighted that the differences in proteomic profiles 

between these two very similar phenotypes (Events vs NoEvents) were small and 

challenging. 
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Figure 3-18:Histogram showing distribution of the magnitude of differences of abundances between significantly 

different proteins  in Events vs NoEvents 
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3.5.1 Literature Review of the Potential Candidates 

The use of Gene Ontology/Pathway Analysis to understand relationships between 

genes/proteins in the lists was helpful in so far as it highlighted the potential relationships 

between the genes/proteins. However the limitations were that not all genes/proteins could be 

‘grouped’ and therefore displayed on the network analysis, based on the filtration rules. 

Furthermore, because ontologies and pathways are constantly being updated, the findings for 

these bioinformatics tools are only as good as the databases that they draw information on, 

and it is more likely that a ‘weak link’ is a ‘novel’ marker, compared to the stronger well 

known links between protein and function. 

Out of the 59 genes/proteins, 35 genes/proteins were not assigned a group and therefore not 

given/annotated with a pathway or ontology, mainly because 2 genes per pathway was 

required to select a pathway to be considered for network analysis (Table 3-5). 

 

 

 

 

 

 

 

 

 



Student No. 149055344 

142 

 

 

 
Table 3-5: List of genes that did not have a pathway associated on ClueGO, *indicates gene may be related to some of 

the earlier described pathways from literature review 

The absence of a pathway map does not imply absence of information on these proteins, 

merely that they did not fulfil the specificity settings or clustering settings used to combine 

the other results at the time of analysis. The interactome is incomplete, but continues to 

improve with time, such that future analysis of the same data may improve the pathway and 

interaction mapping. In the first instance, focus was placed on pathways with larger numbers 

of members; increased group membership lends confidence to the relevant pathway being 

dysregulated. 

3.5.2 Group1: Neuronal axon guidance 

PLXNA2 & PLXNA4 

Both plexin A2 and A4 were more abundant in patients with events compared to no events. 

Plexins A2 and A4 are semaphorin receptors which associate with neuropilins.   Plexin A4 is 

Event NoEvent

NBEAL1 TENM1

*CLCN3 *THBS2

GP9 COL28A1

BDP1 *SAA4

NUP54 FER1L5

RUFY4 NRAP

RHPN2 HGFAC

GRAMD1C EFEMP1

DDX26B PDLIM7

RAD51 FRYL

PHF20L1 AHSG

RP1L1 *AFM

THG1L ANKRD31

CNTRL RBM26

GSTO1 PXK

CPVL

HMHA1

MYO18A

SYT14

*ABCC8

TTBK2

DOCK9
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necessary for actin tubule formation, and may play a crucial role in β-fibroblast-growth-

factor-induced angiogenic sprouting of blood vessels. It complexes with vascular-endothelial 

growth-factor-receptor-2 (VEGFR2) and modulates VEGF signalling (Kigel et al., 2011).  

Both participate in axonal repulsion; necessary to guide nerve growth (Suto et al., 2003, Suto 

et al., 2005). 

Semaphorins are known for their role as repulsive axon guidance factors (Kolodkin et al., 

1993) regulators of angiogenesis (Tamagnone, 2012), of immune response (Kumanogoh and 

Kikutani, 2013) and of tumour progression (Sakurai et al., 2012). All class 3-secreted 

semaphorins bind to one of two neuropilin receptors (NRP1 & 2) except for Semaphorin-3E 

(Gu et al., 2005). Neuropilins contain short intracellular domains, limiting signal transduction 

ability, but they associate with members of the class-A plexin receptor subfamily, to 

transduce class-3 semaphorin signals. These plexins also function as binding receptors or 

signal transduction receptors for other membrane-anchored members of the class 4, 5 and 6 

semaphorin subfamilies (Gu and Giraudo, 2013), which do not require NRP for receptor 

binding. Plexins have weak sequence similarity to GTPase-activating proteins and therefore 

also activate the small GTPase R-Ras (Oinuma et al., 2004). 

The relative excess in plexin A2 and A4 in patients with events suggests that there was 

increased neuronal/axonal remodelling in this group, alluding to a potential mechanism of 

symptom development. Alternatively, plexin A4’s ability to modulate VEGF activity may be 

relevant in progression from compensated hypertrophy to HF (Kigel et al., 2011, Oka et al., 

2014).  



Student No. 149055344 

144 

 

3.5.3 Group2: Negative Regulation of Smooth Muscle Cell Proliferation 

ERCC2, ILK, APOD 

ERCC2 refers to excision repair cross-complementation group 2 protein. It is also known as 

xeroderma pigmentosum D protein (XPD), and is a protein involved in transcription-coupled 

nucleotide excision repair. Gene defects in this gene have been associated with the cancer-

prone xeroderma pigmentosum complementation group D, photosensitive 

trichothiodystrophy and Cockayne syndrome. (Entrez Gene ID: 2068, updated 3 Dec 2017). 

This protein participates in nucleotide excision repair and is employed in unwinding the DNA 

double helix after damage is initially recognized. The types of damages repaired are bulky 

chemical adducts, UV-induced pyrimidine dimers and oxidative damage(Andressoo et al., 

2006). 

ILK refers to integrin-linked protein kinase which regulates integrin-mediated signal 

transduction (Hannigan et al., 1996, Delcommenne et al., 1998) and may act as a mediator of 

integrin signalling. It has been associated with several cellular functions including migration, 

proliferation and adhesion. In animals, ILKs have been linked to the pinch-parvin complex 

(IPP complex) which controls muscle development. ILK in mammals may lack catalytic 

activity (doesn't function as a kinase) but supports scaffolding protein functions in focal 

adhesions. The IPP complex couples integrins to the actin cytoskeleton (Legate et al., 2006).  

It also phosphorylates integrin cytoplasmic domains and downstream signaling proteins, 

regulating integrin-mediated events. Zebrafish studies suggest that integrin-linked kinase has 

a stretch-sensing function in cardiomyocytes (Bendig et al., 2006). The ability of ILK to 

induce bidirectional integrin signalling infers the possibility that ILK regulates the hearts 

response to mechanical stress. Mutations in ilk have been associated with dilated 

cardiomyopathy (DCM) showing defects in endothelial cells and cardiomyocytes in models 
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(Knoll et al., 2007). Mice with targeted Ilk-deletion in heart muscle developed spontaneous 

HF with DCM and fibrosis. There was also associated reduction of phosphorylation of focal 

adhesion kinase (FAK) and protein kinase B (Akt)(White et al., 2006), associated participants 

in ILK’s downstream signalling. Whilst deletion of Fak, Akt1, Pinch1 and β1-integrin all do 

not result in the same phenotype as Ilk deletion; DCM ensues in the former, after 

biomechanical stress such as aortic constriction.  

In a model of cardiac specific Ilk-KO, deep sequence analysis of gene expression identified 

osteopontin as the single most upregulated transcript (47 fold different)(Dai et al., 2014), 

which has in other studies been implicated in development and progression of HF(Behnes et 

al., 2013), and shown to play a key role in development in pressure-overload HF, with 

potential therapeutic implications(Li et al., 2017). Furthermore, ILK was found to be elevated 

in human cardiac hypertrophy (Lu et al., 2006) and also induced cardiac hypertrophy in 

transgenic mice. 

In AS patients, ILK was higher in abundance in patients with events. This could represent 

increased compensatory increase in integrin-crosslinking, reflecting excessive biomechanical 

stress, as a survival mechanism to prevent lethal HF. Downstream signalling may then 

increase expression of atrial natriuretic factor and VEGF, augmenting cardiac force by 

increasing the heart's calcium transients (Bendig et al., 2006).  

3.5.3.1 Apolipoprotein D (APOD) 

APOD is a 29kDa protein belonging to the lipocalin superfamily of glycoproteins (Rassart et 

al., 2000), predominantly associated with high density lipoprotein (HDL), which has been 

implicated in governing stress response (Pascua-Maestro et al., 2017), lipid metabolism 

(Perdomo et al., 2010) and aging (Muffat and Walker, 2010). 
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In adult blood vessels, APOD is expressed at high levels in atherosclerotic lesions(Sarjeant et 

al., 2003), inhibiting platelet derived growth factor–BB (PDGF-BB)-induced smooth muscle 

cell proliferation through inhibition of extracellular signal-regulated kinase 1/2 (ERK1/2). 

Both PDGF-BB and APOD were shown to work together to mediate vascular smooth muscle 

cell (VSMC) migration (Leung et al., 2004). When endothelial cells were co-cultured with 

VSMC’s and fibroblasts, APOD expression decreased in the VSMCs and fibroblasts, causing 

an increase in cell adhesion and focal contacts, without affecting stress fiber formation 

(Pajaniappan et al., 2011) involving NOTCH3 signalling. Taken together, APOD inhibits 

VSMC proliferation, and endothelial cells modify the signalling, resulting in improved 

binding of VSMCs to the vascular basement membrane. 

APOD expression is thought to be beneficial for cell survival in neuronal cells (Muffat and 

Walker, 2010, Ganfornina et al., 2008), and has been found to extend lifespan and improve 

stress resistance in Drosophila (Muffat et al., 2008). The mechanism for this may be through 

preservation of lysosomal functional integrity (Pascua-Maestro et al., 2017). In addition, 

APOD has been reported to be protective in a mouse model of ischaemia/reperfusion with 

coronary ligation, with reduced infarct size. In contrast a deficiency of APOD was associated 

with increased infarct size (Tsukamoto et al., 2013), a finding that the authors concluded was 

likely to be due to its anti-oxidant properties. 

APOD variants have been associated with the incidence of obesity and hyperinsulinemia and 

type II diabetes mellitus, with mutations linked to elevated plasma triglycerides and reduced 

HDL-cholesterol levels (Vijayaraghavan et al., 1994, Baker et al., 1994, Desai et al., 2002). 

In mice with altered lipid metabolism, APOD increased triglyceride catabolism through 

lipoprotein lipase, leading to reduced plasma triglyceride levels (Perdomo et al., 2010). 
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Literature is limited on APOD in HF, but protein levels and mRNA expression levels of 

APOD have been found elevated in patients with HF (Wei et al., 2008). Its association with 

HF makes APOD an attractive biomarker to be studied further in AS, because the myocardial 

response to pressure overload is thought to be the primary reason for the variability in rate of 

progression from asymptomatic to symptomatic AS, as well as the variability in prognosis, as 

reviewed in Chapter 1. Metabolic perturbations in myocardial energetics have been well 

described, highlighted by depressed fatty-acid oxidation (FAO) and increased reliance on 

glucose utilization as hallmarks of a failing myocardium (Wende et al., 2017). Indeed, an 

increase in APOD which may increase triglyceride catabolism through lipoprotein lipase 

activity, would increase the substrate availability for FAO, but may not remedy the situation 

due to the inherent repressed capacity for utilising increased fatty acids. 

3.5.4 Group3: Complement and coagulation cascade/ Innate Immune response 

3.5.4.1 Mannan-binding-lectin serine proteases 1 & 2 (MASP 1 & 2) 

The complement system is a complementary immune pathway best known for its functions in 

identifying and assisting the immune system in the event of a bacterial or foreign organism 

invasion. It comprises three pathways, the classical, the alternative and the lectin pathway. 

The classical pathway involves an antigen-antibody reaction that initiates a cascade of 

complement activation, leading to formation of a membrane attack complex (MAC). 

Byproducts of this pathway's activation are C5a, C3a and C2b. 

The alternative pathway is activated by bacterial lipopolysaccharide, cobra venom factor and 

yeast cell walls. Circulating C3 undergoes spontaneous hydrolysis to form C3b in the 

presence of these factors. C3b activates factor B, exposing its active site to be 

activated/cleaved by factor D, producing FBa and FBb. FBb binds C3b forming C3bBb 
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which is a C3 convertase. Subsequent effects are similar to the classical pathway with the 

final common pathway. 

The lectin pathway is activated by recognition of mannose and glucose binding sites on 

foreign-bodies like Neisseria species. These sites are recognized by a mannan-binding lectin 

(MBL) protein, which are associated with mannan-binding-lectin serine proteases (MASP). 

Specifically, upon binding to the receptors of the pattern recognition motifs of MBL, MASP1 

auto-activates, allowing activation of C2 to C2a and 2b. MASP1's auto activation activates 

MASP2, a requisite process for further downstream activation of the lectin system (Heja et 

al., 2012). MASP2 cleaves C4 to become C4a and C4b, as well as co-activating C2. Binding 

of C2a and 4b forms a C2a4b complex which is a C3 convertase, and further downstream 

effects share the final common pathway as the alternative and classical pathways. In addition 

to activating MASP2, MASP1 also drives alternative pathway activation by converting factor 

D and factor B to their active forms, facilitating formation for C3 convertase (Takahashi et 

al., 2010). 

These three pathways allow amplification of the immune response to foreign invasion. 

Neither the lectin nor alternative pathways require adaptive immune responses, because their 

pattern recognition sites are genome-encoded and are therefore more 'innate' than the 

classical pathway. Products of complement system activation are the MAC, which cause cell 

lysis in the area that the complement system is activated. Additionally, C3b activate 

neutrophils, macrophages and monocytes to induce phagocytosis. C5a facilitates chemotaxis 

and C3a, 4a and 5a all activate mast cells resulting in histamine and serotonin release, which 

potentiate natural defence mechanisms. C2b also increases vascular permeability. 

In addition to being important in infection, the lectin-pathway is also activated in ischaemia-

reperfusion injury. MASP2 deficient mice had significantly reduced neurological deficits and 
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histopathological damage after transient ischaemia and reperfusion, compared to wild-type 

mice, but MASP1 deficient mice were not protected. Factor B-deficient mice were also 

protected against neurological damage in this context (Orsini et al., 2016). MASP2 deficient 

mice also demonstrated reduced C3 deposition on at-risk tissue, reflecting reduced 

complement system activation. 

In the PRIMID-AS cohort, MASPs 1 and 2 were lower in patients with events. This could 

simply reflect increased peripheral consumption, because they need to localise to their site of 

action.  

3.5.4.2 Factor 13B (F13B)  

Factor 13 is a transglutaminase tetramer composed of two active/catalytic subunits, factor 

F13A, and two inactive/inhibitory subunits, F13B. The ‘a’ subunit is synthesized in bone 

marrow, but the ‘b’ subunit is synthesized in the liver and therefore, the tetramer formation 

must occur in the circulation where they circulate complexed with fibrinogen. The ‘b’ subunit 

is a glycoprotein consisting of 10 sushi domains. The complexing of the ‘b’ and ‘a’ subunits 

is necessary to prevent the ‘a’ unit from being slowly spontaneously activated(Mary et al., 

1988). The ‘b’ subunit protects the ‘a’ subunit from proteolysis and prolongs its half-life. 

Factor 13, and approximately 50% of the F13B in circulation was unbound and available for 

binding (Yorifuji et al., 1988). Although it was unclear why the ‘b’ subunit was in excess in 

the circulation, it was possible that the excess ‘b’ was necessary to reduce the risk of any ‘a’ 

subunits spontaneously activating. On the other hand, 99% of circulating factor 13A is 

complexed as a tetramer with only 1% present as homodimers. 

Single nucleotide polymorphisms associated with lower F13B levels increased the risk of 

embolic strokes (Hanscombe et al., 2015). Conversely, some other F13B polymorphisms 
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(also associated with reduced factor 13 levels) were associated with reduced risk of coronary 

artery disease and history of myocardial infarction (Mezei et al., 2015). 

Along with other coagulation proteins and their inhibitors, factor 13 is increased in AS valves 

predominantly in macrophages and myofibroblasts around calcified areas. Associated 

impairment of fibrinolysis was associated with increased severity of the valve disease 

(Natorska and Undas, 2015). Factor 13 predominantly co-localised with alternative-pathway 

activated macrophages, and plasma factor 13 activity was found to be positively correlated to 

valvular fibrin production, macrophagic infiltration of the AV and valve gradient (Kapusta et 

al., 2012). In disseminated intravascular coagulation, F13B levels were lower by ~37% 

relative to normal pooled controls (Sugimura et al., 1996). This difference was similar, but 

less profound than the lower levels seen with F13A levels, which was ~44% lower. 

In PRIMID-AS patients with no events had higher F13B levels. One possible explanation is 

that continuous activation of the coagulation system (peripheral consumption) in more 

advanced AS leads to lowered measurable levels of F13B, although the magnitude of change 

is probably much smaller if compared to disseminated intravascular coagulation. Persistent 

coagulation may lead to higher subclinical thromboembolic events and account for the 

presyncopal episodes that AS patients describe. 

MASP1 and MASP2 also activate the coagulation system. Ex-vivo, MASP1 activates 

fibrinogen to fibrin by converting prothrombin to thrombin, activating factor 13 to factor 13A 

and thrombin activatable fibrinolysis inhibitor (TAFI) leading to cross-linked fibrin (more 

stable) (Hess et al., 2012). Additionally, MASP2 has also been shown to participate in the 

coagulation cascade in vitro. Both MASP1 and 2 are thought to be activated by platelets and 

fibrin formation (Kozarcanin et al., 2016), and both lead to further fibrin formation. Likewise, 

both MASP1 and MASP2 are lower in patients with events. 
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One might therefore hypothesize that in patients with events, with lower MASP1, MASP2 

and F13B, there was excessive coagulation and complement system activation with 

consumption in circulating factors (Figure 3-19). 
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Figure 3-19: Hypothetical interaction between MASPs, Factor 13 and protein S; TAFI: thrombin activatable fibrinolysis inhibitor; MAC: membrane attack complex 
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3.5.4.3 Tetranectin (gene: CLEC3B, protein: TETN) 

Tetranectin is a C-type lectin plasma protein occuring in the mammalian musculoskeletal 

system (Xu et al., 2001), a good marker for muscle fibre damage resulting from eccentric 

exercise (Kalhovde et al, unpublished data but referenced in (Wernbom et al., 2012)). 

Eccentric exercise resulted in increased tetranectin staining of muscle fibres involved in the 

exercise, which the authors speculated was due to increased sacrolemmal permeability to 

tetranectin. Its presence in muscle damage was not coincidental; it appeared to participate in 

wound repair. Mice lacking tetranectin (Clec3b KO mice) demonstrated delayed wound 

healing, taking 50% longer to demonstrate complete re-epithelialization (Iba et al., 2009) and 

demonstrating delayed fracture healing in bone (Iba et al., 2013). Its role in wound repair is 

unclear, although its ability to activate plasminogen by a tissue type plasminogen activator is 

thought to be important. Tetranectin is closely associated with myogenesis during embryonic 

development, and skeletal muscle regeneration. Although developing muscles during 

gestation demonstrate intense tetranectin staining at myotendinous and myofascial junctions, 

this staining is absent in stable adult muscle. However, after exposure to an insult or toxic 

damage, myoblasts, myotubes and the stumps of damaged myofibers exhibited intense 

tetranectin staining (Wewer et al., 1998). In stable coronary artery disease, serum tetranectin 

was found to be significantly lower, compared to healthy controls (Chen et al., 2015). In 

colorectal cancer, higher tetranectin levels were found to be associated with better prognosis 

(Hogdall et al., 2002). Interestingly, urokinase plasminogen activator (uPA) was also linked, 

with higher levels of uPA associated with poorer prognosis. Recently, soluble urokinase 

plasminogen activator receptor (suPAR) was associated with ischaemic cardiovascular events 

in asymptomatic AS, although the association was less strong for AV-related events (Hodges 

et al., 2016). 
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Figure 3-20: Schematic showing relationship between tetranectin, plasminogen, fibrin and their modulators: uPAR: 

urokinase plasminogen activator receptor, SerpinE1/PAI-1: plasminogen activator inhibitor-1 

Elevated tetranectin levels in AS patients with events may reflect the remodelling process. If 

suPAR is associated with AV-related events in AS then the net effect of increased suPAR 

would be increased fibrinolysis/remodelling. This would be congruent with the increased 

tetranectin levels we have seen in the PRIMID-AS cohort with events. 

3.5.4.4 Alpha-1-Antitrypsin (gene - SERPINA1, protein -A1AT) 

Alpha-1-antitrypsin is a ubiquitous enzyme present in high abundance in plasma. Its link to 

disease is best seen in deficient individuals, as a cause for accelerated lung disease 

(Lieberman, 1976), especially in the presence of smoking. These individuals also are at risk 

of early hepatic cirrhosis (Teckman and Lindblad, 2006). A1AT is well known as an enzyme 

that neutralises the effects of proteolytic enzymes and is seen as a regulator of excessive and 

potentially harmful proteolytic activity (Lieberman, 1976). Specifically, in A1AT deficiency, 

individuals have increased neutrophil elastase activity participating in alveolar remodelling in 

the presence of toxic stimuli. Unchecked in deficient individuals, this is associated with early 
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lung fibrosis and bronchiectasis with destruction of lung architecture. A1AT is also an acute 

phase reactant with a four-fold increase in plasma abundances in the presence of sepsis or 

myocardial infarction probably because high levels are required to neutralise proteolytic 

enzymes (by covalent binding) in healing and remodelling (de Serres and Blanco, 2014). 

Its links to heart disease are less obvious. Individuals with severe A1AT-deficiency had a 

lower risk of death from ischaemic heart disease, but with a higher risk of death from 

respiratory disease, hepatic disease, diverticulitis and pulmonary embolism, compared to the 

age and sex matched Swedish population (Tanash et al., 2016).  

Mice subjected to short-term aortocaval shunt-induced volume overload developed eccentric 

hypertrophy with preserved ejection fraction. Proteomic studies on their ventricular tissues 

revealed a lower levels of A1AT, which authors suggested was associated with higher elastin 

degradation and contributing to early dilatation (Mohamed et al., 2016). There are no 

previous studies to date investigating A1AT in a pressure overload model. 

A1AT was found to be upregulated in stenotic AVs, a hot bed of inflammatory activity, when 

compared to controls, reiterating its ubiquity in inflammation (Martin-Rojas et al., 2012). 

In PRIMID-AS, patients who had events had higher circulating levels of A1AT. This may 

indicate increased inflammatory activity in these patients. Alternatively, patients without 

events may have had lower circulating levels of A1AT reflecting higher elastin degradation 

earlier in the adaptive remodelling process. 

3.5.4.5 Apolipoprotein L1 (APOL1) 

Apolipoprotein L1 was not significantly different between Events and NoEvents in PRIMID-

AS (p=0.06, only 4% difference). However, the trend was to being higher in those without 

events. Similar to MASPs 1&2, B2GP1, Clusterin and Protein S, it participates in innate 
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immunity. It form pores on lysosomal membranes of trypanosomes causing influx of 

chloride, swelling of lysosome and lysis of the trypanosome (Perez-Morga et al., 2005). 

There is an association with kidney disease if there is a variant form of APOL1, but with 

resistance against trypanosomes (Cuypers et al., 2016). This variant form is associated with 

increased risk of focal segmental glomerular sclerosis (FSGS) and hypertensive end-stage 

kidney disease. There is otherwise little known about its intracellular function. Recombinant 

APOL1 conferred chloride and potassium permeability (Bruno et al., 2017). APOL1 was 

considered a potential target due to similarities in function as MASPs, clusterin and protein S. 

3.5.5 Group4a: Lipid Metabolism and Transport + Glucose Metabolism 

3.5.5.1 APOC3/APOC2/PHLD axis 

The myocardium derives between 60-70% of its energy from oxidation of long-chain free 

fatty acids, and the balance from glycolysis or glycogenolysis (van der Vusse et al., 1992, 

Bing et al., 1954). Although more energy dense than glucose, fatty acid oxidation (FAO) 

requires more oxygen, and is therefore less flexible. Increased energy requirements when 

oxygen supply is limited results in preferential glucose metabolism. This is seen in cardiac 

hypertrophy, with the shift being proportional to the extent of hypertrophy (Neglia et al., 

2007, Otsuka et al., 2002, de las Fuentes et al., 2003). Circulating triglycerides, transported 

by VLDLs are converted to free fatty acids (FFAs) by lipoprotein lipase (LPL) bound to 

cardiomyocytes and endothelial cells. In the presence of excessive FFA and glucose, 

luminal/endothelial LPLs are auto-inhibited to avoid lipid overload. 

In hypertrophic hearts of patients undergoing AVR (Heather et al., 2011), fatty acid 

translocase (FAT) or CD36, the predominant fatty acid transporter across the cell membrane, 

was found to inversely correlate with levels of glucose transporters, GLUT1 and GLUT4. 

FAT was found to be lower in hypertrophic cardiac cells (from biopsies), compared to 



Student No. 149055344 

157 

 

control, and with associated decreases in the plasma levels of fatty acid binding proteins. 

Conversely, GLUT4 was associated with increasing LV mass. Increasing fatty acid utilisation 

is however, beneficial at early stages of pressure overload (Sung et al., 2017).  

APOC3 is a well-known inhibitor of LPL, resulting in increased plasma triglyceride levels. 

APOC2 is a co-factor of LPL, which facilitates its activity (Jong et al., 1999).  APOC3 and 

APOC2 are both produced predominantly in the liver and bound to both LDLs and HDLs in 

the circulation, where they can act on their receptors. Their primary receptors, LPLs, are 

found in intestinal cells and on peripheral sites, tasked with the transport of lipids from the 

intestinal lumen, into the circulation, then into peripheral tissues for storage (adipose tissue) 

or catabolism (e.g. cardiomyocytes). Cd36-null mice were found to have increased APOC3 

levels, a finding that correlated with plasma levels of triacylglycerol (Drover et al., 2005). 

APOC2 was also affected similarly, although the difference was not significant (between WT 

and Cd36-null mice). 

Increasing mitochondrial FAO was associated with up-regulation of the LPL and VLDL 

receptor, but with concomitant down-regulation of APOC3 (Lindquist et al., 2017). Authors 

concluded that the resultant observed plasma triglyceride clearance seen was likely to be due 

to the associated APOC3 downregulation.  

One could extrapolate that the lower APOC3 seen in patients in AS with events reflected 

increased mitochondrial FAO. There would be an associated increase in LPL activity and 

lower plasma triglyceride levels.  

APOC3-dependent inhibition of LPL is potentiated if LPL is bound to 

glycosylphosphatidylinositol-anchored high density lipoprotein–binding protein (GPIHBP1), 

which is the predominant form of LPL (Larsson et al., 2017). This anchor allows APOC3 to 

act mainly on surfaces on which LPL is bound, whilst being less active on free-LPL. This 
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anchor can be hydrolysed by glycosylphosphatidylinositol-specific phospholipase D1 (gene: 

GPLD1, protein: PHLD), releasing LPL from the cell surfaces. More recently GPIHBP1 has 

been found to be requisite for trans-endothelial cell LPL transport, to replace LPL on 

endothelial surfaces that may have been loss into the circulation (Fong et al., 2016). Whether 

the reduction in PHLD in patients with events reflects a reduction in LPL release into the 

circulation, or a reduction in GPI-anchored LPL being marginalised into the plasma 

endothelium, is unclear. 

APOC3, APOC2 and GPLD1 likely reflect maladaptive energy states in pressure overload 

(Figure 3-21). APOD is also upregulated in those with events, and is inversely correlated with 

APOC3 and APOC2. This is due to its opposing effect on LPL. Overall, lower APOC3 and 

APOC2 levels but higher APOD levels in patients with events probably reflect increased 

mitochondrial FAO to preserve myocardial energetics (Abdurrachim et al., 2015). 

 
Figure 3-21: Hypothetical schematic showing probable relationship between APOC3, GPLD1, APOD, Lipoprotein 

Lipase and fatty acid oxidation in the cardiomyocyte 

3.5.5.2 Histone acetyltransferase (KAT2A) 

Histone acetyltransferases (HATs) acetylate conserved lysine residues on histone proteins by 

transferring an acetyl group from acetyl-CoA to form e-N-acetyl-lysine (Roth et al., 2001). In 
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this way, genes bound to the histone proteins can be turned on or off (i.e. it is a transcription 

regulator). Generally, histone acetylation increases gene expression (as opposed to down-

regulation). In addition, HATs also acetylate non-histone proteins, such as nuclear receptors 

and other transcription factors to facilitate gene expression. 

HAT's subcellular localization classifies them. Type-A HATs are located in the nucleus and 

are involved in the regulation of gene expression through acetylation of nucleosomal histones 

in the context of chromatin. KAT2A is also known as GCN5. These HATs require co-

activators to function to increase transcription. Their increased levels in PRIMD-AS patients 

with events suggest that there was increased remodelling/turnover/protein expression in these 

patients, compared to those without events. 

3.5.5.3 RAC-alpha serine/threonine-protein kinase (AKT1) 

AKT1 is one of three highly homologous serine/threonine kinases known collectively as 

protein kinase B or Akt (PKB/Akt) (Nicholson and Anderson, 2002).  The two other 

members are AKT2 and AKT3 respectively. PKB/Akt is activated in cells exposed to 

multiple stimuli including hormones, growth factors and extracellular matrix components. 

The activation occurs downstream of phosphoinositide 3-kinase, then results in the 

translocation of PKB/Akt to the plasma membrane, where it is phosphorylated and activated 

by other kinases. PKB/Akt regulates many of the proteins involved in cellular survival and 

senescence. AKT1 can inhibit apoptosis by phosphorylating and inactivating the apoptotic 

machinery. AKT1 signalling is necessary for normal growth, with AKT1- knockout mice 

exhibiting 20% lower body and organ sizes compared to their wild-type littermates 

throughout their lifespan (Cho et al., 2001). 

Although the adult heart largely does not regenerate, minute amounts of pluripotent cardiac 

stem cells remain, allowing a low-level of cellular turnover. Whilst physiological ventricular 
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hypertrophy occurs in response to exercise, pathological hypertrophy occurs due to pressure 

overload. In Akt1-knockout mice, AKT1 was demonstrated to be necessary for physiological 

cardiac hypertrophy, and regulating pathological cardiac hypertrophy (DeBosch et al., 2006). 

Compared to wild-type mice, these Akt1-KO mice lacked a cardiac hypertrophic response 

both to exercise and insulin-like growth factor stimulation. However, Akt1-KO mice 

demonstrated an exaggerated hypertrophic response to endothelin-1 and transverse aortic 

constriction, which corrected when wild-type Akt1 was introduced by adenoviral 

transduction. AKT1 levels may therefore reflect the myocardium’s counter-regulatory 

hypertrophic response to pressure overload. 

In PRIMID-AS, AKT1 was found to be higher in patients without events which may reflect 

the protective effect of AKT1 in these individuals. AKT1 could be higher initially, in the 

early stages of pressure-overload, by participating in hypertrophy induction to compensate for 

the increased myocardial wall stress.  Chronic pressure overload may then lead to AKT1 

levels falling as cardiomyocytes die and replacement fibrosis sets in.  

3.5.5.4 Thrombospondin 1 and 2 (gene: THBS1, THBS2; protein: TSP1, TSP2) 

The extracellular matrix (ECM) is a complex meshwork of structural proteins (e.g. collagen 1 

& 3), proteoglycans, glucosaminoglycans and a basement membrane. This meshwork 

maintains tissue structure and strength. Matricellular proteins are non-structural proteins 

present in low abundances within normal ECM, but are expressed at increased levels 

following tissue injury or when undergoing pathological change. 

Thrombospondin 1 (TSP1) was first discovered in ECM. It was also demonstrated to be a 

major component of α-granules in platelets, released upon platelet activation (Baenziger et 

al., 1971). TSP1 is calcium-binding multifunctional protein which regulates cellular adhesion 
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and migration, cellular proliferation, apoptosis and cytoskeletal organisation (Chen et al., 

2000, Jiménez et al., 2000). 

TSP1 has multiple domains which can interact with an array of specific cellular receptors 

(Figure 3-22) (Krishna and Golledge, 2013). As such this may result in conflicting and 

opposing effects of TSP1 in various cells types. TSP1 is a ligand for CD36, proteoglycans, 

several integrins and CD47/integrin-associated protein. The N-terminal has a heparin-binding 

domain which binds heparin sulphate proteoglycans, whilst in the thrombospondin-sequence-

repeat-1 (TSR-1) domain, which contains the sequence CSVTCG binds CD36. The RGD 

sequence in TSR-3 binds a variety of integrin-B receptors, and the C-terminal cell-binding 

domain binds CD47. TSP-1 also interacts with fibronectin, fibrinogen and other components 

of the fibrinolytic system such as plasminogen, urokinase and its inhibitor plasminogen 

activator inhibitor (PAI-1) as well as to cathepsin G and elastase. 

 
Figure 3-22: Schematic indicating large number of binding sites for Thrombospondin 1 giving it a multitude of 

potential functions (source: (Krishna and Golledge, 2013)) 

It is not surprising that many downstream effects have been attributed to TSP1 signalling, 

given the array of TSP1's targets. Some effects are somewhat contradictory with each other 

(e.g. parts of TSP1 promote angiogenesis, whilst others inhibit it). 

TSP1’s TSR1 region is its signature section, which interacts with CD36 on cell membranes. 

As well as being a fatty acid translocase as described before, this receptor is also a scavenger 

molecule, whose interaction with TSP1 is responsible for most of the anti-angiogenic and 

inflammatory effects (Dawson et al., 1997, Yamauchi et al., 2002). The C-terminal G domain 

which is involved in platelet aggregation, also enables adhesion of endothelial cells through 
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the CD36 receptor (Bonnefoy et al., 2008). Interaction with CD47, a component of the 3-

integrin complex expressed on T-cells and polymorphs, gives TSP1 a role in immune 

tolerance (Grimbert et al., 2006).  Its binding to CD47 inhibits IL-2 release, which may help 

regulate the immune system in infection (Avice et al., 2000). 

In addition, part of the TSP1 TSR1 region activates latent transforming growth factor-beta 

(TGF-b). Binding of TSP1 to the latency-associated peptide which is initially bound to 

mature TGF-b as a small latency complex releases the TGF-b, allowing it in turn to activate 

its own ligands which then has downstream effects(Jones et al., 2009). In the vasculature, it is 

protective, being anti-atherogenic and a plaque-stabilizing factor(Moura et al., 2007). In 

pressure-overloaded hearts, it promotes matrix preservation and prevents ventricular 

dilatation, by regulating fibroblast phenotype (Xia et al., 2011). TSP1 is markedly 

upregulated in the interstitial space following transverse aortic constriction. In Thbs1-

disrupted mice, the pressure-overloaded heart demonstrated excessive infiltration of 

dysfunctional fibroblasts (ie. did not deposit collagen) and failed to differentiate appropriately 

into myofibroblasts. In addition, there was associated defective TGF-b/SMAD2 signalling, 

and increased MMP 3 and 9 activity. Thbs1 disrupted mice had more extensive sarcomeric 

loss and sarcolemmal disruption, earlier hypertrophy and more severe late dilatation in 

response to pressure-overload. TSP1 deposition is therefore integral to the reparative process 

that ensues in pressure overload, although not all its effects on fibroblasts and fibroblast 

protein expression is TGF-b dependent (Sweetwyne et al., 2010, Motegi et al., 2008). 

Increased TSP2 production is not only highly expressed in hypertensive hearts (Kimura et al., 

2016) but also is a risk-factor for developing HF (Schroen et al., 2004). In renin-

overexpressing rats, Thbs2 was only overexpressed (in cardiac biopsy specimens) in rats that 

went on to develop HF. In humans, TSP2 was increased in human hypertrophied hearts with 
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decreased ejection fraction. Thbs2-KO rats were more likely to have fatal cardiac rupture 

with angiotensin II, with HF in the surviving mice but not the wild type. Angiotensin II also 

increased MMP2 and MMP9 activity more in these mice compared to wild-type mice, 

alluding to the protective role of TSP2 in hypertrophied hearts.  

Both TSP1 and 2 are anti-inflammatory (Kirk and Cingolani, 2016). TSP1's effect is direct 

via the anti-inflammatory effect of TGF-b. In wound healing, TSP2 seems to peak later in 

repair process compared to TSP1 (Agah et al., 2002), so must modulate different aspects of 

inflammatory response, but both Thbs1 and Thbs2-knockout mice took twice as long to 

reduce oxazolone-induced inflammation (Lamy et al., 2007). 

In PRIMID-AS, TSP1 and TSP2 were higher in patients with events which is in keeping with 

their protective role in pressure overload. 

3.5.5.5 Beta-2-glycoprotein 1 (APOH) 

Beta-2-glycoprotein, best known in the literature as the antigen to which anti-cardiolipin 

antibodies form in anti-phospholipid syndrome (APS), does not have any other role in heart 

disease to date. 

Its physiological function has not been convincingly elucidated. APOH is both evolutionarily 

conserved and abundant in human circulation(de Groot and Meijers, 2011). It scavenges 

lipopolysaccharide (LPS), suggesting that it is important in host defence against bacteria. It 

also has an affinity to anionic phospholipids, which is a 1000-fold stronger when it has 

formed a homodimer(Willems et al., 1996). It is also involved in the clearance of 

microparticles, as well as removing protein and cellular waste. In rats, there is evidence that 

APOH facilitates triglyceride metabolism (Wurm et al., 1982) (potentially through 

potentiation of LPL activity(Nakaya et al., 1980)). In addition, APOH binds to oxidized LDL 
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(oxLDL), inhibiting the uptake of oxLDL into macrophages (Hasunuma et al., 1997), a step 

implicated in atherogenesis. Lipoprotein(a), another well-known atherogenic factor, has also 

been shown to complex with APOH (Kochl et al., 1997), and complexed APOH-LP(a) was 

associated with increased severity and outcome in ischaemic stroke, as well as coronary 

artery disease(Wang et al., 2012). In these circumstances, APOH binding to oxLDL or LP(a) 

was likely to mitigate oxLDL’s harmful effects, instead of potentiating it, because the 

presence of APOH actually downregulated CD36, IL1b and IL-6, in macrophages, having an 

anti-atherogenic effect(Wang et al., 2016). 

Another physiological function of APOH is likely to be in innate immunity. In response to 

injury, exposure of neoepitopes occur. This is seen in experimental ischaemia-reperfusion 

injury (Zhang et al., 2016b). Neoepitope exposure induced a response triggered by natural 

antibodies (natural IgM) recognizing the foreign markers and activating the complement 

system. Phosphatidylserine is also exposed during endothelial injury. APOH undergoes 

conformational change when activated. Its domain 5 binds exposed phosphatidyl serine, 

leaving its domain 1 free to bind antibodies. A physiological example of this process is LPS 

from Streptococcus pyogenes binding to APOH’s domain V(Agar et al., 2011). Domain 1 

then presents an antibody-binding region to facilitate phagocytosis of the whole structure. 

Recombinant domain 5 was able to prevent ischaemia-reperfusion injury, by preventing 

endogenous APOH from binding to neoepitopes and mediating IgM activity. 

In PRIMID-AS, APOH is lower in patients with events, which may reflect excess tissue 

injury in these patients. It also infers that lower circulating APOH levels reflect increased 

inflammation/immune activation. 
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3.5.5.6 Clusterin (CLU) 

Clusterin localises to different subcellular compartments. There are 3 isoforms of 

significance. There is a nuclear isoform, cytosolic isoform and a secreted isoform(Koltai, 

2014). Whilst the nuclear isoform promotes apoptosis, secreted and cytosolic isoforms 

(produced during cellular stress) are anti-apoptotic (Koltai, 2014, Sansanwal et al., 2015). 

Clusterin chaperones golgi proteins, facilitating the folding of secreted proteins in an ATP-

independent way (Lin et al., 2014). It is ubiquitous, and participates in several processes 

including lipid transport, membrane recycling, cell adhesion, apoptosis and complement-

mediated cell lysis. Overproduction of the secretory clusterin protects cells from cellular 

stress-induced apoptosis e.g. chemotherapy, radiotherapy and androgen/estrogen depletion 

(Koltai, 2014).  

Cardiac cells treated with clusterin reversed the increased apoptotic signalling seen when 

challenged with hydrogen peroxide (Jun et al., 2011), a protection that appears to be mediated 

through the triggering of AKT (see section 3.5.5.3) and glycogen-synthase kinase 3-beta 

(GSK3b). AKT phosphorylates GSK3b inhibiting its kinase activity, preventing the opening 

of mitochondrial permeability transition pore (mPTP) (Juhaszova et al., 2009). This prevents 

the release of cytochrome-C from mitochondria, blocking a cascade of events leading to 

apoptosis.  However, GSK-3b can be phosphorylated on its tyrosine residue by an 

incompletely known mechanism, activating its kinase activity. This form of GSK-3b then 

activates BAX protein (proapoptotic) which promotes the degradation of antiapoptotic 

proteins, such as BCL-2 (Beurel and Jope, 2006). In neonate rat ventricular cells, clusterin 

prevented angiotensin-II induced apoptosis (Ma et al., 2015). Angiotensin-II activation of the 

AT1-receptor-phosphorylated p38-MAPK and PI3K/AKT pathyway activates nuclear factor 

kappa-B (NFkB) and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, 
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leading to apoptosis. In clusterin overexpression, activation of PI3K/AKT and p38 MAPK 

was inhibited, leading to reduction in NFkB, NADPH oxidase and Akt activation, preventing 

apoptosis.  

Clusterin levels were higher in patients with recovered heart function after heart 

transplantation, compared to those who did not recover, suggesting that higher clusterin 

levels, which may have reflected increased anti-apoptotic signalling, was one of the markers 

of cardiac recovery (Hollander et al., 2014). 

Clusterin also inhibits the complement system. In myocardial infarction, clusterin deposited 

around areas of infarction, co-localizing with components of the MAC (Vakeva et al., 1993), 

and was thought to prevent this complex from causing membrane lysis, although the 

protection could also be complement independent (Krijnen et al., 2005).  

In PRIMID-AS, clusterin was higher in patients with no-events. This suggests that clusterin 

has a protective (potentially due to its antiapoptotic function) role in these patients. 

3.5.6 Group 4b: Ion Transport, Oxidative Stress, Inflammation 

3.5.6.1 H/CL exchange transporter 3 - CLCN3 

Myocardial ischaemia is usually accompanied by shortening or progressively prolonged QT 

intervals and action potential duration (APD), which may cause arrhythmias and sudden 

cardiac death (Antzelevitch, 2007, Anumonwo and Pandit, 2015). Inhibition of repolarizing 

outward potassium (K+) currents due to hypoxia, oxidative stress and metabolic blockade in 

conditions of ischaemia are a major mechanism for the prolongation of APD, effective 

refractory period (ERP) and QT interval (Carmeliet, 1999). Furthermore, myocardial 

ischaemia leads to energy depletion and intracellular acidification, resulting in a fall in 

ATP/ADP ratio and increase in cellular swelling, triggering regulatory volume decrease 
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(RVD) (Bozeat et al., 2011). This mechanism controls cell size and volume through a wide 

array of signalling cascades, which include activation of ion channels by releasing potassium, 

chloride and water from the intracellular compartment of swollen cells to restore cell volume 

and function. 

Cardiac myocytes contain CLCN3-related-volume sensitive outwardly-rectifying channels 

which play an important role in RVD during cellular damage in myocardial ischaemia and 

reperfusion, which are an important mechanism of ischaemia pre-conditioning. In addition, 

these channels also reduced APD and ERP in ischaemia, reducing life-threatening 

arrhythmias (Yu et al., 2016). 

In PRIMID-AS, patients with events had higher levels of CLCN3. This may be a 

compensatory increase implying that there was more cellular damage in patients with events. 

Higher levels of CLCN3 in this group also allows one to speculate that undesirable 

arrhythmias were indeed a potential mechanism of AS-related syncope. 

3.5.6.2 ATP binding cassette sub family C member 8 (ABCC8) 

ABCC8 or sulphonylurea-receptor-1 (SUR1) modulate ATP-sensitive potassium channels 

(KATP) and modulate insulin release. KATP channels are multimers of four pore-forming 

Kir6.1 or 6.2 (KCNJ8 or KCNJ11) subunits and four sulfonylurea receptors (SUR1 or SUR2) 

subunits(Nichols, 2006). 

These channels are highly expressed in various tissues. In cardiomyocytes, they coupled 

electrical and metabolic signals at the cell surface during adaptation to stress (Zingman et al., 

2002) causing hyperpolarisation and preventing additional Ca2+ entry when energy levels 

were exhausted. In the mouse heart, SUR1 and Kir6.2 subunits were thought to be specific 

for atrial channels (Flagg et al., 2008), compared to SUR2 and Kir6.1subunits which were 
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predominant in the ventricle. Additionally, the SUR1 and Kir6.2 subunits also formed the 

pancreatic KATP complex necessary for insulin secretion which can be targeted by 

sulfonylureas to increase insulin secretion. More recently, SUR1 has been demonstrated to 

localise to ventricular myocytes as well (Arakel et al., 2014). However, SUR1 KATP 

channels were co-localised to atrial surface membrane, but were predominantly intracellular 

in ventricular myocytes.  In response to beta adrenergic stimulation, SUR1-KATP channels 

translocate to T-tubule membranes at the cell surface, decreasing APD and inhibiting 

additional Ca2+ influx. 

In PRIMID-AS patients, SUR1-KATP was higher in patients with events. This could be 

explained by a compensatory increase in SUR1-KATP in response to increased myocardial 

stress from injury/ischaemia/pressure overload and associated sympathetic drive, to reduce 

APD. 

3.5.6.3 Ryanodine receptor-3 (RYR3) 

Ryanodine receptor-3 is expressed in various tissues, but with a slightly higher 

preponderance in the brain. Ryanodine receptor-2 is found primarily in the heart, and 

ryanodine receptor 1 is expressed primarily in skeletal muscle. Ryanodine receptors mediate 

calcium release from the sarcoplasmic endoplasmic reticulum. In skeletal muscle this occurs 

when there is coupling of RYR1 to the voltage-dependent L-type calcium channel, whilst in 

cardiac muscle, this primarily occurs through calcium-induced calcium release (Parkinson 

and Mier, 1983). Recently, RYR3 channels were found to localise to the cell periphery in 

Purkinje cells, whilst RYR2 channels were found throughout the cells. Furthermore, Ryr3 

gene expressions were 100 times higher in Purkinje fibres compared to myocardial cells. This 

layer (where RYR3 localise) of calcium channels were more sensitive to Ca2+ than RYR2 in 

the endoplasmic reticulum of Purkinje fibres, which authors suggested would limit 
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spontaneous Ca2+ release from the endoplasmic reticulum, stabilising the electrical function 

of Purkinje fibres (Daniels et al., 2017). 

In PRIMID-AS patients, RYR3 was found to be lower in patients with events. As the other 

two channels (ABCC8 & CLCN3) appear to have protective roles, lower RYR3 may be the 

driver for electrical instability. 

 

 
Figure 3-23: Proposed ion transport mechanisms affected which imply an arrhythmogenic aetiology for symptom 

development; CLCN3: H/CL exchange transporter3; ABCC8: sulphonyl urea receptor 1; RYR3: ryanodine receptor 

3; SERCA: sarco/endoplasmic reticulum calcium ATPase 

3.5.7 Group 5: Oxidative stress and other proteins 

3.5.7.1 Serum Amyloid A4 (SAA4) 

Serum amyloid A4 is a constitutively expressed apolipoprotein found associated with HDL in 

plasma (Steel et al., 1993) (Yamada et al., 1996a). Its actual function has not yet been 

elucidated. Present to a lesser degree in LDL, it co-localizes with apolipoprotein B in 

atherosclerotic lesions. SAA4 and SAA1 loaded onto LDL improved binding to fibroblasts 

and macrophages, although degradation was also increased in both cells. oxLDL binding was 

also enhanced with SAA1 and SAA4, although degradation of oxidized LDL was only 

enhanced by SAA1, but these bindings were reduced in the presence of HDL. Therefore it 

was thought that HDL impedes lipid uptake from cells from LDL by removal of 
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SAAs(Yamada et al., 1997). SAA4 also goes up with inflammation (Yamada et al., 2001, 

Zhang et al., 2005). Higher levels were associated with dementia (Murphy et al., 2009) and 

hypertriglyceridemia(Yamada et al., 1996b). In fact, patients with rheumatoid arthritis had 

levels similar to post-renal transplant surgery patients (Kumon et al., 1997), implying similar 

levels of inflammation in the two conditions. 

In PRIMID-AS patients, SAA4 was higher in patients without events. One might infer that 

these patients had higher low-level inflammation than those with events. However, as SAA4 

has previously been shown to be higher in hypertriglyceridaemia (Yamada et al., 1996b), and 

APOC3 causes hypertriglyceridemia, SAA4 levels in this cohort more likely reflected 

circulating triglyceride levels.  

3.5.7.2 Afamin (AFAM) 

Afamin is an abundant Vitamin E-binding glycoprotein of the albumin family (Voegele et al., 

2002). Its functions are largely unclear, and is partly attributed to the lack of understanding of 

its molecular function. Vitamin-E transport in plasma is mostly performed by circulating 

lipoproteins, but afamin levels correlate with vitamin-E levels in other fluids like 

cerebrospinal fluid (CSF) and ovarian fluid, inferring that afamin may take over vitamin-E 

transport in compartments unsuitable for lipoproteins (Jerkovic et al., 2005). There is an 

association between afamin and ovarian carcinoma (Melmer et al., 2013). Transgenic mice 

overproducing afamin had increased body weight, circulating lipids and blood glucose 

(Kronenberg et al., 2014). Epidemiological studies also confirm an association of afamin with 

all aspects of the metabolic syndrome (Dieplinger and Dieplinger, 2015).  

In PRIMID-AS, afamin was higher in patients without events, and may reflect circulating 

lipoprotein levels. 
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3.5.7.3 Hemopexin (HEMO) 

Hemopexin is a scavenger for heme. When hemoglobin is released in haemolysis, free heme 

generates reactive oxygen species (ROS) in cardiomyocytes. This is seen in hemolytic 

conditions, e.g. beta thalassaemia. Heme-driven ROS affect calcium homeostasis impairing 

systolic function (Ingoglia et al., 2017, Sag et al., 2011, Kohler et al., 2014). AS-related 

intravascular haemolysis is not well reported, but has been identified in patients with valvular 

prostheses. A recent study found that 20/30 AS patients demonstrated evidence of increased 

erythropoiesis, with a lower erythrocyte and haemoglobin compared to control subjects 

(Sugiura et al., 2016). This is indirect evidence that intravascular haemolysis occurs in 

moderate-severe AS. There is also prior in-vitro evidence of chronic haemolysis causing 

chronic heme loading in cardiomyocytes (particularly in Hpx-KO mice), with associated 

systolic dysfunction and reduced contractility. Hemopexin is synthesized in the liver, and 

binds an equimolar amount of heme with high affinity. Complexed heme:hemopexin is taken 

up in the liver where heme is catabolized by heme-oxygenases (Tolosano et al., 2010). 

In PRIMID-AS, patients without events had higher hemopexin levels, although this was not 

statistically significant. Given that lower haemoglobin levels were associated with events, 

hemopexin had to be considered as a potential biomarker given the potential importance of 

intravascular haemolysis leading to symptom development (Schaer et al., 2013).  

3.5.7.4 Protein AMBP 

Protein AMBP is a precursor protein giving rise to two different secreted proteins after 

endopeptidase cleavage. One product, alpha-1-microglobulin (A1M), is a small globular 

plasma heme-binding anti-oxidant glycoprotein belonging to the lipocalin family(Allhorn et 

al., 2002), with additional immune regulatory properties(Logdberg and Akerstrom, 1981). 

The other product is bikunin, a Kunitz-type proteinase inhibitor of the inter-alpha-inhibitor 
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family(Salier et al., 1996), and is also a structural component of extracellular matrix (Chen et 

al., 1992). The reason for co-synthesis of these two proteins is not understood. 

A1M is thought to be an extravascular tissue housekeeping and cleaning protein (Akerstrom 

and Gram, 2014). It binds to apoptosis-induced cells on the mitochondrial-complex-1-subunit 

NDUFAB1, inhibiting mitochondrial swelling and reversing deranged mitochondrial ATP 

production when exposed to heme and ROS. Other functions include free radical scavenging. 

Due to its small size (26KDa), it is freely filtered in the kidneys, and taken up in the proximal 

tubule through endocytosis, where it is catabolised, along with heme and other reactive 

oxygen species. 

AMBP gene expression is upregulated secondary to oxidative stress in pre-eclampsia. This is 

thought to be caused by extracellular haemoglobin. In a starved-pregnant-ewe model, the 

starvation induced haemolysis and release of haemoglobin, heme and free radicals. Treatment 

of these ewes with A1M prevented the pathological effects (increased bilirubin, damage to 

placenta and kidneys with increased glomerular permeability (Wester-Rosenlof et al., 2014)), 

protection which was not seen in the placebo arm. 

In PRIMID-AS, protein AMBP levels may reflect excessive oxidative stress. Lower AMBP 

levels in patients with events may reflect excess consumption in this group. 

3.5.8 Remaining Proteins 

The remaining proteins that were differentially expressed between in the Events vs. No 

Events groups are briefly described in the following tables for two reasons; 1) They have not 

been associated with the other proteins in pathway analyses 2) Explaining their relevance in 

symptom/event development in AS was difficult, and for pragmatic reasons were not be 

prioritised for targeting in a verification study. 
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Protein UniprotID Gene Higher In Found 

In 

Summary of Function KeyWord 1 KeyWord 

2 

Teneurin-1 Q9UKZ4 TENM1  NoEvents EV Neural development, regulates neuroplasticity, mediates 

reorganisation of actin and tubulin cytoskleton, increasing 

dendritic arborisation (Young and Leamey, 2009) 

Neural 

development 

 

Protein furry 

homolog-like 

O94915 FRYL NoEvents CSH Maintains integrity of polarized cell extensions during 

morphogenesis in nerves (Hayette et al., 2005) 

Neural 

development 

 

Collagen alpha-

1(XXVIII) chain 

Q2UY09 COL28A1  NoEvents EV May act as a cell binding protein 

(https://www.uniprot.org/uniprot/Q2UY09) 

Cell-Matrix 

Adhesion 

 

Transcriptional 

regulator ATRX 

P46100 ATRX  NoEvents EV Involved in transcriptional regulation and chromatin 

remodelling. May be involved in telomere maintenance 

(Episkopou et al., 2014, Lovejoy et al., 2012).  

DNA 

transcription 

 

Fer-1-like protein 

5 

A0AVI2 FER1L5  NoEvents EV Role in myoblast fusion. Probably mediator of endocytic 

recycling for membrane trafficking events during myotube 

formation (Posey et al., 2011, Redpath et al., 2016). 

Muscle 

formation 

 

Nebulin-related-

anchoring protein 

Q86VF7 NRAP  NoEvents EV May be involved in anchoring the terminal actin filaments 

in the myofibril to the membrane and in transmitting tension 

from the myofibrils to the extracellular matrix 

(https://www.uniprot.org/uniprot/Q86VF7). Overexpression 

in mice leads to RV dysfunction. Early upregulation in mice 

in DCM (Lu et al., 2011). 

Muscle 

formation 

 

Nuclear 

autoantigenic 

sperm protein 

P49321 NASP NoEvents CSH DNA replication, cell cycle progression and cell 

proliferation (https://www.uniprot.org/uniprot/P49321) 

Cell 

Replication 

 

Hepatocyte 

growth factor 

activator 

Q04756 HGFAC  NoEvents EV Activates hepatocyte growth factor by dimerizing it, which 

in turn acts as a growth factor for a broad spectrum of 

tissues and cell types 

(https://www.uniprot.org/uniprot/P14210) 

Growth 

Factor 

 

EGF-containing 

fibulin-like 

extracellular 

matrix protein 1 

Q12805 EFEMP1  NoEvents EV May play role in cell adhesion and migration (Hu et al., 

2009) 

Cell-Matrix 

Adhesion 

 

  

https://www.uniprot.org/uniprot/Q2UY09
https://www.uniprot.org/uniprot/Q86VF7
https://www.uniprot.org/uniprot/P49321
https://www.uniprot.org/uniprot/P14210
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Protein UniprotID Gene Higher In Found 

In 

Summary of Function KeyWord 1 KeyWord 

2 

PDZ and LIM 

domain protein 7 

Q9NR12 PDLIM7  NoEvents EV ENIGMA. May function as a scaffold on which the coordinated 

assembly of proteins can occur. Necessary for bone formation 

(positive regulation of osteoblast differentiation (Liu et al., 

2002)). 

Protein 

Assembly 

 

Flavin reductase 

(NADPH) 

P30043 BLVRB NoEvents CSH A broad specificity oxidoreductase which reduces a variety of 

flavins. In liver it reduces biliverdin to bilirubin and is involved 

in heme catabolism (Cunningham et al., 2000). 

Pro-oxidant 
 

Alpha-2-HS-

glycoprotein (alias: 

Fetuin-A) 

P02765 AHSG NoEvents CSH N-linked glycoprotein, needed to effect cytoprotective activity of 

some drugs. Promotes endocytosis, has opsonic properties and 

influences mineral phase of bone. Lower levels associated with 

higher mortality risk in CAD (Chen et al., 2017). Lower levels of 

AHSG predicts death in sepsis, but is negatively correlated to 

adiponectin (Karampela et al., 2017). Promoter of insulin 

resistance (Hennige et al., 2008). 

Insulin 

Resistance 

 

RNA-binding 

protein 26 

Q5T8P6 RBM26 NoEvents CSH Probably binds RNA DNA 

transcription 

 

PX domain-

containing protein 

kinase-like protein 

Q7Z7A4 PXK NoEvents CSH Modulates brain sodium-potassium-ATPase, may participate in 

electrical excitability and synaptic transmission (Mao et al., 

2005). 

Neural 

signalling 

 

Neurobeachin-like 

protein 1 

Q6ZS30 NBEAL1  Events EV Highest in ovary. May be located in cell lysosome, and may 

facilitate vesicle trafficking (Chen et al., 2004). 

Neural 

signalling 

Lysosome 

Platelet glycoprotein 

IX 

P14770 GP9  Events EV Part of the platelet 1b-ix-v complex which transduces 

extracellular signals into the platelet for platelet activation. VWF 

is a ligand for this receptor (Feghhi et al., 2016). 

Pro-

coagulant 

 

Transcription factor 

TFIIIB component 

B'' homolog 

A6H8Y1 BDP1  Events EV Activates RNA polymerase III transcription (Schramm et al., 

2000) 

Protein 

Assembly 

 

PHD finger protein 

20-like protein 1 

A8MW92 PHF20L1 Events CSH Zinc finger protein. Function not known. Oncogene 
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Protein UniprotID Gene Higher 

In 

Found 

In 

Summary of Function KeyWord 1 KeyWord 2 

Retinitis pigmentosa 

1-like 1 protein 

Q8IWN7 

 

RP1L1 Events CSH Required for the differentiation of photoreceptor cells (Bowne et 

al., 2003). Retina specific. 

DNA 

transcription 

 

Probable tRNA(His) 

guanylyltransferase 

Q9NWX6 

 

THG1L Events CSH Adds GMP to end of tRNA. Necessary for tRNA recognition and 

fidelity of protein synthesis (Hyde et al., 2010). 

Protein 

Assembly 

 

Nucleoporin p54 Q7Z3B4 

 

NUP54  Events EV Component of nuclear pore complex for trafficking across 

nuclear membrane (Buss and Stewart, 1995). 

Nuclear-

Cytosolic 

trafficking 

 

Centriolin Q7Z7A1 CNTRL Events CSH Involved in cell cycle progression and cytokinesis (Gromley et 

al., 2003).  

Cell 

Replication 

 

Glutathione S-

transferase omega-1 

P78417 GSTO1 Events CSH This protein gluthathionylates thiol-containing proteins, 

protecting them from oxidation from ROS, and acts as a redox 

switch (Paul et al., 2015). 

Anti-oxidant Autophagy, 

Cellular 

Survival 

Probable serine 

carboxypeptidase 

vitellogenic-like 

CPVL 

Q9H3G5 CPVL Events CSH May be involved in digestion of phagocytosed particles in 

lysosome, participating in inflammatory protease cascade, and 

trimming of peptides for antigen presentation (Harris et al., 2006) 

(and https://www.uniprot.org/uniprot/Q9H3G5) 

Lysosome 

Function 

 

Minor 

histocompatibility 

protein HA-1 

Q92619 HMHA1 Events CSH Contains a GTPase activator for the Rho-type GTPases 

(RhoGAP) domain that would be able to negatively regulate the 

actin cytoskeleton as well as cell spreading (de Kreuk et al., 

2013). 

Cell 

Adhesion/ 

migration 

 

Unconventional 

myosin-XVIIIa 

Q92614 MYO18A Events CSH May link Golgi membranes to cytoskeleton and participate in the 

tensile force required for vesicle budding from the Golgi 

(Buschman and Field, 2017). 

Vesicular 

budding 

 

Synaptotagmin-14 Q8NB59 SYT14 Events CSH Calcium independent trafficking and exocytosis of secretory 

vesicles in non-neuronal tissue 

(https://www.uniprot.org/uniprot/Q8NB59) 

Vesicular 

budding 

 

RUN and FYVE 

domain-containing 

protein 4 

Q6ZNE9 RUFY4  Events EV Integral to autophagy. Dendritic cell differentiation + IL4 = 

Autophagy (via mTORC1 and RUFY4 induction), promoting 

LC3 degradation and lysosome tethering (Terawaki et al., 2015). 

Lysosome 

Function 

Autophagy 

 

https://www.uniprot.org/uniprot/Q9H3G5
https://www.uniprot.org/uniprot/Q8NB59
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Protein UniprotID Gene Higher 

In 

Found 

In 

Summary of Function KeyWord 1 KeyWord 

2 

Tau-tubulin kinase 2 Q6IQ55 TTBK2 Events CSH Key regulator of ciliogenesis. Stabilizes microtubules 

(centrioles) (Goetz et al., 2012). Heterozygous mutations on 

this gene causes spinocerebellar ataxia (Bouskila et al., 2011). 

Initiating 

Ciliogenesis 

 

Isoform 4 of 

Dedicator of 

cytokinesis protein 9 

(aka Zizimin-1) 

Q9BZ29 DOCK9 Events CSH Guanine nucleotide-exchange factor that activates CDC42, 

exchanging GDP for free GTP. Overexpression increased 

filopodia activity in fibroblasts (Meller et al., 2002). 

Cellular 

adhesion, 

migration 

 

Rhophilin-2 Q8IUC4 RHPN2  Events EV Binds GTP-RhoA. In Rho pathway to limit stress fibre 

formation (Peck et al., 2002). 

Cellular 

Adhesion, 

migration 

 

GRAM domain-

containing protein 

1C 

Q8IYS0 GRAMD1C  Events EV Unknown 
  

Protein DDX26B Q5JSJ4 DDX26B  Events EV Integrator Complex 6 Subunit-like. Has a vWF-A domain. 

Otherwise function unknown. 

  

DNA repair protein 

RAD51 homolog 1 

Q06609 RAD51  Events EV Important role in homologous strand exchange (Inano et al., 

2017). Regulates mitochondrial DNA copy number under 

conditions of oxidative stress (Wang et al., 2015). 

DNA Repair 
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3.5.9 Summary of probable mechanisms representing progression of AS 

Overall, the proteins found to be higher and lower in PRIMID-AS patients having an event or 

no-event appear to represent some broad themes and potential mechanisms and may explain 

progression from asymptomatic to symptomatic AS (Figure 3-24). 

3.5.9.1.1 Neural Remodelling  

PLXN2, PLXN4, NBEAL1, FRYL, TENM 

Higher levels of plexin-A2, plexin-A4 and neurobeachin-like-protein-1 but lower levels of 

protein furry homolog and teneurin were associated with symptom development in AS. 

Eventual onset of anginal symptoms for some of these individuals may reflect a culmination 

of increased nerve growth. 

3.5.9.1.2 Altered lipid metabolism 

APOC3, APOC2, APOD, GPLD1, AHSG, AFM, SAA4 

There was decreased APOC3 and APOC2, but increased APOD. There was reduced GPLD1 

as well, which reflect reduced release of LPL from endothelial cell surfaces or increased 

stability of the GPI-bound LPL during its translocation to the cell surface. The net effect may 

be to increase fatty acid availability to cells. Initial pressure overload probably causes a 

mismatch between myocardial energy supply and demand, which may be compensated by a 

short-term increased reliance on glycolysis to maintain cardiac output. Chronic reliance on 

this may lead to compensatory increase in fatty acid supply, but with unsuccessful increase in 

fatty acid oxidation, leading to decompensation. 
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3.5.9.1.3 Myocardial/Fibroblast Remodelling 

COL28A1, FER1L5, NRAP, TTBK2, DOCK9, RHPN2, HMHA1, CNTRL, 

EFEMP1, HGFAC, THBS1 & 2, ILK 

The process of remodelling likely involves reorganisation of tissue architecture to normalise 

LV wall stresses due to pressure overload. This may involve increases in cellular migration, 

intracellular cytoskeletal strengthening, focal adhesion points, cellular proliferation and 

replacement fibrosis. This may result in reduced tissue elasticity and contractility, with 

diastolic dysfunction, which may lead to breathlessness. 

3.5.9.1.4 Cell Death/Apoptosis/Autophagy 

RUFY4, CPVL, GSTO, APOD, CLU, AKT1, MYO18A and SYT14 

Increased oxidative stresses on cardiomyocytes and fibroblasts may lead to increased 

signalling for cell death. RUFY4, CPVL and GSTO all probably participate in lysosome 

function and APOD may play a key role in preventing lysosome failure. The balance between 

pro-apoptotic signalling and anti-apoptotic signalling determine cellular survival. Increased 

MYO18A and SYT14 may represent increased apoptosis giving rise to apoptotic bodies. 

3.5.9.1.5 Innate Immunity, Complement Cascade and Coagulation Cascade Activation 

MASP1, MASP2, APOH, C3, C4B, F13B, Protein S, GP9, CLEC3B, APOL1 

Circulating components of the innate immunity, complement cascade and coagulation 

cascades are probably consumed from the peripheral circulation, in patients at higher risk of 

spontaneous symptom development. Using the innate immunity hypothesis, neoepitopes 

exposed because of tissue damage bind MASPs and APOH, as well as activate platelets and 

coagulation factors because of interacting pathways. Constitutively expressed proteins in 

these pathways may measure lower in those who go on to have an event, due to peripheral 



Student No. 149055344 

179 

 

consumption, but inducible proteins may increase in expression in response tissue/cellular 

injury. 

3.5.9.1.6 Arrhythmogenesis 

CLCN3, RYR3, ABCC8, PXK 

AS-related syncopal episodes may occur because of undetected arrhythmias, given that 

several proteins associated with ion-transport may be dysregulated leading to prolonged 

action potential duration and effective refractory period in myocardial cells. Altered 

abundances of these proteins could be compensatory mechanisms for survival in response to 

persistent pressure overload. 

3.5.9.1.7 Heme Catabolism 

AMBP, HEMO, BLVRB 

There was an association with intravascular haemolysis and AS severity. This may lead to 

excessive free haemoglobin being released into the circulation. There is probably a 

corresponding reduction in proteins that bind free heme, reflecting the peripheral 

consumption of these factors, with an increase in downstream activities that recycle heme. 

These markers therefore may be a surrogate for intravascular haemolysis. 

3.5.9.1.8 DNA transcription Activity/ Protein Assemby 

KAT2A, NASP, ATRX, RBM26, BDP1, NUP54, THG1L, RAD51, ERCC2, 

PDLIM7 

Reflecting the increased in inter- and intracellular signalling occurring when cells are under 

stress, there was an increase in proteins associated with DNA transcription activity and 



Student No. 149055344 

180 

 

proteins associated with protein assembly, as well as proteins associated with DNA repair and 

correction.  

3.5.9.1.9 Inflammation 

A1AT 

A1AT was higher in patients who developed events, suggesting that there was a relatively 

higher level of inflammation in these patients. Higher A1AT levels may simply reflect the 

compensatory mechanism to overall increased proteolytic activity to prevent collateral 

damage. 

3.6 Limitations 

There were several limitations to the interpretation of the results presented in this chapter. 

Firstly it must be acknowledged that this experimental design compared two ‘groups’ of 

patients who were indistinguishable except for their risk of developing the composite 

endpoint. As such the risk was time-dependent, and therefore arguably, putative biomarkers 

identified would represent a continuum of risk. These biomarker levels which in this study 

were only sampled at one time point would have been likely to change, given that the disease 

by definition was expected to progress; although whether the levels were going to go up or 

down may be different in each individual. Many diseases demonstrate time-dependent change 

(Höglund et al., 2012) and plasma biomarkers can show marked individual variability when 

measured over time (Silkoff et al., 2016, Razavi et al., 2016). This is therefore an inherent 

limitation of a cross-sectional sampling of plasma samples. 

Due to the small number samples in this discovery study, compared to the large number of 

variables, as well as the similarity in the phenotype being evaluated, it was not surprising that 

when a Benjamini-Hochberg FDR adjustment was performed, no candidates were 
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‘significantly different’ between the two groups being evaluated, even when the false 

discovery rate was set at 80%.  Therefore, the list of candidates presented were of unadjusted 

p-values with >80% probability of a false discovery. Finally, the much of the discussion 

regarding pathophysiology/mechanisms are speculative; and can only be hypothesis 

generating. 

3.7 Conclusion 

In summary, I utilised the EV + CSH workflow to perform label-free proteomic profiling on 

patients with asymptomatic moderate-severe AS comparing those that reached an endpoint vs 

those that did not, to discover potential biomarkers that identify patients that are at higher risk 

of progressing to symptom development or unplanned hospital admissions or cardiovascular 

death. Presence of symptoms continues to be a key determinant in prognosis and for 

indicating AVR, and symptom development may well be a protective mechanism in these 

patients. 

Although the clinical phenotype between those at risk and those not at lower risk was very 

similar, this chapter demonstrates that there were proteomic phenotypic differences between 

the two groups and highlights potential pathophysiological pathways involved in progression 

of asymptomatic moderate-severe AS. These pathways may be associated with remodelling, 

which include cellular apoptosis, inflammation, immunity activation, response to oxidative 

stress, neural remodelling, as well as altered lipid metabolism, although at this stage, the true 

contribution of each protein/pathway is only be speculative, but worthy of further study. 

 



Student No. 149055344 

182 

 

 
Figure 3-24: Network diagram highlighting links and potential functions of differentially expressed proteins in asymptomatic AS, red indicates higher in patients who develop events, 

green indicates lower in patients who develop events; larger copy in appendix
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Chapter 4 Verification 

4.1 Introduction 

Having identified potential biomarkers using label-free plasma proteomics and extensive 

literature database mining, were subjected to a verification process. Verification involves 

utilising a different method to acquire the data on the same samples. This step would check 

that the initial results found were not chance findings, because random error in it would be 

distinct from the original study. This step would lend confidence in the targets found, such 

that these targets could be considered biomarker candidates. 

In the previous chapter, 59 proteins were discussed that were potential biomarkers, based on 

the p-values for differential expression. However, due to the low number of ‘events’ or cases, 

there was inadequate power to choose a set of p-values with a FDR between 1-5%. Using the 

Benjamini-Hochberg method to identify the q-value threshold, below which a population of 

p-values were considered significant, in both the EV and the CSH lists, no protein was 

‘significant’ unless the FDR was set at >80%. As such, it is assumed that the probability of 

false positives in the 59-protein set was >80%. 

Antibody-based assays have traditionally been used to confirm the findings on mass 

spectrometry. It is the gold standard methodology for determining analyte amounts, due to its 

robustness and ease of development, specificity and sensitivity. Furthermore, once the assay 

has been developed, the actual testing on the whole sample set can be completed rapidly. 

Antibody-based assays can be performed as enzyme-linked immunosorbent assays (ELISA), 

or western blots. The higher throughput method is an ELISA, which is a plate-based method. 

With proteins, one would raise an antibody to the protein, with one antibody immobilised on 

the plate, and the other (on a separate epitope on the protein) being biotinylated so that it can 
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be conjugated to a light sensitive molecule, which can be leveraged to produce a highly 

specific signal to represent abundance of a particular analyte. Western blotting leverages 

antibody binding to the analyte in the sample, then depending on gel electrophoresis, which 

will allow the standard and antibody complex to travel a specific distance, which can then be 

the template to which samples and antibody complexes can be compared. The density of the 

bands seen is semi quantitative. 

These antibody-based assays allow one analyte to be measured at a time. Therefore, if a panel 

of analytes were to be analysed, multiple assays need to be performed. The antibodies are 

often raised to recombinant protein or purified protein. There is little control over the epitope 

to which the antibody forms, although with recombinant peptide sequences, these have 

improved in specificity. Researchers are often limited by the peptides/proteins that 

manufacturers have produced, because the time taken to reproducibly manufacture an 

antibody can take 6 or more months. 

More recently an alternative method has emerged. Targeted MS techniques leverage the 

specificity of tandem MS/MS, retention times and similarity of mass spectra to measure 

eluting peptides. Proteotypic peptides are usually targeted because there is no ambiguity 

about inferences to their protein of origin. However, the price for this specificity includes the 

need to decide on whether to measure post-translational modifications, chemical 

modifications and other modifications.  

Targeted MS/MS work are divided into single reaction monitoring (SRM), MRM and PRM. 

In SRM, a peptide is ionised and filtered by a quadrupole (Figure 4-1). Peptides not fulfilling 

the precursor ion mass/charge criteria will be filtered-out. Following the first filter (often 

called Q1), the ion is fragmented using an optimised collision energy. Due to the predictable 

nature of fragmentation, a specific fragment ion can then be selected in the second 
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quadrupole (often called Q3) and detected by an ion detector, with the intensity of the signal 

being proportional to the abundance of the fragment. The transition (Q1/Q3) selectivity 

confirms the peptide being eluted. This specificity can be increased by selecting additional 

transitions for the same peptide, and co-eluting transitions increase the confidence that a 

targeted peptide was present. 

 
Figure 4-1: Cartoon of a triple quadrupole single reaction/multiple reaction monitoring experiment 

With MRM, multiple transitions are monitored sequentially. Due to the fast scan times (~ 

0.2ms) in these mass spectrometers (no need to measure mass, just detect them) the duty 

cycle for each ion transition monitored is very low, which allows sequential detection of 

several ions over a chromatographic run.  

Although theoretical transitions can be predicted with tools such as SRMCollider (Röst et al., 

2012), databases such as SRMAtlas (Kusebauch et al., 2016) or more recently 

MRMAssayDB (Bhowmick et al., 2018), add experimental data for various MS platforms, 

allowing researchers to select/design ideal targeted assays for MRMs, serving as a good 

starting point when the intended target(s) are known, reducing the number of experimental 

cycles necessary.  
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However, in the absence of prior experimental data, a reasonable starting point would be with 

a pure peptide (synthetic standard), followed by a computational consideration of the ideal 

transitions, and experimental optimisation to identify the ‘best’ fragment to allow maximal 

sensitivity, as well as the ‘best’ collision energy to give the ‘best’ fragment. This steps are 

especially necessary if different platforms were used for discovery and targeted methods, 

because of differences in collision methods and fragmentation patterns. 

With PRM, a peptide is ionised and filtered by a quadrupole (Figure 4-2). The targeted 

peptide ion is then fragmented in the collision cell, then a full scan of the fragments is 

performed in the orbitrap analyser (or TOF detector), providing information on mass and 

intensity for each fragment. In this way, all fragment ions of the isolated precursor mass are 

detected in one scan cycle (approximately 20Hz or 50ms). The benefit of PRM is the 

acquisition of full scans of all fragment ions, increasing specificity of the molecule being 

monitored, without pre-selecting transitions. The fragment ions are then used to quantify the 

peptide.  

 
Figure 4-2: Cartoon illustrating a parallel reaction monitoring experiment. Fragments are detected simultaneously 

and quantified after the experiment. 

Targeted methods work best with labelled standards. However, labelled synthetic peptides 

can be expensive and can take a while to manufacture. I wished to leverage the presence of 

existing peptides in the samples for quantification by heavy oxygen labelling. The process of 
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labelling peptides with heavy oxygen has previously been described (Kim et al., 2011, Yao et 

al., 2001). In principle, 16O on the C-terminal of the peptides are exchanged for 18O, giving 

the heavy-labelled peptides a mass difference of 4 Daltons compared to the endogenous 

(light) peptides. The catalyst for this process is trypsin, because of its activity on the C-

terminal with a lysine or arginine residue. The process leverages the molar excess of 18O, 

swapping the 16O on the C-terminus with the heavy labels. There are two oxygens on the C-

terminal; full-labelling results in a 4 Da mass difference. 

Only y-series fragments (from the C-Terminal) will reflect the mass difference, whereas b-

series fragments (from the N-terminal) will not. This is not typically an issue because the 

Thermo QExactive mass spectrometers preferentially detect y-ions. When targeting peptides, 

the m/z of doubly charged light:heavy peptides will be 2 Da apart, and 1 Da apart if triply 

charged. Therefore, this heavy-labelling method is better suited for a high-resolution accurate 

mass (HRAM) mass spectrometer, which is better at differentiating much smaller mass 

differences. 

One of the perceived problems with 18O labelling is instability of the heavy label, largely due 

to back-exchange of 18O to 16O (Patwardhan et al., 2006). This instability is probably due to 

the presence of residual active trypsin in the samples. It is therefore imperative that trypsin is 

either removed (by immobilisation (Sevinsky et al., 2007)) or completely denatured, both in 

the heavy samples and light samples. Others have reported stable 18O labels for up to two 

weeks at 4°C (Petritis et al., 2009). 

Due to time constraints and lack of a-priori experience in this facility in creating and 

optimizing methodology for PRM and using heavy oxygen labelled-standards made from 

pooled QC samples, a pragmatic approach was taken to select targets for method 

development. Only 17 proteins were targeted and were selected for their easily detectable and 
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quantifiable peptides. Time to optimize sensitivity was not required.  Hemopexin was also 

targeted although the p-value for difference was 0.06, because it was easily seen and the 

hypothesis was sound. 

4.2 Hypotheses 

The hypotheses being tested in the verification phase were as follows: - 

1) Alpha-1-antitrypsin, Apolipoprotein C3, Apolipoprotein C2, Apolipoprotein D, Beta-

2-glycoprotein 1, Complement C3, Hemopexin, Serum Amyloid A4, Tetranectin, 

GPLD1, Afamin, Apolipoprotein L1, Thrombospondin 1, Factor 13B, Protein S, 

Plasminogen and Protein AMBP are associated with spontaneous symptom 

development or death/hospitalisation of AV-related events in initially asymptomatic 

moderate severe aortic stenosis. 

2) The above markers are independent markers of endpoints, even when adjusted for AS 

severity, sex and positive ETT. 

3) The values acquired in the verification phase correlate significantly with values 

derived from the discovery study. 

4.3 Methods 

4.3.1 Patient selection 

Recruitment plasma samples from patients from PRIMID-AS were used. Unlike the 

discovery study (46 case vs 46 matched controls), all available recruitment samples (n=168) 

were used for the verification study (Figure 4-3). Bicycle exercise testing results, Cardiac 

MRI results – including T1 Mapping, Late Gadolinium Enhancement and Stress results were 

also available. Definitions used in the study have been highlighted below. Except for 
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proteomic data, all the other data from the PRIMID-AS study were collected by others 

directly involved in the study as described in section 3.3.1. 

 
Figure 4-3: Patient flow diagram 

4.3.2 Sample Preparation 

Samples were prepared with CSH (see section 2.2.12). Plasma was contacted directly to 

washed-CSH, forgoing the EV pulldown step. The reason for this was pragmatic; the EV-

pulldown step was the most time-consuming aspect, and there were a sufficient number of 

CSH-discovered targets to pursue. The remaining steps were unchanged. Lyophilised 

peptides were resuspended in variable volumes of water so that they all had the same 

concentrations. These were stored at -80˚C until MS analysis. 

4.3.3 Heavy Labelling 

A standard was created by pooling 35 µL of peptide from each patient sample. This pool was 

then labelled and spiked into the samples at a fixed ratio. First, the volume of the pool was 

reduced so that it could fit in a single reaction Eppendorf (1.5 mL). There were initially 6 

Eppendorfs of standard, containing a total of 5.88 mg of standard. These were lyophilised. 40 
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µg of trypsin was prepared in 300 µL 50 mM ammonium bicarbonate, containing 10 mM 

calcium chloride, then lyophilised. When all substrates were lyophilised, 300 µL of heavy 

water (18O water 97% pure, Sigma) was combined with all the standards and trypsin mixture, 

and allowed to label overnight at 37°C. After labelling, trypsin was denatured by heating for 

20 minutes in a water-bath with a temperature set between 90°C and 100°C. Individual 

patient peptide samples were also subjected to this denaturation step. The 300 µL of standard 

was then acidified to 5% FA and made up to 5.88 mL with normal water (concentration - 1 

µg/µL), and equally split across 90 aliquots. The estimated amount of standard in each 

aliquot was 65 µg peptide (5.88mg/90 aliquots). 90 aliquots were made, so that there was 

enough standard for future experiments, as these standards cannot be reproduced. These were 

then lyophilised to remove any excess water in the samples and stored at -80°C until they 

were used. 

4.3.4 Experimental design 

The sample analysis order was randomised using the ‘sample’ function in R. Batches of eight 

samples were prepared at a time. Heavy standards were made up on the day that they were 

run on LCMS, by re-suspending the standards in 65 µL 0.1% formic acid (1 µg/µL). The 

samples were defrosted from -80°C and prepared by spiking in 12.5 µL of heavy standard 

into 25 µL of sample (also 1µg/µL) resulting in a ratio of 1 part heavy to 2 parts light, using 

the same calibrated pipette each time. The whole volume was further diluted with 37.5 µL 

6% acetonitrile in 0.1% formic acid (final peptide concentration 0.5 µg/µL). Samples were 

run in duplicates, with a blank injection between every sample. Every 5 samples, a standard 

containing only the heavy made up on the day was run to assess the stability of the heavy 

peptides. Later in the study, as it became clear that the peptides were stable for more >1 day, 

a vial of heavy-labelled-standard was left (sufficient for 28 injections) at the autosampler 

temperature (8°C) and injected daily to assess the longevity of the labelled-standards when 
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left at autosampler temperature. A DDA of 0.5 µg of standard HeLA digest was performed 

every week to ascertain that the mass spectrometer was performing as expected, i.e. the 

number of protein identifications remained within 10% of the initial value. When the number 

of protein identifications deviated by more than 10%, the experiment was paused, and a series 

maintenance steps undertaken until the number of protein identification for a Hela injection 

returned to the benchmarked figure. 

4.3.5 Parallel Reaction Monitoring 

The samples were separated on an Ultimate 3000 RSLC nanoHPLC system 

(Dionex/ThermoFisher Scientific, Bremen, Germany). Samples were loaded onto a cartridge-

based trap column, using a 300 µm x 5 mm C18 PepMap (5 µm, 100A) and then separated 

using the Easy-Spray pepMap C18 column (75 µm x 50 cm) with a gradient from 3-10% B in 

0.2 mins, 10-15% B in 5.8 mins, 15-51.2% B in 34 mins, 51.2-90% B in 4 mins, holding at 

90% B for 3.5 mins then 90-3% B in 1 min and equilibrating at 3% B for 35.5mins, where 

mobile phase A was  0.1% FA in water and mobile phase B was 80%/20% acetonitrile/water 

in 0.1% FA. Flow rate was set at 0.3 µL/min. The column was operated at a constant 

temperature of 45 °C.   

The nanoHPLC system was coupled to a Q-Exactive mass spectrometer. To create the initial 

spectral library, data was acquired in DDA top 10 mode; full-MS scans were acquired at a 

resolution of 70,000 at 200 m/z, scanning from 50m/z to 2000m/z, with an AGC of 1e6 and a 

maximum fill time of 50 ms.  MS2 scans were acquired at a resolution of 17,500, with an 

AGC target of 1e5, and a maximum fill time of 100 ms.  The dynamic exclusion was set at 

30s. 
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For parallel reaction monitoring, acquisition was performed over 70 minutes, with a 

resolution of 35000 at 200 m/z and an AGC of 3e6 with the maximum fill time set at 110 ms. 

The isolation window was set at 1.8 m/z with data acquisition performed in centroid mode. 

4.3.6 Data analysis and target peptide selection 

The raw DDA data was processed in Proteome Discoverer 2.1 (PD). The peptide search 

within PD was performed using the SequestHT algorithm, using a precursor mass tolerance 

of 10 ppm, 0 missed cleavages, and searched against the UniProt human .FASTA file (as in 

section 3.3.3.6.2). When searching, carbamidomethylation of cysteine was set as a static 

modification, and methionine oxidation as a variable modification. Analyses were filtered 

using a 1% false discovery rate. 

The library search file (.msf) was then imported into Skyline.ms ver 3.2 (Bereman et al., 

2012). In Skyline, the peptide lists were filtered for peptides 8-25 residues in length, 1st 25 

residues from N-terminal of protein excluded, no missed cleavages and unique peptides were 

selected based on the uniqueness by gene. Proteins were selected from the hypothesis lists, 

but filtered peptides were selected for targeting based on three criteria; 1) an interference free 

chromatographic profile, 2) intensity (higher intensity better) and 3) retention time on the 

chromatogram, where no more than 3 targeted peptides (i.e. 3 pairs of light/heavy precursors) 

would elute at any one time. The higher intensity charge state of the peptide was chosen (2 or 

3) if there was an option. 

The inclusion list and their scheduled monitoring times were exported from Skyline and 

imported as a global isolation list in the MS Method on the QExactive mass spectrometer in 

Xcalibur. The default normalised collision energy (NCE=27) was used. For each precursor, 

the scheduled monitoring period was set as a 2-minute window from the precursor’s retention 
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time. The chromatographic peak width was set as 12 s (Full Width Half Maximum). 

Acquisition was then performed as described in the parallel reaction monitoring section. 

Chromatographic retention times varied with ambient temperature, and with column changes. 

Therefore, if any of the peaks were truncated during an acquisition, a new scheduling window 

was set (predicted and exported by skyline) and re-imported into the MS Method for each 

subsequent run. 

Raw files were then imported into skyline for quantification of the peptides based on their 

fragment ions. Because of the variability of intensities between runs, all quantities were 

normalised to heavy peptides. The light/heavy ratio for each peptide was then used for data 

analysis as a surrogate for amount because the actual amount of heavy peptide was not 

known. 

4.3.7 Assessment of assay performance 

To ascertain PRM assay performance, calibration curves were plotted to evaluate linearity of 

dose response. Dilution series were performed with the heavy standard as the numerator 

(1µg/µL) and light sample – from a single volunteer (final sample concentration of 1µg/µL) 

as the spiked in ‘standard’. Three dilutions were made, so that the expected heavy:light ratio 

was 1:1, 1:25 and 1:250.  Heavy:light ratios were then measured using the PRM method 

described earlier in triplicate. CVs were calculated for these concentrations from the triplicate 

injections to assess repeatability. An undiluted heavy sample was also measured as the fourth 

data point in the calibration curve.  

4.3.8 Statistical Analysis 

Light/heavy ratio data was acquired in duplicate for each peptide. The final value used was 

the mean of the duplicates. Parametric data was summarised and presented as mean±standard 
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deviation. Non-parametric data was presented as median [1st Quartile – 3rd Quartile]. Where 

appropriate non-parametric data was log-transformed for modelling purposes. Hazard ratios 

were calculated in a cox proportional hazards model, to ascertain independence of effect on 

the hazard. Subgroup analyses were performed to assess heterogeneity of effect across 

various subgroups. If there was heterogeneity of effect, an interaction term was added to the 

cox model to determine the significance of the interaction. Kaplan-Meier curves were plotted 

to demonstrate difference in event-free survival dichotomized by risk. Where appropriate, the 

Grey test for cumulative incidence of competing events was performed, and Fine-Grey 

proportional hazards regression performed for competing events. The log-rank test was used 

to calculate the statistical significance of the difference in survival curves. The non-

parametric Spearman correlation test was used to determine correlations between variables of 

interest, and results were expressed as rho, p-value where rho was the correlation coefficient. 

Receiver operating curves (ROC) were generated using the ‘pROC’ package in R plotting 

sensitivity against 1-specificity. Derivation of optimal thresholds was done by selecting the 

value of the variable being dichotomised at which the sum total specificity and sensitivity 

was maximal. Comparing the difference in prognostic accuracy between two models was 

performed by comparing the area under the curve (AUC) of the ROC using the De Long test. 

Net reclassification improvement analysis was performed using the method originally 

described (Pencina et al., 2008, Pencina et al., 2011) using the package ‘PredictABEL’ in R 

(Kundu et al., 2011). 

4.4 Definitions 

4.4.1 Severe AS 

Severe AS refers to definitions in the updated 2017 ESC Guidelines for valvular heart disease 

(Baumgartner et al., 2017a). Severe AS was defined as MPG ≥ 40 mmHg or AV-Vmax ≥ 4 
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m/s. In cases where AVA ≤ 1 cm2 but MPG < 40 mmHg and AV-Vmax <4 m/s, then all 

cases with Stroke Volume Index (SVI - stroke volume/BSA) < 35 ml/min and LVEF ≥ 50% 

and AV Calcium score ≥ 2000 in men and ≥ 1200 in women were classified as severe AS. All 

other cases were classified as moderate AS. 

4.4.2 Positive Exercise Test 

An incremental bicycle test was carried out as defined by the study protocol as previously 

described (Singh et al., 2013). The exercise test was considered ‘positive’ if the patients 

became symptomatic at any point during the exercise test or had a drop in blood pressure 

below baseline. All other results were considered ‘negative’. Exercise test results were not 

made available to the patient’s attending physician and therefore did not trigger for referral 

for AVR. 

4.4.3 Outcomes 

4.4.3.1 Primary Outcome 

The primary outcome measure of the study was a composite of spontaneous symptoms 

necessitating referral for AVR or death/hospitalisation for AV-related events (syncope, 

breathlessness, and HF or chest pain). 

4.5 Results 

4.5.1 Assay Performance 

4.5.1.1 Dynamic Response 

Dynamic response was assessed using the heavy:light ratio in triplicate. A positive control 

was also analysed (heavy only, no light), but not in triplicate. The expected ratio of heavy to 

light for this was arbitrarily set at 333 (inverse of light:heavy ratio in the heavy stock of 
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approximately 0.003. Coefficient of variation (%CV) generally increased as concentrations of 

heavy (the numerator) decreased. Despite this, the correlation between the measured ratio and 

the expected ratio for the technical replicates remained excellent for all peptides and the 

calibration curves appeared linear across the higher range of concentrations tested (Table 4-1 

and Figure 4-4). The absolute value of the expected ratios and measured ratios were slightly 

discrepant, probably because the ‘light’ was made from a single person’s sample, whilst the 

‘heavy’ was made from a pooled sample. Because the light:heavy ratio of the peptides for the 

main experiment was expected to range from 0.1 (10x more heavy than light) to 10 (10x 

more light than spiked-in heavy) all the peptides selected for study were retained as their 

%CV was likely to remain <10%. Additionally, the injections were performed in duplicate, 

and the mean for each duplicate was used to mitigate the variability at lower concentrations.  
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Table 4-1: Coefficients of variation in percentage of measured ratios at different concentrations; * 1, 0.04 and 0.004 were the expected ratios of heavy to light, R2 is the correlation 

between the average measured ratios and expected ratio 

  

1 0.04 0.004 1 0.04 0.004 R
2

MTVTDQVNCPK P05090 APOD 2% 2% 2% 1.5 0.08 0.015 1

VTEPISAESGEQVER O14791 APOL1 1% 4% 0% 1.2 0.06 0.017 1

DALSSVQESQVAQQAR P02656 APOC3 2% 7% 10% 1.3 0.05 0.015 1

GWVTDGFSSLK P02656 APOC3 2% 3% 1% 0.5 0.02 0.004 1

DTEEEDFHVDQVTTVK P01009 A1AT 1% 2% 14% 2.5 0.1 0.018 1

TIVTTLQDSIR P07996 TSP1 1% 3% 21% 2.3 0.12 0.062 1

IAPQLSTEELVSLGEK P43652 AFAM 2% 2% 17% 1.2 0.06 0.014 1

EALQGVGDMGR P35542 SAA4 5% 3% 3% 0.9 0.04 0.008 0.999

TLLLVGSPTWK P80108 PHLD 1% 67% 42% 1.5 0.04 0.005 1

LYDYCDVPQCAAPSFDCGKPQVEPK P00747 PLMN 3% 4% 6% 2.1 0.11 0.034 1

TVMVNIENPEGIPVK P01024 CO3 1% 0% 6% 1.5 0.05 0.01 1

IPIEDGSGEVVLSR P01024 CO3 3% 6% 5% 1.7 0.06 0.013 1

DVDECSLKPSICGTAVCK P07225 PROS 1% 3% 13% 1.4 0.07 0.021 1

GECQAEGVLFFQGDR P02790 HEMO 2% 4% 5% 1.4 0.07 0.014 1

DYFMPCPGR P02790 HEMO 4% 2% 6% 2.4 0.13 0.017 0.999

VVAQGVGIPEDSIFTMADR P02760 AMBP 0% 1% 29% 2.7 0.11 0.007 1

LDTLAQEVALLK P05452 TETN 2% 3% 7% 1.6 0.07 0.008 1

ATFGCHDGYSLDGPEEIECTK P02749 APOH 1% 1% 10% 9 0.39 0.045 1

TYLPAVDEK P02655 APOC2 8% 4% 6% 1 0.04 0.006 0.997

VLHGDLIDFVCK P05160 F13B 8% 22% 6% 1.3 0.04 0.006 0.997

Peptide Sequence Uniprot Protein Name
CV* Average Measured Ratio
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Figure 4-4: Calibration curves of targeted peptides, each dilution performed in triplicate, except for the heavy stock (highest heavy:light ratio). Curves plotted on log10 scale to 

accommodate range of ratios. 
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4.5.1.2 Reproducibility 

The use of heavy labelled standards allowed adjustment for the significant run to run 

variability observed. Figure 4-5 and Figure 4-6 shows the variability of the sum peak areas of 

the fragment ions for the MTVTDQVNCPK peptide (surrogate for APOD) in the same sample 

injected 4 times on the same day but with improvement after normalising to the internal 

standard (Figure 4-7). This variability improved substantially (up to 20×) by using the ratios 

of the sum areas of the light peptide fragments to the heavy peptide fragments for all the 

peptides tested (Table 4-2).   
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Figure 4-5: Sum areas of selected MTVTDQVNCPK (surrogate for APOD) transitions (Light); colours indicate peak areas and chromatograms of respective y-fragment ions; dotp 

value indicates confidence of peak belonging to peptide; numbers indicate mass and charge state of ions 
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Figure 4-6: Sum areas of heavy and light MTVTDQVNCPK (APOD surrogate) transitions, shown separately in bar graphs at lower part of the screen in this screenshot. Red colour 

indicates the light peptide and blue colour indicates the heavy peptide. 
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Figure 4-7: Ratio of light to heavy MTVTDQVNCPK (APOD surrogate), showing that ratio measurements were far more reproducible 
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Table 4-2: Percentage coefficient of variation of light and heavy sum areas in 4 replicates, comparing with the 

variation of the ratios of each peptide; CV: Coefficient of variation, calculated as standard deviation÷mean expressed 

in %. CV_Ratio refers to the CV calculation for the ratios of light to heavy. 

 

  

Uniprot Protein Peptide %CV light %CV heavy %CV ratio

P05090 APOD MTVTDQVNCPK 15% 16% 2%

O14791 APOL1 VTEPISAESGEQVER 20% 19% 1%

P02656 APOC3 DALSSVQESQVAQQAR 14% 15% 8%

P02656 APOC3 GWVTDGFSSLK 12% 16% 8%

P01009 A1AT DTEEEDFHVDQVTTVK 3% 1% 2%

P07996 TSP1 TIVTTLQDSIR 18% 16% 8%

P43652 AFAM IAPQLSTEELVSLGEK 17% 18% 2%

P35542 SAA4 EALQGVGDMGR 21% 21% 3%

P80108 PHLD TLLLVGSPTWK 22% 24% 4%

P00747 PLMN LYDYCDVPQCAAPSFDCGKPQVEPK 11% 10% 3%

P01024 CO3 TVMVNIENPEGIPVK 16% 18% 4%

P01024 CO3 IPIEDGSGEVVLSR 17% 18% 3%

P07225 PROS DVDECSLKPSICGTAVCK 13% 13% 3%

P02790 HEMO GECQAEGVLFFQGDR 16% 17% 3%

P02790 HEMO DYFMPCPGR 13% 16% 4%

P02760 AMBP VVAQGVGIPEDSIFTMADR 34% 34% 3%

P05452 TETN LDTLAQEVALLK 26% 28% 3%

P02749 APOH ATFGCHDGYSLDGPEEIECTK 8% 8% 1%

P02655 APOC2 TYLPAVDEK 10% 10% 2%

P05160 F13B VLHGDLIDFVCK 3% 9% 8%
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4.5.1.3 Stability of Heavy Labelled Peptides 

The 18O-labelled heavy standards were stable at the temperature of the autosampler (8˚C). 

The same heavy standard aliquot made up in normal water, was injected every 8 injections on 

the mass spectrometer, translating to a median interval of 28.3 hours [range 23.2-95.8]. In 

nature, the abundance of light:heavy in nature is 99.8:0.2 for 16O:18O. The sample was 

labelled with 18O water which was 97% pure, therefore the ratio of light:heavy in this heavy 

standard should not be more than 3:97 (3.1%). A reasonable (arbitrary) cut-off wherein one 

would consider that the heavy standard was not stable was set at 3% of the initial ratio 

(within the 3% CV), i.e. (light+error)/(heavy-error) should be within the measurement error 

of that particular concentration. In practice, as long as the light fraction in the sample was not 

close to the limit of detection, or substantially less (<1/25) than the heavy fraction, minute 

amounts of back exchange from the heavy to light was unlikely to affect the results 

significantly. 

Figure 4-8 illustrates the ratio of light:heavy in the heavy standard injected over 38 days. If 

the cut-off of ratio of 0.031 was used, the heavy standard could be considered stable at 8˚C 

for at least 38 days. However, if a stricter cut-off of 0.0066 (~ 3x the light fraction in a pure 

heavy sample), the heavy standard could be considered stable in these conditions for 13.5 

days. This was not important in this study because a fresh standard was prepared daily and 

spiked-in with the samples; however, relevant for future applications, this method of heavy 

labelling would yield stable labels for up to 38 days in these conditions depending on the 

application (i.e. if the ratio being measured is more than 1:50). 
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Figure 4-8: Measured light to heavy ratio in a heavy standard made up in water, injected over several days at 8˚C; 

back exchange from heavy to light only apparently begins to drift after day 14 for some peptides. 
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Having established that the assay had acceptable performance, the study was run to 

completion. Retention times were reasonably stable, but minor daily fluctuations (~4-5 

minutes) meant that the 2-minute scheduling windows for each peptide needed manual 

adjustment after each injection to ensure that the mass spectrometer was monitoring for the 

right precursor at the right time in each subsequent injection. Of note, large changes in 

ambient temperature (e.g. freezing winter conditions) meant that retention times could shift 

by up to 5 minutes per day. It was unclear whether the general drift upwards of retention 

times was due to ambient temperature or other variables (like device cleanliness) (Figure 

4-9). 

 
Figure 4-9: Fluctuation of retention times for a typical peptide over the course of the study 
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The column needed replacing twice during the course of the study, which also resulted in a 

change in retention times. Columns from different manufacturing batches led to differing 

absolute ion intensities; however, normalized values (i.e. LH ratios) were unaffected by this 

variability (Figure 4-10). 

 

 
Figure 4-10: Systematic change in absolute ion intensities due to chromatographic column changes did not affect 

light:heavy ratio measurements 
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4.5.1.4 Correlation between Discovery Study Protein abundances vs. Surrogate 

Peptide abundances 

Light/Heavy ratio results obtained in duplicate were averaged and this value was used as the 

measured value for the peptide. There was overall acceptable correlation between the protein 

abundances in the discovery study and the surrogate peptide abundances. In total, 12 

discovery proteins had acceptable correlation with their peptide surrogates in the verification 

study, but 4 proteins did not correlate at all. Tables 4-3 to 4-7 show the correlations between 

the discovery study and verification study. As expected (given the sample preparation method 

for the verification study), PRMs mostly correlated well with CSH-workflow protein 

abundances, but TSP1 correlated much better with EV-workflow protein abundances. 
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EV CSH 

Uniprot Protein rho p rho p 

O14791 APOL1 0.26 0.012 0.23 0.029 

  
P00747 PLMN -0.07 0.506 0.49 <0.001 

  
P01009 A1AT 0.28 0.006 0.36 0.001 

  
P01024 CO3 0.11 0.309 0.52 <0.001 

  
Table 4-3:Scatterplots comparing PRM assay results with EV and CSH protein abundances (n=92); where two 

peptides were measured in PRM assays, their abundances were averaged for correlation; PRM: parallel reaction 

monitoring, EV: extracellular vesicle workflow, CSH: calcium silicate hydrate workflow, rho: Spearmann correlation 

cooefficient, p: p.value- p<0.05 taken as significant 
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 EV CSH 

Uniprot Protein rho p rho p 

P02655 APOC2 0.33 0.001 0.78 <0.001 

  
P02656 APOC3 0.18 0.081 0.68 <0.001 

  
P02749 APOH 0.16 0.12 0.56 <0.001 

  
P02760 AMBP 0.02 0.814 0.35 <0.001 

  
Table 4-4: Scatterplots comparing PRM assay results with EV and CSH protein abundances (n=92); where two 

peptides were measured in PRM assays, their abundances were averaged for correlation; PRM: parallel reaction 

monitoring, EV: extracellular vesicle workflow, CSH: calcium silicate hydrate workflow, rho: Spearmann correlation 

cooefficient, p: p.value- p<0.05 taken as significant 
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 EV CSH 

Uniprot Protein rho p rho p 

P02790 HEMO 0.15 0.163 0.09 0.406 

  
P05090 APOD 0.04 0.701 0.27 0.01 

  
P05160 F13B -0.01 0.917 -0.05 0.611 

  
P05452 TETN -0.19 0.073 0.07 0.491 

  
Table 4-5: Scatterplots comparing PRM assay results with EV and CSH protein abundances (n=92); where two 

peptides were measured in PRM assays, their abundances were averaged for correlation; PRM: parallel reaction 

monitoring, EV: extracellular vesicle workflow, CSH: calcium silicate hydrate workflow, rho: Spearmann correlation 

cooefficient, p: p.value- p<0.05 taken as significant 
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 EV CSH 

Uniprot Protein rho p rho p 

P07225 PROS 0.13 0.217 0.47 <0.001 

  
P07996 TSP1 0.75 <0.001 -0.03 0.777 

  
P35542 SAA4 0.12 0.256 0.65 <0.001 

  
Table 4-6: Scatterplots comparing PRM assay results with EV and CSH protein abundances (n=92); where two 

peptides were measured in PRM assays, their abundances were averaged for correlation; PRM: parallel reaction 

monitoring, EV: extracellular vesicle workflow, CSH: calcium silicate hydrate workflow, rho: Spearmann correlation 

cooefficient, p: p.value- p<0.05 taken as significant 
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 EV CSH 

Uniprot Protein rho p rho p 

P43652 AFAM 0.09 0.372 0.57 <0.001 

  
P80108 PHLD 0.22 0.033 0.29 0.005 

  
Table 4-7:Scatterplots comparing PRM assay results with EV and CSH protein abundances (n=92); where two 

peptides were measured in PRM assays, their abundances were averaged for correlation; PRM: parallel reaction 

monitoring, EV: extracellular vesicle workflow, CSH: calcium silicate hydrate workflow, rho: Spearmann correlation 

cooefficient, p: p.value- p<0.05 taken as significant 
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4.5.2 Baseline Characteristics of patients 

168 patients were included in the analyses, with an average follow-up time of 368.7±156 

days (range 181-791). Of these, 67 (39.9%) had severe AS, 41 (24.4%) were female and 54 

(32.1%) tested positive on exercise testing. During the follow-up period, there were 58 

(34.5%) events. Of these only 46 were spontaneous events (primary outcome), the others had 

asymptomatic (prophylactic) AVR (competing events). There was 1 death and 5 

hospitalisations (1 syncope, 1 chest pain, 2 dyspnoea, 1 HF). Competing events were not 

included in the primary outcome. 

As expected, those with severe AS had lower AVAs but higher MPG and AV-Vmax (Table 

4-8). The calcium scores and hsTNI was also higher. There was also more remodelling (mass 

and remodelling) in the severe AS group. Notably markers of fibrosis (LGE and ECV were 

both similar between the two groups. MPR was lower in the severe AS group, and the event 

rate in the severe AS group was almost twice as high. 

In comparing the discovery cohort and the whole cohort used for verification (Table 4-9); 

there were 92 patients in the discovery cohort, but 168 patients in the whole cohort. There 

were proportionally more females, severe AS, positive exercise tests, slightly higher 

natriuretic peptide levels and endpoints in the discovery cohort compared to the verification 

cohort. In short, the main difference between the two cohorts is the verification cohort had 

more moderate AS.  
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Table 4-8: Baseline characteristics of patients grouped by AS severity; eGFR: estimated glomerular filtration rate, 

AS: aortic stenosis, AV: aortic valve, AU: arbitrary units, LV: left ventricular, EDVI: end diastolic volume index, 

ESVI: end systolic volume index, MI: mass index, LVM/LVEDV: ratio of LV mass to LV end diastolic volume 

 

  

Moderate AS (n=101) Severe AS (n=67) p value

Age 65±14.15 68±12.41 0.197

Female (%) 23 (22.8%) 18 (26.9%) 0.585

Diabetes (%) 12 (11.9%) 12 (17.9%) 0.368

Hypertension (%) 57 (56.4%) 34 (50.7%) 0.528

Haemoglobin (g/dL) 14.32±1.20 14.09±1.26 0.244

eGFR (mL/min/1.72m
2
) 87.65±29.01 87.78±28.66 0.977

BMI (kg/m
2
) 27.99±3.80 27.89±4.66 0.875

Systolic blood pressure (mmHg) 146±21 149±21.2 0.54

Diastolic blood pressure (mmHg) 78±11 77±10.4 0.722

Positive exercise test (%) 33 (32.7%) 21 (31.3%) 1

Stroke volume index (ml/m
2
) 46.98±10.19 51.33±13.18 0.018

Valve area (cm
2
) 1.18±0.28 1.01±0.32 <0.001

Valve area index (cm
2
/m

2
) 0.60±0.13 0.52±0.14 <0.001

Peak velocity (m/s) 3.50±0.25 4.42±0.44 <0.001

Mean pressure gradient (mmHg) 28.11±5.06 46.77±12.05 <0.001

AV Calcium Score (AU) 1601 [1006, 2196] 2956 [1743, 4249] <0.001

Males Only 1774 [1322, 2604] 3208 [2349, 4502] <0.001

Females Only 776 [298, 1132] 1829 [1301, 2561] <0.001

AV Calcium Index 0.84 [0.59, 1.22] 1.58 [1.12, 2.18] <0.001

Hs Troponin (pg/mL) 5.00 [2.77, 9.27] 7.08 [5.09, 11.18] 0.002

NTproBNP (pmol/L) 54.09 [16.75, 136.04] 67.07 [21.36, 227.11] 0.213

LVEF 56.54±4.54 56.84±5.31 0.697

LVEDVI (mL/m
2
) 86.10±15.79 88.97±20.60 0.309

LVESVI (mL/m
2
) 37.70±9.38 38.80±11.68 0.501

LVMI (g/m
2
) 54.28±11.49 62.61±15.36 <0.001

LVM/LVEDV (g/mL) 0.64±0.10 0.71±0.11 <0.001

Extracellular volume fraction 25.04±2.38 24.66±2.50 0.415

Late gadolinium enhancement (%) 46 (45.5%) 34 (50.7%) 0.531

Myocardial perfusion reserve 2.44±0.69 1.98±0.57 <0.001

Primary Outcome (%) 20 (19.8%) 26 (38.8%) 0.008
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Table 4-9: Comparison between discovery cohort and whole cohort for verification; eGFR: estimated glomerular 

filtration rate, AS: aortic stenosis, AV: aortic valve, AU: arbitrary units, LV: left ventricular, EDVI: end diastolic 

volume index, ESVI: end systolic volume index, MI: mass index, LVM/LVEDV: ratio of LV mass to LV end diastolic 

volume 

4.5.3 Prognostic baseline characteristics to outcome on cox regression 

As expected, higher gradients and lower valve area were strongly associated with the 

endpoint, and accordingly, being classified as ‘severe AS’ was also strongly associated with 

the endpoint. High sensitivity troponin I was not associated with the endpoint, whilst higher 

NTproBNP and a positive exercise test were (Table 4-10). AV Calcium Index, a sex-adjusted 

Discovery Cohort, n=92 Whole cohort, n=168

Age 68±11 66±13

Female (%) 33 (36.3%) 41 (24.4%)

Diabetes (%) 11 (12.1%) 24 (14.3%)

Hypertension (%) 50 (54.9%) 91 (54.2%)

Haemoglobin (g/dL) 13.9±1.2 14.2±1.2

eGFR (mL/min/1.73m
2
) 82.6±23.3 87.7±28.8

Body mass index (kg/m
2
) 27.3±3.8 27.9±4.2

Systolic blood pressure (mmHg) 147±22 147±21

Diastolic blood pressure (mmHg) 76±10 77±11

Positive ETT (%) 38 (41.8%) 54 (32.1%)

Stroke volume index (mL/m
2
) 50.21±12.60 48.72±11.64

Valve area (cm
2
) 1.05±0.29 1.11±0.31

Valve area index (cm
2
/m

2
) 0.55±0.14 0.57±0.14

Peak velocity (m/s) 4.05±0.59 3.87±0.56

Mean pressure gradient (mmHg) 39.23±13.48 35.55±12.52

Severe AS (%) 46 (50%) 67 (40%)

AV calcium score (AU) 2071 [1278, 2929] 1899 [1206, 3022]

AV calcium index 1.12 [0.8, 1.58] 1.07 [0.69, 1.65]

Hs Troponin (pg/mL) 5.8 [3.4, 11.3] 5.6 [3.3, 10.6]

NTproBNP (pmol/L) 79 [22, 232] 57 [20, 158]

LV ejection fraction 57±5 57±5

LVEDVI (mL/m
2
) 85.45±16.88 87.25±17.86

LVESVI (mL/m
2
) 36.88±10.16 38.14±10.34

LVMI (g/m
2
) 57.15±12.61 57.60±13.75

LVM/LVEDV (g/mL) 0.68±0.12 0.66±0.11

Extracellular volume fraction 25.5±2.5 24.9±2.4

Late gadolinium enhancement (%) 44 (48.4%) 80 (47.6%)

Myocardial perfusion reserve 2.21±0.66 2.25±0.68

Primary outcome (%) 46 (50.5%) 46 (27.4%)
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measure of aortic valve calcification, was also associated with the endpoint. Finally, lower 

myocardial perfusion reserve was also associated with the endpoint. A lower eGFR and 

haemoglobin were also weakly associated with the endpoint. 

 
Table 4-10: Univariate associations with the composite endpoint; 1Univariate Analysis using cox proportional 

hazards; 2Univariate Analysis using Fine-Grey proportional hazards for competing events; HR: hazard ratio, CI: 

confidence interval, eGFR: estimated glomerular filtration rate, AS: aortic stenosis, AV: aortic valve, AU: arbitrary 

units, LV: left ventricular, EDVI: end diastolic volume index, ESVI: end systolic volume index, MI: mass index, 

LVM/LVEDV: ratio of LV mass to LV end diastolic volume 

 

1
HR (95% CI for HR) p 2

HR (95% CI for HR) p

Age 1 (0.99-1) 0.19 1.02 (0.99-1.04) 0.21

Female 2.1 (1.2-3.8) 0.015 2.22 (1.20-4.13) 0.011

Diabetes 1.1 (0.48-2.4) 0.87 1.07 (0.47-2.47) 0.87

Hypertension 0.86 (0.48-1.5) 0.6 0.87 (0.49-1.55) 0.63

Haemoglobin 0.80 (0.63-1) 0.056 0.78 (0.61-0.99) 0.042

eGFR 0.99 (0.97-1) 0.041 0.99 (0.98-1.00) 0.016

Body mass index (per kg/m
2
) 0.96 (0.89-1) 0.25 0.96 (0.89-1.03) 0.27

Systolic blood pressure 0.98 (0.96-1) 0.26 0.98 (0.95-1.01) 0.19

Diastolic blood pressure 1 (0.99-1) 0.94 1 (0.98-1.01) 0.9

Positive exercise test 2.1 (1.15-3.68) 0.015 2.04 (1.16-3.60) 0.014

Stroke volume index (per ml/m
2
) 0.99 (0.97-1) 0.46 0.99 (0.97-1.02) 0.51

Valve area (per cm
2
) 0.071 (0.022-0.23) <0.001 0.09 (0.02-0.34) <0.001

Valve area index (per cm
2
/m

2
) 0.0056 (0.0005-0.063) <0.001 0.01 (0.00-0.17) 0.001

Peak velocity (per m/s) 3.5 (2.1-5.7) <0.001 3 (1.82-4.93) <0.001

Mean pressure gradient (per mmHg) 1.1 (1-1.1) <0.001 1.05 (1.03-1.07) <0.001

Severe AS 2.7 (1.5-4.9) <0.001 2.42 (1.36-4.29) 0.003

AV Calcium Index 1.5 (1.2-2.1) 0.003 1.47 (1.12-1.93) 0.005

Hs Troponin (per pg/mL) 0.99 (0.82-1.2) 0.9 0.97 (0.82-1.16) 0.76

NTproBNP (per pmol/L) 1.2 (1-1.4) 0.011 1.2 (1.04-1.37) 0.012

LV ejection fraction (per percent) 1 (0.95-1.1) 0.71 1.02 (0.96-1.08) 0.55

LVEDVI (per ml/m
2
) 0.99 (0.97-1) 0.29 0.99 (0.97-1.01) 0.22

LVESVI (per ml/m
2
) 0.99 (0.96-1) 0.34 0.98 (0.95-1.01) 0.27

LVMI (per g/m
2
) 1 (0.98-1) 1 1 (0.98-1.02) 0.8

LVM/LVEDV (per g/mL) 5.9 (0.53-66) 0.15 4.49 (0.37-54.89) 0.24

Extracellular volume fraction (per percent) 1.1 (0.97-1.3) 0.12 1.13 (0.98-1.31) 0.085

Late gadolinium enhancement 1.4 (0.76-2.4) 0.31 1.29 (0.73-2.28) 0.39

Myocardial perfusion reserve (per percent) 0.61 (0.39-0.97) 0.039 0.65 (0.42-1.01) 0.056
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4.5.4 Fine-Grey Univariate association of baseline characteristics for significant 

variables on univariate analysis 

The analyses of significant univariate associations were repeated with Fine-Grey proportional 

hazards regression for competing events to confirm whether competing events affected the 

results (Table 4-10). Largely the results remained unchanged, although for some ‘borderline’ 

variables, eg. eGFR and Haemoglobin, this change made the variables more ‘significant’, 

whilst making myocardial perfusion reserve lose its significance. 
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4.5.5 Analysis of Kaplan-Meier curves of important risk factors 

  

  

  

Figure 4-11: Analysis of Kaplan-meier curves of important prognosticators in aortic stenosis. Curves refer to patients 

from the PRIMID-AS study. Clockwise from top left: Event-free Kaplan-Meier curves for positive exercise test; 

ranges of mean pressure gradient (MPG); NTproBNP quartiles; AS severity; sex and aortic valve area ranges. 

Crosses on curves indicate censoring.  
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Kaplan-Meier analyses (Figure 4-11) suggest that the lowest-risk group are those that have a 

low MPG and high AVA, but with a negative exercise test. However a negative ETT was still 

associated with a ~ 40% event rate. Being male appeared to be associated with lower risk 

initially, but later the risk ‘catches up’ with females. Consistently, having severe AS was 

associated with 2.6x higher risk, compared to moderate AS. In cox models, being female was 

associated with double the risk (HR 2.04 (1.13-3.7) p 0.02) compared to males, after 

adjusting for severity. 

4.5.6 Baseline Model 

A multivariable model that appropriately reflected the existing risk needed to contain some 

measure of AS severity, exercise testing and sex (Table 4-11). A stepwise selection approach 

based on Akaike Information Criterion with a combination of these markers showed that 

continuous measures of valve area and mean pressure gradients was better compared to the 

binary “Severe AS” (Model 2 better fit than Model 3), and when present in the same model 

together (Model 4), stepwise selection resulted in a compact model (Model 2) that excluded 

the binary “Severe AS” variable.  
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Table 4-11: Developing a compact model reflecting baseline risk; eGFR: estimated glomerular filtration rate, ETT: exercise tolerance test, AVA: Aortic 

valve area, MPG: mean pressure gradient, AS: aortic stenosis, AV: aortic valve; A selection of multivariable models:-  

Model 1: all significant variables on univariate analyses entered into Cox model;  

Model 2: compact model from stepwise selection, from Model 1 and Model 4;  

Model 3: An example of a model that included AV Calcium Index in the absence of MPG or AVA; stepwise regression did not remove any of the variables 

in the model, but addition of MPG to the model led to removal of both the AV Calcium Index and Severe AS variable;  

Model 4: Variables entered into model to illustrate that more information was present in AVA and MPG leading to removal of “Severe AS” and sex from 

the model on stepwise selection (Model 2). 

 

HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p

Female 1.81 (0.89-3.69) 0.1 - - 1.86 (1.02-3.41) 0.043 1.44 (0.78-2.64) 0.24

Haemoglobin 1.18 (0.88-1.59) 0.28 - - - - - -

eGFR 1.00 (0.98-1.01) 0.81 - - - - - -

Positive ETT 2.02 (1.11-3.70) 0.022 1.83 (1.02-3.30) 0.044 1.98 (1.09-3.60) 0.025 1.83 (1.01-3.32) 0.047

AVA 0.18 (0.05-0.69) 0.012 0.16 (0.05-0.59) 0.006 - - 0.18 (0.05-0.67) 0.011

MPG 1.05 (1.02-1.07) <0.001 1.04 (1.02-1.07) <0.001 - - 1.05 (1.01-1.08) 0.006

NTproBNP 1.13 (0.96-1.33) 0.14 1.12 (0.97-1.28) 0.12 1.14 (0.99-1.31) 0.062 1.12 (0.97-1.28) 0.11

Severe AS - - - - 2.36 (1.21-4.62) 0.012 0.89 (0.35-2.30) 0.82

AV Calcium Index - - - - 1.33 (0.95-1.85) 0.097 - -

Harrell's C

R
2 0.245 0.227 0.162 0.234

Model 1 Model 2 Model 3 Model 4

0.772 0.764 0.74 0.773
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However, as clinicians make many decisions based on established cut-offs, subsequent 

analyses included one model with “Severe AS” as the variable representing AS-severity, and 

another containing both MPG and AVA but not Severe AS to achieve this. 

4.5.7 Baseline values of targeted peptides/proteins grouped by AS Severity 

The measured values of the targeted peptides were largely similar between moderate AS and 

severe AS, except for Factor 13B, Apolipoprotein L1 and Protein AMBP, all of which were 

lower in severe AS than moderate AS (Table 4-12 and Figure 4-12).  

4.5.8 Univariate Association of targeted peptides/proteins to composite outcome  

Out of the 20 peptides tested, there was only one which was significantly associated with the 

endpoint, which was the surrogate for apolipoprotein D (Table 4-12 and Figure 4-13). This 

was confirmed on Fine Grey proportional hazards regression for competing events, with 

similar hazard ratios. Higher APOD (dichotomised by its median value) was associated with 

a higher incidence of the composite endpoint, but not competing events (p 0.51). Cumulative 

incidence curves illustrate the proportional increase in risk if APOD was ≥ median levels 

(Figure 4-13). Alternatively, similar results were seen when APOD was dichotomized by its 

optimal thresholds on a ROC curve (Figure 4-14).  

4.5.9 Multivariable analysis 

Adding APOD to the baseline model showed that it remained independently prognostic 

(Table 4-13). The findings were replicated in Fine-Grey analyses. Substituting Severe AS for 

MPG and AVA did not reduce the prognostic ability of APOD. In fact, on stepwise selection, 

NTproBNP was not retained, whilst APOD was, both when using Severe AS or AVA and 

MPG. These imply that APOD was a stronger prognosticator of the composite endpoint in 

asymptomatic AS compared to NTproBNP. 
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Table 4-12: Comparison between mean levels of peptides measured in moderate and severe AS, and univariate association with the endpoint; means expressed as mean (standard 

deviation); $ refers to p value for differences between group means in Moderate and Severe AS; & refers to hazard ratios (95% confidence interval) and p values for univariate 

association with the composite endpoint 

UniprotID Protein Name Peptide Moderate AS (n=101) Severe AS (n=67) $
p value

&
HR (95% CI)

&
p value

P01009 A1AT Alpha 1 Antitrypsin DTEEEDFHVDQVTTVK 2.38 (4.48) 2.50 (3.99) 0.86 0.98 (0.89-1.1) 0.69

P43652 AFAM Afamin IAPQLSTEELVSLGEK 2.52 (0.76) 2.33 (0.83) 0.134 0.92 (0.63-1.3) 0.66

P02760 AMBP Protein AMBP VVAQGVGIPEDSIFTMADR 2.53 (0.90) 2.20 (0.79) 0.017 0.99 (0.71-1.4) 0.97

P02655 APOC2 Apolipoprotein C2 TYLPAVDEK 2.52 (0.88) 2.33 (0.90) 0.178 0.93 (0.67-1.3) 0.65

P02656 APOC3 Apolipoprotein C3 DALSSVQESQVAQQAR 2.73 (1.17) 2.46 (1.03) 0.125 0.95 (0.73-1.2) 0.68

P02656 APOC3 Apolipoprotein C3 GWVTDGFSSLK 3.51 (1.59) 3.24 (1.28) 0.24 0.96 (0.79-1.2) 0.71

P05090 APOD Apolipoprotein D MTVTDQVNCPK 2.56 (0.67) 2.51 (0.90) 0.648 1.7 (1.2-2.4) 0.002

P02749 APOH B2Glycoprotein ATFGCHDGYSLDGPEEIECTK 3.85 (1.06) 3.79 (1.21) 0.707 0.95 (0.73-1.2) 0.68

O14791 APOL1 Apolipoprotein L1 VTEPISAESGEQVER 2.28 (0.62) 2.08 (0.64) 0.041 0.98 (0.62-1.6) 0.93

P01024 CO3 Complement C3 IPIEDGSGEVVLSR 2.47 (0.58) 2.39 (0.64) 0.425 0.85 (0.53-1.4) 0.51

P01024 CO3 Complement C3 TVMVNIENPEGIPVK 3.38 (1.04) 3.25 (1.13) 0.45 0.85 (0.64-1.1) 0.26

P05160 F13B Factor 13B VLHGDLIDFVCK 2.67 (0.67) 2.44 (0.65) 0.026 1 (0.68-1.6) 0.84

P02790 HEMO Hemopexin DYFMPCPGR 2.74 (1.12) 2.62 (0.90) 0.474 1.2 (0.91-1.5) 0.22

P02790 HEMO Hemopexin GECQAEGVLFFQGDR 2.47 (0.57) 2.30 (0.65) 0.07 1.3 (0.78-2.1) 0.34

P80108 PHLD Phospholipase D TLLLVGSPTWK 2.76 (0.86) 2.58 (0.92) 0.201 1 (0.72-1.4) 0.99

P00747 PLMN Plasminogen LYDYCDVPQCAAPSFDCGKPQVEPK 1.66 (0.65) 1.65 (0.72) 0.976 0.87 (0.56-1.3) 0.52

P07225 PROS Protein S DVDECSLKPSICGTAVCK 2.84 (0.76) 2.74 (0.77) 0.383 1.2 (0.84-1.8) 0.27

P35542 SAA4 Serum Amyloid A4 EALQGVGDMGR 2.72 (0.84) 2.49 (0.86) 0.081 1.1 (0.8-1.5) 0.56

P05452 TETN Tetranectin LDTLAQEVALLK 2.14 (0.53) 2.09 (0.65) 0.59 1.2 (0.75-1.9) 0.43

P07996 TSP1 Thrombospondin 1 TIVTTLQDSIR 2.73 (1.85) 2.36 (1.84) 0.208 0.91 (0.77-1.1) 0.3
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Figure 4-12: Box/Dotplots for significantly different peptides; APOD – apolipoprotein D, APOL1 – apolipoprotein 

L1, AMBP – protein AMBP, F13B – factor 13B, p-values <0.05 taken as significant 
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Figure 4-13: Cumulative incidence of competing events dichotomized by APOD median; p.values of difference 

between time to event for APOD values above and below median; tick-marks indicate censoring  
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Figure 4-14: Cumulative incidence plot of competing events for APOD dichotomized by optimal thresholds; top box – 

receiver operating curves to derive optimal thresholds for APOD peptide, AUC = area under the curve, annotated 

point showing the threshold at which the sum specificity and sensitivity were maximal for the composite endpoint, 

bottom box – cumulative incidence plot for APOD dichotomized by optimal threshold; p.values of difference between 

time to event for APOD values above and below thresholds; tick-marks indicate censoring 
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Table 4-13: Prognostic independence of APOD against baseline variables, APOD retained in all models on stepwise selection implying it was a strong prognosticator; AVA: 

aortic valve area, MPG: mean pressure gradient, AS: aortic stenosis, ETT: exercise tolerance test 

Model 1: Cox model with variables on enter;  

Model 2: Fine-Grey model with variables on enter,  

Model 3: Same as Model 1 but with Severe AS substituted with AVA and MPG;  

Model 4: Forward selection from Model 3; 

Model 5: Forward selection from Model 1  

 

Hazard Ratio p value Hazard Ratio p value Hazard Ratio p value Hazard Ratio p value Hazard Ratio p value

Female 2.08 (1.13-3.82) 0.019 2.33 (1.24-4.38) 0.009 1.75 (0.93-3.32) 0.084 1.82 (0.96-3.45) 0.068 2.23 (1.22-4.07) 0.0092

Positive ETT 2.43 (1.30-4.52) 0.0052 2.38 (1.28-4.43) 0.0062 2.12 (1.16-3.87) 0.015 2.22 (1.22-4.03) 0.009 2.62 (1.42-4.83) 0.0021

Severe AS 2.94 (1.59-5.46) 0.0006 2.56 ( 1.4-4.69) 0.0023 - - - - 3.01 (1.63-5.57) 0.0005

NTproBNP 1.09 (0.94-1.26) 0.25 1.08 (0.94-1.25) 0.26 1.07 (0.92-1.23) 0.39 - - - -

APOD 1.71 (1.22-2.39) 0.0019 1.75 (1.29-2.37) 0.0004 1.51 (1.05-2.17) 0.025 1.60 (1.14-2.25) 0.0073 1.83 (1.33-2.53) 0.0002

AVA - - - - 0.28 (0.07-1.07) 0.062 0.28 (0.07-1.08) 0.065 - -

MPG - - - - 1.04 (1.02-1.07) 0.0002 1.05 (1.02-1.07) <0.0001 - -

Model 1 Model 2 Model 3 Model 4 Model 5
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4.5.10 Subgroup Analyses 

Subgroup analyses revealed that APOD was more prognostic in moderate AS and/or males 

(Figure 4-15). Tests for heterogeneity were positive with moderate AS but not for sex. APOD 

was prognostic regardless of whether exercise tests were positive. APOD levels were higher 

in males who did have an event compared to those that did not, whilst this was not seen in 

females (Figure 4-16).  

 
Figure 4-15: Forest plot of hazard ratios for APOD in different subgroups 

 
Figure 4-16: APOD levels were higher in males with events but not different between females with or without events 

  

Subgroup

Severe AS, n=67

Moderate AS, n=101

Male, n=127

Female, n=41

Positive ETT, n=54

Negative ETT, n=114

P value

0.339

0.0001

0.0012

0.29

0.028

0.02

P interaction

0.0069

0.322

0.73

0.5 1 2 4 8 16

Hazard Ratio (95% CI)
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4.5.11 Risk Stratification in moderate AS 

Variables that interacted with AS severity (“SevereAS”) were limited to MPG, Stroke 

Volume Index and APOD (p-interaction 0.001, 0.014 and 0.007 respectively) (Table 4-14). 

Subgroup analyses based on these variables indicated that MPG was more prognostic in the 

moderate group, as was APOD, whilst stroke volume index (SVI) was more prognostic in the 

severe group. 

 
Table 4-14: All variables interacting with AS severity; Hazard ratios and 95% confidence intervals within subgroups 

of Moderate and Severe AS  

This suggested that further risk stratification could be performed in the moderate AS 

subgroup, both with MPG and APOD. 

Receiver operating curves were constructed for MPG and APOD in the moderate AS 

subgroup (Figure 4-17). The AUC for MPG and APOD were 0.79 and 0.8 respectively. The 

optimal cut-off value for MPG for further risk stratification in the moderate group was 

30mmHg. The optimal cut-off value for APOD was 2.77, which was slightly above the 

median for the moderate group. 

  

Moderate AS Severe AS p-interaction

Mean pressure gradient 1.27 (1.14-1.42) p<0.01 1.04 (1.01-1.08) p=0.02 0.001

APOD 3.05 (1.73-5.4) p<0.01 1.21 (0.82-1.8) p=0.3 0.007

Stroke volume index 1.02 (0.98-1.07) p=0.33 0.96 (0.92-0.99) p=0.01 0.014
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Mean Pressure Gradient APOD 

  

Figure 4-17: Receiver operating characteristic curves for mean pressure gradient and APOD in the moderate AS 

group, with optimal cut-offs shown; AUC: area under the curve 

 

In the moderate AS group, therefore, the group with MPG ≥ 30mmHg had a higher risk of the 

endpoint. Higher APOD measurements (in this case ≥ 2.77) was also associated with 

substantially higher risk (Figure 4-18).  
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Mean Pressure Gradient APOD 

  

Figure 4-18: Cumulative Incidence curves for mean pressure gradient and APOD dichotomised by optimal cut-offs 
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4.5.12 Prognostic variables in the Moderate AS group 

Other prognosticators of the endpoint in the moderate AS group were considered (Table 

4-15). A univariate variable-wide analysis revealed AVA, AV-Vmax, MPG, left atrial 

minimal volume, a positive exercise test and APOD to be the only prognostic markers in this 

group. However, a multivariable analysis confirmed MPG and APOD to be the most 

important independent prognosticators in this group, with the most compact model having a 

Harrell’s C-index of 0.84. 

 
Table 4-15: Prognostic variables in moderate AS; *variables stepwise selected showing most compact model 

  

HR (95% CI) p value HR (95% CI) p value

Aortic Valve Area 0.16 (0.03-0.87) 0.034 - -

Peak Velocity 26 (2.9-230) 0.004 0.01 (0.00-0.90) 0.045

Mean Pressure Gradient 1.3 (1.1-1.4) <0.001 1.36 (1.15-1.61) 0.0004

Left Atrial minimal volume 1.02 (1.001-1.04) 0.04 1.02 (0.99-1.06) 0.13

Positive Exercise Test 3.13 (1.28-7.68) 0.013 2.59 (0.92-7.28) 0.07

APOD 3 (1.7-5.4) <0.001 2.85 (1.37-5.95) 0.0051

Univariate *Multivariable
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4.5.13 Prognostic variables in the Severe AS Group 

For completeness, prognosticators of the endpoint in severe AS were assessed to see if they 

were different from those in moderate AS (Table 4-16). Sex, LV ejection time, aortic valve 

area, peak velocity and mean pressure gradient, indexed stroke volume as well as valvulo-

arterial impedance were univariate prognosticators. A positive exercise test was not 

associated with the end-point in this subgroup, although cardiopulmonary exercise test 

parameters were, specifically peak VO2 and MaxOxygenPulse (max value of VO2/heart 

rate), on univariate analysis.  

However, when put into a multivariable model, only sex, stroke volume index, mean pressure 

gradient and LV ejection time remained prognostically independent. A stepwise selection led 

to a compact model containing only these four variables, with a Harrell’s C-index of 0.78.  

 
 

Table 4-16: Prognostic variables in severe AS; Max Oxygen Pulse is VO2/heart rate, *all variables in table included 

from outset, stepwise forward/backward selection resulted in the compact model.; AVA-aortic valve area, CPET-

cardiopulmonary exercise test, peakVO2- maximal oxygen consumption 

4.5.14 Net reclassification improvement analysis 

A net reclassification improvement analysis was performed to evaluate if APOD improved 

the risk stratification over and above baseline risk (Table 4-17 and Figure 4-19). This analysis 

was performed in all patients – with one baseline model containing sex, exercise testing, 

“Severe AS” and NTproBNP and another baseline model containing exercise testing, MPG, 

HR (95%CI) p value HR (95%CI) p value

Female 2.4 (1.1-5.3) 0.026 2.18 (0.96-4.94) 0.061

LV Ejection Time (ms) 1.01 (1-1.01) 0.019 1.01 (1.01-1.02) 0.0012

AVA 0.066 (0.011-0.38) 0.0024 - -

Peak Velocity 3.4 (1.3-8.7) 0.012 - -

Mean Pressure Gradient 1 (1-1.1) 0.019 1.06 (1.02-1.10) 0.0019

Stroke Volume Index 0.96 (0.92-0.99) 0.011 0.93 (0.90-0.97) 0.00027

Valvulo-arterial impedance 1.5 (1.1-2.1) 0.013 - -

CPET - Max Oxygen Pulse 0.85 (0.74-0.97) 0.019 - -

CPET - PeakVO2 0.88 (0.8-0.97) 0.0068 - -

Univariate *Multivariable compact model
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AVA and NTproBNP (Table 4-11). This was also performed in moderate AS where baseline 

risk was defined by peak velocity and MPG (Table 4-15).  

Compared to baseline, addition of APOD resulted in a ~50% improvement in classification of 

risk compared to the baseline model alone. There was both a net increase in up-classifying 

patients at risk, as well as the converse, resulting in a higher probability of a higher risk score 

in patients who went on to have an event, and higher probability of a lower risk score in those 

that did not. There was minimal difference when “Severe-AS” was used instead of a 

combination of AVA and MPG in the baseline model.  

In moderate-AS only, the reclassification was more dramatic, with a 78% net improvement in 

risk stratification, with 45% net up-classification of risk in those with events, and 33% down-

classification of in those who did not go on to have an event, compared to the use of MPG 

and peak velocity alone. 

These confirm that addition of APOD to existing risk stratification strategies could result in 

better accuracy in determining risk in these patients. 

 
 

Table 4-17: Continuous net reclassification improvement analysis, comparing baseline model vs baseline model + 

APOD; AVA – aortic valve area, MPG – mean pressure gradient, ETT – positive exercise test, AS – aortic stenosis 

  

%Overall % Events % No-Events P value

51.2 (17.9-89.3) 23.9 (3.7-53.6) 27.3 (14.2-36.1) 0.012

50.1 (19.1-67.9) 23.9 (4.3-32.6) 26.2 (14.8-39.4) 0.004

Moderate AS Only MPG + Peak velocity 78.3 (21.2-105) 45 (5.6-59.2) 33.3 (8.4-57.3) 0.0001

Baseline Model
Continuous Net Reclassification Improvement

Sex + AVA + MPG + ETT + NTproBNP

Sex + Severe AS + ETT +  NTproBNP
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Baseline Model 1 + APOD Baseline Model 2 + APOD Baseline Model 3 + APOD 

   
Sex, AVA, MPG, ETT, 

NTproBNP plus APOD 

Sex, Severe AS, ETT, NTproBNP 

plus APOD 

In Moderate AS only: MPG, Peak 

Velocity plus APOD 
Figure 4-19: Net Reclassification Improvement Analysis; Illustration showing increase in upclassification of patients 

with events (red) and downclassification of patients without events (black) over the baseline model (diagonal line); 

AVA – aortic valve area, MPG – mean pressure gradient, ETT – positive exercise test 

4.5.15  Negative and positive predictive values 

Negative and positive predictive values (NPV and PPV) were also calculated for 

dichotomised variables for the whole cohort, moderate and severe AS in Table 4-18. When 

considering both moderate and severe AS together, all variables had a higher NPV than PPV, 

with MPG < 30mmHg identifying the lowest-risk group of patients. In patients with moderate 

AS only, both MPG <30mmHg and APOD <2.77 had comparable NPVs (>90%). On the 

other hand, in patients with severe AS only, being female or having a MPG of ≥ 46 mmHg 

was associated with the highest PPV of reaching the composite endpoint. 
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Table 4-18: Negative and positive predictive values for dichotomised variables in the whole PRIMID-AS cohort, moderate and severe AS separately of 

the composite endpoint; Mean pressure gradient ≥ 30mmHg unless specified otherwise; & predictive values for mean pressure gradient ≥ 46 mmHg 

(determined on ROC curve for severe AS only); AS-aortic stenosis, ETT-exercise tolerance test; p-value from Fisher’s exact test when constructing two-

way tables 

NPV PPV p-value NPV PPV p-value NPV PPV p-value

Severe AS 80% 39% 0.008 x x x x x x

Female 78% 44% 0.009 83% 30% 0.231 69% 61% 0.05

Mean pressure gradient 90% 39% <0.001 93% 44% <0.001 &
72%

&
54%

&
0.04

Positive ETT 78% 39% 0.027 88% 36% 0.007 63% 43% 0.79

NTproBNP ≥ 127.9 pmol/L 80% 43% 0.003 86% 34% 0.027 69% 52% 0.12

APOD ≥ 2.77 81% 43% 0.002 92% 42% <0.001 64% 45% 0.59

Moderate AS Severe ASWhole Cohort
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In order to illustrate the additive risk of these variables (risk factors) to reaching the endpoint, 

each risk factor was given one point, and a simplistic risk score was constructed by addition 

of all positive risk factors. Kaplan-Meier curves were plotted for each score (Figure 4-20). 

Severe AS was not used in the risk-score – because of collinearity with MPG. There was one 

patient with a risk-score of 5, but did not reach an endpoint, which may have been due to 

early censoring. All patients with a score of 0 did not reach the composite endpoint, whilst 

progressive increase in the score was associated with incremental risk of reaching the 

composite endpoint sooner. 

A ROC curve was also constructed, which showed that the risk of reaching the composite 

endpoint increased sharply if three or more risk factors were positive (Figure 4-21). 
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Figure 4-20: Kaplan-meier curves illustrating differences between event-free probabilities stratified by the number of 

positive risk factors, which were female sex, positive exercise test, mean pressure gradient ≥ 30mmHg, APOD ≥ 2.77, 

NTproBNP ≥ 127.9 pmol/L; post-hoc adjusted p-values which were significant (<0.05) were 0 vs 3, 0 vs 4, 1 vs 3, 1 vs 

4, 2 vs 3, 2 vs 4 and 3 vs 4. All other score comparisons were not significant. 
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Figure 4-21: Receiver operating characteristic curve of the 5-point risk-score showing that 3 (or more) risk-factors 

was associated with a steep increase in risk of reaching the endpoint; area under the curve of 0.8 (95% confidence 

interval 0.73-0.87), the threshold of 3-risk factors has a specificity of 83.6%, sensitivity of 60.9%, negative predictive 

value of 85% and positive predictive value of 58.3% 
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4.5.16 Correlates and Determinants of APOD 

To ascertain which factors influenced the levels of APOD to deduce its potential roles in AS, 

correlation with other variables were performed. APOD correlated strongly with several of 

the other proteins targeted in the study, but in order of correlation, the top four were 

tetranectin, factor 13b, afamin and phosphatidylinositol-glycan-specific phospholipase D 

(Table 4-19).  

 
Table 4-19: Spearman correlations for proteins to APOD. Only significant correlations reported, all with p-value 

<0.01, ranked with the highest correlation first. 

Correlations with clinical variables were performed as well for the same reasons. These found 

some interesting patterns – moderate correlation with diastolic blood pressure, diastolic 

perfusion time (which is RR interval minus LV ejection time), predicted peak VO2, RV end 

diastolic volume index, creatinine, maximal left atrial size index, LV ejection time and 

NTproBNP, but inversely correlated to heart rate, eGFR and BMI (both the appropriate 

opposite of RR interval and creatinine respectively) (Table 4-20). The stronger correlations 

had a lower p-value.  

  

Uniprot 

Accession
Gene Name Protein Name Spearman rho

P05452 TETN Tetranectin 0.49

P05160 F13B Factor 13B 0.42

P43652 AFAM Afamin 0.4

P80108 PHLD Phosphatidylinositol-glycan-specific phospholipase D 0.37

P02790 HEMO Hemopexin 0.36

P35542 SAA4 Serum Amyloid A4 0.35

O14791 APOL1 Apolipoprotein L1 0.3

P02760 AMBP Protein AMBP 0.29

P02655 APOC2 Apolipoprotein C2 0.25

P07225 PROS Protein S 0.24

P02656 APOC3 Apoliproprotein C3 0.24

P01024 CO3 Complement C3 0.22

P02749 APOH Beta-2-glycoprotein 0.21
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Table 4-20: Spearman correlations for clinical variables to APOD. $rho value with p-value of correlation <0.01, *rho 

value with correlation p-value > 0.01 & < 0.05, LVMI: Left ventricular mass index, Peak VO2: Peak oxygen 

consumption, RR interval: time between two R waves on ECG at rest. 

 

The clinical variables in the table were put into a linear regression model to ascertain 

determinants of the APOD level. Due to aliasing, diastolic perfusion time was excluded. 

Variance inflation factors were calculated and collinear variables were rationalised. As such, 

eGFR, weight, heart rate, predicted peakVO2 were excluded (all dependent on weight or 

heart rate). The remaining variables all had a variance inflation factor of <2. Variables were 

standardized to a mean of zero and unit standard deviation for linear regression modelling to 

make more meaningful inferences on the beta estimates. 

Both models (Table 4-21) show that these variables could only explain 22% of the variance 

in the APOD. The major correlates were BMI, NTproBNP, stress myocardial blood flow × 

left ventricular mass index, diastolic blood pressure and heart rate.  

Clinical Variable Spearman rho

Resting Diastolic Blood Pressure 0.26
$

Resting RR interval 0.26
$

Diastolic Perfusion Time 0.23
$

Predicted PeakVO2 0.22
$

Right ventricular end diastolic volume index 0.21
$

Creatinine 0.20
$

Left ventricular ejection time 0.20
*

Peak VO2 0.19
*

Global stress myocardial blood flow x LVMI 0.17
*

Maximal left atrial size index 0.16
*

NTproBNP 0.16
*

Weight -0.19
*

Heart rate -0.24
$

Estimated glomerular filtration rate -0.25
$

Heart rate on continuous wave doppler -0.26
$

Body mass index -0.27
$
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Table 4-21: Correlates of APOD. Model 1, all correlating variables excluding collinearity on enter, Model 2: Model 1 

stepwise selected based on AIC to produce a compact model. All variables have been standardized to a mean of 0 and 

standard deviation of 1 for this step. 

 

The same analyses were performed for the proteins measured (Table 4-22). All the 

significantly correlated proteins to APOD were entered into a linear regression model to 

ascertain which were independently correlated to APOD levels, both on ‘enter’ as well as a 

stepwise selection. Tetranectin, complement C3, serum amyloid A4, phosphatidylinositol-

glycan specific phospholipase D, and protein AMBP were all independent correlates, which 

together explained 41.3% of the variance of APOD. 

  

Beta (95%CI) p.value Beta (95% CI) p.value

BMI -0.23 (-0.43--0.04) 0.02 -0.28 (-0.43--0.14) 0.00017

NTproBNP 0.24 ( 0.05- 0.44) 0.014 0.24 ( 0.09- 0.38) 0.0013

Stress Myocardial Bloodflow x LVMI 0.16 (-0.03- 0.35) 0.1 0.21 ( 0.06- 0.35) 0.0051

Diastolic BP 0.21 ( 0.03- 0.39) 0.021 0.19 ( 0.05- 0.34) 0.0091

RR interval on ECG 0.14 (-0.06- 0.35) 0.17 0.19 ( 0.05- 0.33) 0.0098

Peak VO2 0.11 (-0.13- 0.34) 0.36 - -

Creatinine 0.08 (-0.11- 0.27) 0.42 - -

Maximal Left atrial indexed volume 0.07 (-0.15- 0.29) 0.54 - -

LV ejection time 0.03 (-0.19- 0.25) 0.77 - -

Right ventricular end diastolic volume index 0.01 (-0.21- 0.24) 0.89 - -

Residual Standard Error

Multiple R
2

Adjusted R
2

F statistic
3.27 on 10 & 116 degrees 

of freedom

0.89

0.224

0.199

8.91 on 5 & 154 degrees of 

freedom

Model 1 Model 2

0.94

0.222

0.153
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Table 4-22: Protein correlates of APOD; Model 1: all significantly correlated proteins entered into linear regression 

model; Model 2: Stepwise selection of Model 1 variables to create a compact model, showing selected proteins. All 

variables have been standardized to mean of 0 and standard deviation of 1 for this step. 

 

Finally, the significant clinical variables and proteins were combined in a linear regression 

model (Table 4-23), and then stepwise selected, leaving tetranectin, BMI, serum amyloid A4, 

afamin, NTproBNP, and complement C3 as independent correlates of APOD (46.2% 

attributable variance). In fact, 67% of the attributable variance (Figure 4-22) was explained 

by tetranectin and BMI alone, implying an important relationship of these two variables to 

APOD levels. 

4.5.17 Other Notable correlations 

All the apolipoproteins were highly intercorrelated, and these correlated well with afamin and 

serum amyloid A4 (Figure 4-23). Plasminogen, tetranectin and factor 13B were highly 

intercorrelated (Figure 4-24).   

Beta (95%CI) p value Beta (95%CI) p value

Tetranectin 0.55 ( 0.35- 0.75) <0.0001 0.56 ( 0.38- 0.73) <0.0001

Complement C3 -0.43 (-0.63--0.23) <0.0001 -0.43 (-0.62--0.25) <0.0001

Serum Amyloid A4 0.23 ( 0.09- 0.36) 0.001 0.24 ( 0.11- 0.36) 0.0002

Phosphatidylinositol-glycan-

specific phospholipase D
0.11 (-0.05- 0.26) 0.19 0.16 ( 0.02-  0.3) 0.024

Protein AMBP 0.09 (-0.05- 0.23) 0.2 0.13 ( 0.01- 0.25) 0.04

Afamin 0.15 (-0.02- 0.31) 0.081 0.14 (-0.02-  0.3) 0.087

Protein S 0.12 (-0.03- 0.27) 0.12 - -

Factor 13B 0.10 (-0.09- 0.28) 0.3 - -

Apolipoprotein L1 -0.07 (-0.26- 0.13) 0.49 - -

Hemopexin 0.06 (-0.14- 0.26) 0.57 - -

Apolipoprotein C3 -0.03 (-0.13- 0.08) 0.6 - -

Beta-2-glycoprotein 1 -0.02 (-0.12- 0.09) 0.78 - -

Residual Standard Error

Multiple R
2

Adjusted R
2

F statistic

0.39 0.391

9.77 on 12 & 155 degrees 

of freedom

18.9 on 6 & 161 degrees of 

freedom

Protein
Model 1 Model 2

0.6 0.6

0.43 0.413
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Table 4-23: All correlates: combining significant multivariable clinical and protein determinants; Model 1: All 

variables entered into linear regression model; Model 2: All variables in Model 1 stepwise selected resulting in 

compact model; All variables have been standardized to mean of 0 and standard deviation of 1 for this step 

 
Figure 4-22: Tetranectin and BMI may explain more than 2/3 of the attributable variance of APOD; presented is 

percentage of the cumulative multiple r2 with the multiple r2 in Model 2 of Table 4-23 as denominator. 

Beta (95%CI) p.value Beta (95%CI) p.value

Tetranectin 0.38 ( 0.23- 0.53) <0.00001 0.38 ( 0.23- 0.53) <0.00001

BMI -0.23 (-0.36--0.09) 0.0012 -0.22 (-0.36--0.09) 0.00098

Serum Amyloid A4 0.28 ( 0.13- 0.42) 0.00024 0.31 ( 0.17- 0.45) 0.00002

Afamin 0.18 ( 0.02- 0.35) 0.029 0.27 ( 0.14- 0.39) 0.00005

NTproBNP 0.16 ( 0.03- 0.29) 0.015 0.16 ( 0.04- 0.28) 0.0099

Complement C3 -0.24 (-0.41--0.06) 0.0093 -0.22 ( -0.4--0.04) 0.014

RR interval on ECG 0.12 (-0.01- 0.24) 0.065 0.12 (    0- 0.24) 0.054

Stress myocardial blood flow 

x LVMI
0.09 (-0.03- 0.22) 0.15 0.09 (-0.03- 0.22) 0.15

Diastolic BP 0.09 (-0.04- 0.21) 0.18 - -

Protein AMBP 0.07 (-0.06- 0.21) 0.29 - -

Phosphatidyl-inositol glycan 

specific phospholipase D
0.07 (-0.09- 0.24) 0.37 - -

Residual Standard Error

Multiple R2

Adjusted R2

F Statistic

0.433

Model 1 Model 2

12.2 on 11 & 148 degrees of 

freedom

16.2 on 8 & 151 degrees of 

freedom

0.75

0.475

0.436

0.75

0.462
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Figure 4-23: Scatterplot matrix showing correlation between apolipoproteins C3, C2, D and H, afamin and serum 

amyloid a4; APOC3_1 refers to the DALSSVQESQVAQQAR peptide and APOC3_2 refers to the GWVTDGFSSLK 

peptide, both from APOC3 
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Figure 4-24: Scatterplot matrix showing correlations between factor 13B, plasminogen and tetranectin 
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4.6 Discussion 

There were several important findings in this part of the study. Severe and moderate AS were 

phenotypically different, with more remodelling in severe AS, higher troponin levels and 

lower myocardial perfusion reserve. Imaging markers of remodelling or fibrosis were not 

associated with the composite endpoint of spontaneous symptom development or 

death/hospitalisation of AV-related events.  

Instead, variables that were associated were sex (female increased risk), a lower haemoglobin 

and eGFR, and a higher NTproBNP. Markers of AS-severity were appropriately associated 

with the composite endpoint, as was AV calcification. A positive exercise test was also a risk 

factor for the endpoint.  

A proteomics approach to 'discover' proteins that were associated with the endpoint (either 

positively or negatively) was executed and then a labelled-peptide-based approach to measure 

peptides as surrogates for the proteins being studied was developed. This whole process 

identified initially 59 proteins associated with the endpoint, but pragmatically only 17 were 

verified.  

I found that phenotypically, proteins associated with AS-severity were not associated with the 

endpoint. These proteins were factor 13B, apolipoprotein L1 and protein AMBP, all of which 

were lower in severe AS. Out of the 17 targeted proteins, only apolipoprotein D was 

significantly associated with the composite endpoint, which was independently prognostic to 

a baseline model containing sex, MPG, valve area, NTproBNP and exercise testing. 

Subgroup analyses showed that APOD was more prognostic in moderate AS and males. 

Other variables that interacted with the severe AS classification was MPG and SVI.  



Student No. 149055344 

248 

 

Net reclassification improvement analyses showed that APOD improved discrimination 

between events and non-events by up to 78% in the moderate AS group, but also by up to 

50% in all participants in the study, over and above baseline risks. Finally, up to 46% of the 

variance in APOD could potentially be attributed to tetranectin, BMI, afamin, serum amyloid 

A4, complement C3 and NTproBNP, implying the importance these variables play in APOD 

levels. 

4.6.1 Parallel Reaction Monitoring (PRM) 

Targeted proteomics is a robust method of rapidly moving from discovery proteomics to 

verification or validation in a large number of samples. In comparison with immunoassays, 

mass spectrometric peptide-based methods allow researchers to be specific about which 

peptide (including modifications) to target to answer their hypothesis. Additionally, targeted 

mass spectrometric assays allow multiplexed analysis of many peptides in a single analysis. 

There are various guidelines about targeted proteomics assay design (Holman et al., 2012, 

Liebler and Zimmerman, 2013, Mani et al., 2012), including more recently, best-practice 

guidelines as to necessary experiments to reassure others of the reliability of the assays (Carr 

et al., 2014). These guidelines have translated to the sharing of large-scale databases of 

assays which provide potential end-users with the necessary information about how suitable a 

targeted mass-spectrometric assay is for their purposes. One such example is the Clinical 

Proteomic Tumor Analysis Consortium (CPTAC) Assay Portal (Whiteaker et al., 2014), a 

repository of well-characterised targeted mass-spectrometric-based assays. Expert consensus 

is that targeted peptides should be unique, without reactive residues (e.g. methionine or N-

terminal glutamine), without N or C-terminal peptides – which are usually susceptible to 

degradation, without sites of known post-translational modification (unless these are 

specifically being targeted), should not be susceptible to missed cleavages, and finally should 
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be easily detectable in an LC-MS experiment. It is also sensible to target at least 2 peptides 

per protein.  

However, whilst it is ideal that these guidelines on peptide selection are adhered to, it is not 

always possible (Chiva and Sabidó, 2017) but also may not be more accurate than random 

peptide selection. I tried to exclude all peptides that contained reactive residues (e.g. 

methionine) but this led to too few visible peptides from a DDA LC-MS experiment being 

available for targeting. Many of the shortlisted peptides co-eluted at the same time, and 

therefore needed to be rationalised. For example, if 6 peptides co-eluted within the same time 

window, but 4 of the proteins had additional surrogate peptides eluting elsewhere in the 

chromatogram, these 4 peptides would be removed from the shortlist. Despite this, almost all 

proteins being targeted were left with single unique peptides as surrogates and this had to be 

accepted as a limitation. Longer gradients were attempted, but due to several issues with 

columns blocking and poorly-reproducible retention times (not due to changes in gradients), 

and because time was at a premium, this was not pursued further. A limited attempt was 

made at assessment of linearity, limits of quantification and repeatability, which suggested 

that the assay was robust enough for this step of the verification study. However, these steps 

would not completely satisfy stringent requirements described by others (Carr et al., 2014). 

For example, the linearity of quantification assessment was made on 4 callibration points, not 

6, the experiment assessing repeatability of each concentration was made on a triplicate, not 6 

replicates. However, given that the assays appeared to be linear near the middle of the 

quantification curve, and that the standards were made of a pool of all samples, the 

concentration of the standard was likely to be near the middle of the linear quantification 

curve where the results should be sufficiently reliable. 
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4.6.2 Differences between severe and moderate AS 

Experts generally agree that severe AS should be associated with increased risk (Otto, 2018). 

The European guidelines recently made changes to how severe AS should be defined to 

increase the specificity of the definition (Baumgartner et al., 2017a, Baumgartner et al., 

2017b). The principal changes were a) AVAI is no longer used to define severe AS, b) the 

primary determinant of severe AS is high MPG or high AV-Vmax, c) in the presence of low 

flow and low AVA (SVI <35ml/m2), low gradient severe AS with preserved ejection fraction 

may exist, and should be considered as severe AS, if there are other supporting features. 

These features may include high AV calcium scores (Clavel et al., 2013, Clavel et al., 2014, 

Pawade et al., 2018), MPG >30mmHg and advanced age, and other features described in 

(Baumgartner et al., 2017b). In this study, it was observed, as expected, in severe AS, valve 

area was lower, gradients and valvular calcification were higher. 

Appropriately, as valvular stenosis becomes more severe, one should observe a higher rate of 

progression to spontaneous events, especially when symptomatic (Otto et al., 1997, Otto, 

2006). This was seen in this study as well, with severe AS having almost double the event 

rate to moderate AS. Furthermore, there was notably increased remodelling (hypertrophy as 

measured by LVMI, and LV mass/volume) in severe AS, which was expected. The 

myocardium should remodel and increase wall thickness to reduce LV wall stress. Whilst 

remodelling is adaptive initially, in some cases, this could become maladaptive, resulting in 

an increased event rate in asymptomatic AS if there is excessive left ventricular 

remodelling/hypertrophy (Cioffi et al., 2011). 

The troponin level was also higher in severe AS. In AS, this has previously been associated 

with midwall fibrosis (Chin et al., 2016) (as measured by LGE), which correlated with 
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excessive LVH and strain (Chin et al., 2014), and was associated with increased risk of all-

cause mortality which persisted even after AVR. 

MPR, previously demonstrated to be a major determinant of aerobic exercise capacity 

(Steadman et al., 2012), was significantly lower in severe compared to moderate AS. In this 

cohort, MPR was previously shown to predict symptom onset in initially asymptomatic AS 

(Singh et al., 2017b), although it was no better than exercise testing in ascertaining this risk. 

Interestingly however, out of all the proteins that were targeted in the verification study, only 

protein AMBP, apolipoprotein L1 and factor 13B were significantly different in values in 

severe AS; all were lower than in moderate AS.  

Protein AMBP is a precursor of alpha-1-microglobulin and bikunin. The function of bikunin 

is unknown, but alpha-1-microglobulin is a lipocalin that plays a role in extravascular tissue 

cleaning and housekeeping, reducing oxidative damage of heme and oxygen free radicals by 

binding these molecules covalently and transferring to the kidneys for extraction and 

recycling (Akerstrom and Gram, 2014, Allhorn et al., 2002).  

APOL1 is a pore-forming molecule that promotes ion-permeability in vesicles, which is the 

mechanism by which it protects hosts from African trypanosomes (i.e. by forming pores in 

trypanosome-containing vesicles intracellularly) but some variants are associated with an 

increased risk of nephropathy (Bruno et al., 2017, Cuypers et al., 2016). Whether lower 

measured values of APOL1 reflects the presence of APOL1 variants is the individual is 

unknown.  

Factor 13B is the inhibitory component of a tetrameric complex (Factor 13); its role is to 

inactivate/inhibit factor 13A. Free factor 13A (termed activated factor 13) on the other hand 

activates and promote fibrin crosslinking (Mary et al., 1988) promoting coagulation. 50% of 
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Factor 13B in circulation is unbound (Yorifuji et al., 1988) probably to ensure that 

inappropriate intravascular coagulation does not occur. The measured factor 13B may 

actually reflect the unbound form of the protein, instead of the complexed form.  

Lower circulating amounts of these three proteins in severe AS may reflect peripheral 

consumption suggesting increased haemolysis and intravascular coagulation activation. 

4.6.3 Prognostic markers of the endpoint  

In PRIMID-AS being female, having more severe AS, higher NTproBNP and positive 

exercise testing were all strongly associated with the endpoint. These were all as expected 

from existing literature. The role of sex in asymptomatic AS has previously been explored 

(Singh et al., 2017a), where key sex-related differences may explain the discrepancy of 

symptom onset between males and females with asymptomatic moderate severe AS. Females 

exhibited less LVH and less fibrosis, with lower matrix metalloproteinase 3 and syndecan 4 

levels, both of which are markers of remodelling. Earlier symptom onset in females may be 

related to a higher wall stress and filling pressures in females (due to reduced compensatory 

hypertrophy in females). Interestingly however, event-free survival curves, although 

separating early between males and females, converge later during follow-up suggesting that 

only a subset of females had a higher risk than males, whilst the others had a similar risk. 

As expected, severe AS, high NTproBNP and positive exercise testing were associated with a 

higher risk of the endpoint. However the early separation with subsequent convergence of 

adjusted survival curves for NTproBNP and AVA later in the course of follow-up suggest 

that the risk associated with these markers may interact with sex. This has been noted before, 

wherein females generally had higher NTproBNP levels compared to men, regardless of 

hormone status (Lam et al., 2011), and that NTproBNP levels were inversely correlated with 

free testosterone levels. Furthermore, in HF, NTproBNP was differentially prognostic 
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between sexes, wherein it seemed to be less useful in females for composite events (in 

hospital death/death after discharge/rehospitalisation) (Kim et al., 2017).  

A positive exercise test in this cohort increased the risk of the endpoint. In subgroup analyses, 

a positive exercise test was associated with the outcome in the moderate AS group, compared 

to the severe AS group. However, on multivariable analyses, a positive exercise test was not 

independently prognostic, but this was perhaps due to the presence of APOD in the model 

(Table 4-15). The specificity of exercise testing in this cohort of patients in predicting 

symptom onset has previously been reported to be poor, especially in the more elderly 

patients (Das et al., 2005) where the PPV was 57% in all patients, but 79% in patients aged 

<70 years with similar sensitivity. In PRIMID-AS, in severe AS, exercise testing had a 35% 

sensitivity but 71% specificity for anticipating the composite endpoint over the follow-up 

period. The PPV was low at 43% whilst the NPV was 57%. In the age<70 subgroup with 

severe AS, exercise testing was even less helpful – with a PPV of 38% but a similar NPV of 

56%. The same was true for moderate AS, with a PPV of 36% but the NPV was higher at 

88%. It seems therefore that a negative exercise test is more useful than a positive one, in 

moderate AS at least.  

4.6.4 APOD was independently prognostic of the endpoint 

In this study, APOD emerged as a novel biomarker independently prognostic to anticipating 

the endpoint. Although it added prognostic information to the whole cohort, it was most 

useful in the moderate AS subgroup. This was independent of sex, AS severity (or valve area 

and MPG), exercise testing and NTproBNP. Net reclassification improvement analysis 

confirmed that there is a 78% net improvement in continuous analysis in moderate AS, but a 

more modest net improvement in the whole group of ~50%. This novel finding implies that 

APOD could be useful in helping clinicians be more confident about the likelihood for 
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developing symptoms in the near future and help with optimal timing of AVR especially, and 

is worthy of further study. 

4.6.5 APOD is a novel marker of cardiovascular risk 

APOD has previously been found to be increased in both in the plasma and myocardium in 

patients with HF when comparing failing hearts for transplantation and non-failing hearts 

(Wei et al., 2008).  

APOD overexpression was found to protect against ischaemia reperfusion injury and reduce 

myocardial infarction in a mouse model. There was a correlation between its ability to reduce 

injury in a hypoxia/reoxygenation in primary mouse cardiomyocytes, with its antioxidant 

potency in a standard antioxidant assay (Tsukamoto et al., 2013). This suggested that its 

protective effect was exerted by its antioxidant effect. Recently, plasma levels of oxidized 

phospholipid levels on Apo A and B have been found to be linearly related to faster 

progression of AS severity in mild-moderate AS (Capoulade et al., 2018), highlighting the 

importance of lipid peroxidation in AS. 

APOD, along with other factors in the Liver X Receptor/ Retinoid X Receptor pathway 

(LXR/RXR), were found to be reduced in a model of chronic-pacing-induced 

cardiomyopathy. In this model, 6 months of chronic pacing led to increased cellular 

hypertrophy, myolysis, fibrosis and cellular lipid accumulation, and an increase in 

inflammatory and apoptosis markers (Lin et al., 2019), suggesting the importance of this 

pathway in myocardial cytoprotection.  

In contrast, in human umbilical vein endothelial cells, used to study endothelial cell function 

(Park et al., 2006), LXR-agonism with a synthetic agonist resulted in diminished 

angiogenesis of these cells, via induction (increase) in APOD, with resultant reduction in 
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VEGF, IL-8, MMP-8 & 9 (Lai et al., 2017); which are required in maintenance of 

compensated myocardial hypertrophy in pressure overload (Oka et al., 2014).  

In asymptomatic AS, increasing plasma levels was associated with a higher risk of reaching 

the endpoint. Higher levels may reflect the increased oxidative stress in those individuals and 

may reflect incremental LXR/RXR activation, with resultant transition from compensated 

hypertrophy (with maintained angiogenesis) to HF (with reduced angiogenesis).  

4.6.6 APOD may be more prognostic in males 

In subgroup analyses, higher APOD levels were associated with the outcome in males, but 

not females. This may be due to the lower number of female patients. APOD levels were 

significantly higher in males who reached the endpoint, compared to males who did not, but 

this differential pattern was not seen in females. Upregulation of APOD has previously been 

found to be dependent on dihydrotestosterone. This was observed in androgen insensitivity 

syndrome, where complete nulling of androgen receptor expression (e.g. phenotypic females 

but with XY chromosomes) was associated with absence of APOD induction (Appari et al., 

2009).  

As described earlier, female patients with asymptomatic AS demonstrated a much less 

aggressive remodelling response to AS (Singh et al., 2017a), yet being female was associated 

with a higher risk of reaching the endpoint, suggesting that the compensated LV hypertrophy 

seen in males may delay symptom onset. However, compensated LVH also progresses to HF, 

with increasing degrees of fibrosis and myocyte degeneration as LV function deteriorates 

(Hein et al., 2003).  

In another animal study with experimental pressure overload and hypertrophy, male mice that 

developed progressive LVH and remodelling demonstrated improvements in hypertrophy, 

myocardial fibrosis, LV function and size after treatment with finasteride, a 5-α-reductase 
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inhibitor, which inhibits testosterone activation (Zwadlo et al., 2015). In the same study, 

female mice that were treated with finasteride also demonstrated improvements in LV 

remodelling parameters, similar to male mice. Peripheral conversion of oestrogen to 

androgens may have been inhibited by finasteride in females, a process that largely occurs in 

peripheral adipose tissues. Put together, one possible hypothesis is that APOD is a surrogate 

for testosterone or dihydrotestosterone activity, which in turn may have a causal effect on LV 

remodelling and its incipient problems.  

4.6.7 APOD function 

In the development of HF, one of the first processes that have been observed is a change in 

energy source from fatty acid oxidation to glucose/carbohydrate metabolism. APOD has 

previously been shown in rats to be associated with improved triglyceride catabolism, 

facilitating VLDL-hydrolysis as a fuel source for fatty acid oxidation in cells (Perdomo et al., 

2010). Obese rats with enhanced APOD production displayed lower triglyceride levels in 

their plasma due to improved VLDL hydrolysis, a lipoprotein lipase-dependent activity. 

Higher APOD levels being associated with the composite endpoint in asymptomatic AS 

suggests an increased dependence of cardiomyocytes on fatty-acid oxidation as an energy 

source. APOD may actually reflect the increase in energy requirements and the associated 

VLDL-hydrolysis to accommodate this. As all of the patients had preserved LV function, the 

‘switch’ from fatty acid oxidation to glucose/carbohydrate metabolism has probably not 

occurred yet.  

APOD has also been found to perform a protective function, stabilising the membranes of 

vulnerable lysosomes in the presence of oxidative stress (Pascua-Maestro et al., 2017). In the 

presence of paraquat, lipid peroxidation occurs in lysosomal membranes. APOD was found to 

localise, after endocytosis, to damaged lysosomes. Authors hypothesized that APOD did so to 
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repair the lysosomal membranes to prevent complete lysis. In addition, they hypothesized that 

any lysosomes which failed to be repaired were then phagocytosed. Whilst this function was 

only demonstrated in neurons and astrocytes, it is possible that the same function occurs in 

other cells that undergo oxidative stress. Lysosomal storage disorders, such as LAMP2 

mutations and Fabry’s disease, manifest in the cardiovascular system as excessive LVH, 

implying that lysosome failure may be directly responsible for this phenotype in AS. 

4.6.8 Relationship of APOD with peak VO2  

Maximal aerobic capacity (peak VO2) has previously been shown to be useful in 

asymptomatic AS (Steadman et al., 2012). In univariate analysis, peak VO2 was prognostic 

of the endpoint, particularly in severe AS. Peak VO2 is dependent on age, sex and weight 

(Wasserman et al., 1987), which is adjusted-for in predicted-peak-VO2. Whilst APOD 

correlated with both predicted-peak-VO2 and peak VO2, it did not correlate with percent-

peak-VO2 (ratio of actual vs predicted peak VO2), which suggests that its association with 

peak VO2 was dependent on weight. APOD was inversely correlated with weight (Table 4-

20), and the predicted peak VO2 calculation adjusts for (1/weight), which probably explains 

the positive correlation between APOD and predicted peakVO2 or peakVO2.  

4.6.9 Correlates of APOD 

Multivariable linear regression showed that independent correlates of APOD in this study 

were tetranectin, BMI, serum amyloid A4, afamin, NTproBNP and complement C3. 

However, despite the large number of variables, only 46% of the variance could be attributed 

to the described variables, of which 2/3 could be explained by tetranectin and BMI.  

The function of tetranectin is unclear. It is a C-type lectin plasma protein present in the 

mammalian musculoskeletal system (Xu et al., 2001, Wernbom et al., 2012) and is thought to 

be integral to wound and fracture healing (Iba et al., 2013). It also enhances plasminogen 
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activation, catalysed by tissue plasminogen activator (Clemmensen et al., 1986). Both 

tetranectin and plasminogen have been found in cancers (Christensen and Clemmensen, 

1991, Wewer and Albrechtsen, 1992, De Vries et al., 1996), where together with fibroblastic 

cells and extracellular matrix probably facilitated migration of tumour cells. Tetranectin, 

APOD, plasminogen and factor 13B were all highly inter-correlated which may allude to 

their incidental relationship with each other in the literature suggestive of shared pathways.  

Body mass index being a negative correlate of APOD is a novel finding. Plasma APOD has 

been reported to decrease during normal pregnancy, but the decrement is even greater if there 

is excessive gestational weight gain (Do Carmo et al., 2009). Authors hypothesized that this 

was in part due to haemodilution in pregnancy, but also that there may be some role from 17 

beta-oestradiol, which inhibited APOD secretion in breast cells (Simard et al., 1990). 

Oestrogen levels increase markedly at the end of gestation and may suppress APOD 

secretion, and plasma levels of APOD were much lower in breast feeding women after 

delivery, compared to those that did not (Do Carmo et al., 2009).  Authors hypothesized that 

this could potentially be explained by inhibition of oestrogen by prolactin (Wang et al., 1980) 

which is increased in breastfeeding to maintain lactation.  

In this study cohort, although most patients were advanced in age, APOD levels were higher 

in males who went on to have an event compared to females. In a different study, APOD 

levels after age and sex adjustment were associated with incident Type II diabetes, but after 

adjusting for BMI, APOD was no longer significantly associated, whilst other 

apolipoproteins were (especially APOC3) (Brahimaj et al., 2017). This implied that APOD is 

associated with BMI, but did not have an independent prognostic effect on incident Type II 

diabetes. APOD’s relationship with BMI is probably linked to testosterone levels, of which 

there is a known inverse relationship (Eriksson et al., 2017).  
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Afamin is a highly abundant Vitamin E-binding glycoprotein similar to albumin (Voegele et 

al., 2002). Its physiological function is unclear, but is associated with all aspects of the 

metabolic syndrome (Dieplinger and Dieplinger, 2015), e.g. circulating lipids, glucose and 

bodyweight. Its correlation with APOD may be generally reflective of circulating lipoprotein 

levels. Like afamin, serum amyloid A4 is associated with lipid levels, in particular 

hypertriglyceridaemia (Yamada et al., 1996b, Yamada et al., 1996a), and is also a minor 

acute phase reactant. Although previously linked to development of dementia (Murphy et al., 

2009), levels in this study probably reflect the lipid status.  

Complement C3 is an integral substrate for the final part of the complement activation 

pathway, with both the lectin and alternative pathway culminating in formation of a C3 

convertase, which activates complement C3 and results in formation of the membrane attack 

complex. In an infection, this would result in opsonisation of foreign cells. Conversion of C3 

is also a chemoattractant to phagocytes, which is important in remodelling in after tissue 

injury (Orsini et al., 2016). The correlation between complement C3 levels and APOD may 

reflect the incremental activation of the complement system in the presence of cellular stress.  

NTproBNP also correlated weakly with APOD levels, contributing minimally in linear 

regression. This was not surprising given that natriuretic peptides have been shown both to be 

associated with symptom-free survival and perioperative mortality (Bergler-Klein et al., 

2004, Farré et al., 2014). However, in this study, APOD appeared to be a better 

prognosticator of endpoints, especially in moderate AS.  

4.6.10 Limitations 

Due to time constraints, it was not possible to optimally select for two surrogate peptides per 

protein being investigated. Although 2-3 unique peptides were selected for proteins at the 

assay development phase, it soon became clear that several peptides for different proteins co-
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eluted at very similar chromatographic times, with significant overlap between very similar 

mass/charge ratios to be monitored. This affected the accuracy of quantification/resolution of 

quantification, such that the number of sampling points across each peak dropped below the 

acceptable threshold of 12 points. For this reason, a decision was made to rationalise the 

masses being monitored at co-eluting time points to maximise the number of proteins being 

measured. Whilst this may theoretically reduce the specificity of the quantification, each 

peptide that was selected as a surrogate based on its length and uniqueness, which was 

confirmed in a Uniprot BLAST search to be assured that the peptide sequence did not occur 

in any other known protein.  

Whilst one cannot be certain that the peptide measured is indeed a suitable surrogate for the 

protein without further experimentation, one can be certain that the same analyte was 

measured across both the patients with and without events.  

The peptide targeted for APOD contained a methionine residue in it. The modified form 

(methionine oxidation) was not targeted due to the limited analytical space of the PRM assay, 

but brief early exploratory tests (data not shown) showed that the methionine oxidized form 

of the peptide only existed in negligible amounts in samples.  

Although the stability of the light peptides in the autosampler over several days was not 

assessed formally, the heavy peptides were (Figure 4-8), and overall would appear to be fairly 

stable over the short duration in which they were being used as standards.  

Run to run differences in absolute quantification seen in these experiments infer that shotgun 

proteomic experiments, which are typically label-free experiments, should be interpreted with 

some caution. The fact that most of the targeted peptides correlated well with the proteins 

‘discovered’ in the discovery study was reassuring, but the fact that almost 1/3 did not 

correlate well has important implications on how one should select biomarker candidates. 
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This could to some extent be mitigated by using a labelled approach, which could be limited 

by the number of isotopic labels, but also by increasing the number of samples.  

The use of the same cohort of patients (PRIMID-AS patients) but including all patients as the 

verification cohort only effectively doubled the number of ‘controls’. There was an effective 

increase in proportion of patients with moderate AS in the verification cohort compared to the 

discovery cohort. This was an important limitation. This step was therefore a verification 

process and not a validation process; validation should still be performed in different cohorts 

of patients if the results are to be generalizable. 

The event-rate in this study was low. Despite this, after adjusting for the multiple biomarkers 

investigated in the verification part of the study, APOD was still significantly associated with 

the endpoint. Identifying more novel markers will require a substantially larger patient cohort 

if adjusting for multiple testing. The PRIMID cohort was unique in that patients were 

recruited from multiple centres with extensive phenotyping, physicians were blinded to 

phenotyping results to avoid referral bias. However, symptom development remains a soft 

endpoint which is subjective, and the referrer’s prejudices about the severity of the stenosis 

may bias a patient’s perception on symptoms.  

APOD may reflect high density lipoprotein levels, because the CSH method used to enrich 

for lower abundance proteins has an increased affinity for hydrophobic proteins, which 

explains the preponderance of apolipoproteins. However, although Apolipoprotein C3 and C2 

were both correlated to APOD, neither of the former were associated with the endpoint, 

suggesting that APOD levels were affected by other factors in addition to general lipoprotein 

levels. 

 



Student No. 149055344 

262 

 

4.7 Conclusion 

In this study, I identified APOD as a novel plasma-based biomarker associated with 

spontaneous symptom-development or death/hospital admissions due to AS in patients with 

moderate-severe AS over short-term follow up. It was independently prognostic to sex, AS 

severity, exercise testing and NTproBNP. It was particularly useful in moderate AS but was 

also useful across the whole cohort. On the whole, addition of APOD to existing risk-

stratification models improved classification substantially, with between 50-78% net 

improvement in reclassification over baseline. Important correlates of APOD levels in plasma 

were tetranectin, BMI, afamin, serum amyloid A4, complement C3 and NTproBNP levels, 

which allude to the molecular function of APOD. Important markers which were not 

prognostic of the composite endpoint were LGE, ECV and high sensitivity troponin. Utility 

of APOD as a marker to anticipate events could help with optimal timing of AVR.  
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Chapter 5 Summary and Future Work 

5.1 Summary 

In this thesis, I set out to test two hypotheses:-  

1) That plasma proteomics would discover biomarkers that were better than existing risk 

stratification strategies in asymptomatic moderate-severe AS, and 

2) That plasma proteomics would uncover novel pathways involved in the progression of 

asymptomatic moderate-severe AS. 

I explored two sample preparation workflows – immunodepletion + protein fractionation, and 

EV+CSH pull-down method. I found that for label-free proteomic quantification and protein 

identification, the latter method identified more proteins and was highly reproducible. I 

showed that the EV+CSH workflow can prepare samples cheaply and can be ready for MS 

analysis within 3 days, and can be easily scaled-up to a large clinical study. Combined, these 

workflows identified and quantified >1500 proteins on a 75 minute gradient, allowing fairly 

rapid profiling of plasma proteins. 

I also explored the protein network pathways arising from differential protein expression 

patterns which may be important in the progression of asymptomatic moderate-severe AS to 

either symptomatic AS or an AV-related event. There was a suggestion of increased cell 

death/apoptotic/autophagy factors, inflammation, ion-channel remodelling, DNA 

transcription and repair, neuronal remodelling, heme catabolism, coagulation and 

complement activation, lysosomal protection as well as a probable increase in fatty acid 

oxidation which may all contribute to progression of this condition. 
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I selected a number of pragmatic targets to create a multiplexed-PRM assay utilising a heavy-

labelled pooled-standard as the internal standard for verification, and discovered the 

importance of APOD as a strong and independent prognostic predictor of progression of 

asymptomatic moderate-severe AS during short to medium term follow-up. This marker is 

novel in the field of cardiovascular science, and particularly in AS. I observed that this 

marker substantially up-classified patients who went on to have an event and down-classified 

patients who did not have an event, making it a potentially useful tool in the optimal timing 

of AVR in patients with asymptomatic moderate-severe AS. I explored potential determinants 

of APOD and identified tetranectin as a strong correlate, as well as body weight.  

In summary, I have tested the hypotheses laid out above; 1) Plasma proteomics does discover 

biomarkers that are independent to existing strategies and 2) Plasma proteomics has revealed 

novel pathways that are dysregulated in progression of asymptomatic AS. I did not identify a 

superior multimarker panel that improved on APOD + baseline characteristics (e.g. having 

moderate AS with MPG >30mmHg). 

5.2 Context 

The field of MS-based plasma proteomics is coming of age. The work presented here 

represents only the tip-of-the-iceberg of what is possible in this field. It is an example of the 

traditional triangular approach of biomarker discovery  – looking for as many potential 

candidates as possible in a small number of clearly defined phenotypic samples, validating as 

many candidates as one can afford, in validation cohorts (generally much larger than 

discovery cohorts) then confirming a few clear-cut single biomarkers for clinical use (Rifai et 

al., 2006). However, the rate of FDA-approval of new biomarkers has not mirrored the 

exponential growth of biomarker candidates from proteomic studies (Anderson, 2010), which 

could be due to the attrition rate at the validation stage.  
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Experts propose that the reason for this was the (initial) inherent limitation of MS-based 

plasma proteomics – low throughput analysis (Geyer et al., 2017). Deep proteome discovery 

required extensive fractionation and depletion steps – often taking several days to weeks from 

sampling to human interpretable results, at prohibitive costs. In comparison, large scale 

clinical enzymatic assays can deliver thousands of results per hour at low cost, and whilst 

immunoassays are more expensive, most of the widely used automated assays available 

require between 10-30 minutes for analysis. 

An alternative paradigm is to utilise high-throughput proteomics to profile the proteome of 

individuals, and retain all the information to be studied both now and later. This rectangular 

approach to biomarker discovery, where the discovery and validation cohort of samples are 

analysed in parallel with shotgun proteomics, but only significantly differentiated proteins 

within the discovery cohort are tested within the validation cohort, has been proposed as a 

natural evolution in biomarker analysis that maximizes the multiplexing capability and 

specificity of MS-proteomics-based methods to personalise medicine (Geyer et al., 2017). In 

order to obtain the statistical power for this sort of study, very large sample sets need to be 

analysed (despite the high reproducibility of each measurement) to account for the high 

number of variables/analytes being identified and measured. This sort of analysis would not 

only cover most if not all of the known biomarkers in the market, but also several other 

proteins within a single test, allowing the relative differences between proteins to be 

measured and interpreted accordingly. The additional benefit of having all these additional 

data points profiled is that all the data has been banked and future retrospective analysis of 

different disease/outcomes in the same individuals will be possible, identifying relevant 

pathways without repeating the tests or performing different tests. 

The methods explored in this thesis could be finessed to increase the throughput – due to the 

high reproducibility the CSH method, and could be extended to a 96-well format for 
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automated liquid handling robots to automatically prepare each sample for MS analysis. 

Recently, one group demonstrated how one could use only 1 µL of plasma from a 

fingerprick, combined with an accelerated denaturation, reduction, alkylation, digestion and 

desalting protocol all occurring within a pipette tip; followed by a short LCMSMS run, to 

quantify 300 proteins. The whole sample preparation process from blood withdrawal, 

digestion and mass spectrometer only took 3 hours (Geyer et al., 2016), but given the 

accelerated protocol could profile the proteome of 72 patients per day. They also describe 

that the addition of a single fractionation step would increase the quantification to 1000 

proteins, but with an increased time cost. Many of the accelerated methods could be adopted 

to the methods in this thesis to increase throughput, which could allow extensive profiling of 

large biobanks of people/patients, allowing better precision in medicine (Geyer et al., 2017). 

Plasma proteomics does not stand alone in this pursuit of precision medicine. Other 

complementary methods – genomics and metabolomics also help improve on the precision of 

diagnosis and treatment. Genomics has identified genotypes and single nucleotide 

polymorphisms with high accuracy which are associated with disease and disease 

susceptibility. Proteomics is a form of transcriptomic technology – as it is the expressed 

protein machinery that determines the phenotype. Between genotyping and protein 

expression there is also RNA sequencing, another form of transcriptomic profiling. On the 

other hand, metabolomic profiling involves looking at small molecules that are produced 

whether as by-products of host metabolism or from the microbiota that accompany their hosts 

– e.g. in the gut. Increasingly these symbiotic organisms are thought to participate in health 

and disease and add complexity to the multiple interactions which determine phenotype. 

Producing data for analysis is the easier aspect of these ‘omics’ technologies, in comparison 

to interpretation of patterns in the data. This is largely due to gaps in the knowledge base 

regarding the roles of various proteins/genes/metabolites on disease and health. However, 
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advancements in machine-learning and ‘deep-learning’ or artificial intelligence may well 

negate the need to fully understand the biology behind the ‘perturbations’ but allow 

recognition of the diagnosis and potentially allow prescription of precise therapeutic options 

for the condition (Beckmann and Lew, 2016). Already these approaches have been applied to 

improve precision in paediatric cancer diagnosis and treatment (Forrest et al., 2018). 

In AS, survival is determined by two factors – the ability to compensate for the pressure 

overload – without cellular loss, and the risk of AVR. Due to the pressures on the health 

system, waiting lists are inevitable and methods to identify asymptomatic patients at risk of 

decompensating could potentially allow early referral for AVR even before symptoms 

develop. It is this scenario where measuring APOD levels may be most useful in AS.  

The counter argument is that given the low risk of AVR, should we not just perform AVR on 

everyone with moderate-severe AS pre-emptively? Pre-emptive AVR without performing 

further risk stratification would not only increase the number of patients awaiting AVR on 

waiting lists, increasing the risk of those who need it urgently, but also unnecessarily 

exposing patients with low risk of progression to procedural risks and risks of a deteriorating 

bioprosthetic valve. 

5.3 Future Work 

This study has generated several new hypotheses that need more work. Having verified that 

APOD was associated with the endpoint, quantitypic peptides of APOD should be identified. 

The assay could be optimized with synthetic peptide standards, and a proper optimisation for 

ultimate sensitivity could be performed and used in an independent validation study. Of the 

other 59 proteins, the proteins associated with oxidative stress look promising – (GSTO and 

CPVL) to be evaluated as related biomarkers. Due to their low abundance levels and limited 

detectability, a peptide heavy standard will need to be created and an optimised workflow to 
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detect the peptides in the sample may allow these promising proteins to be reliably measured, 

just like APOD. 

APOD has been found in myocardium; however, its molecular role in the endothelium or 

myocardium in response to AS needs further investigation. It may be that it has an active role 

or it may be that it is simply a buffer to prevent excessive damage to intracellular lysosomes. 

Another possibility is that the beneficial effect may have something to do with liver and fat 

metabolism. Evaluating its molecular function in myocardium could first be done on tissue 

culture, before it could be evaluated in another species. Other proteins in the LXR/RXR 

pathway could also be evaluated in AS to extend the understanding and prognosis associated 

with the disease. 

Once more is understood about APOD’s role, it could be used to improve selection of 

patients for randomised control trials of early AVR vs watchful waiting in asymptomatic AS, 

and may be used to improve the risk stratification in these patients, especially if they are 

unable to exercise, or where symptom reporting may be considered unreliable. 
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Chapter 6 Appendix 

6.1 Tables summarising current state-of-the-art of prognostic biomarkers 

in aortic stenosis 

6.2 Larger network diagram(s) for all differentially expressed proteins in 

the discovery study 

6.3 Protein lists (digital copy – available online)
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6.1 Tables for all current prognostic biomarkers in AS 
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Class Source Biomarker What it 
measures 

Population Outcomes Findings Comment 

BNP (Sato et al., 
2019) 

Brain 
natriuretic 
peptide 

Neurohormonal 
activation 

Severe 
symptomatic 
aortic stenosis 
who underwent 
trancatheter 
aortic valve 
replacement 
(n=193) 

Brain natriuretic 
peptide levels 
pre and post 
valve 
replacement in 
subgroups of 
left ventricular 
remodelling 

Brain natriuretic peptide levels decreased after 
valve replacement. Eccentric hypertrophy had 
the highest levels pre valve replacement and 
the greatest decrease post procedure. Brain 
natriuretic levels associated with all-cause 
mortality, and poorer reverse remodelling and 
poorer exercise tolerance following valve 
replacement 

High BNP levels 
preoperatively 
associated with 
poorer prognosis 
after valve 
replacement and 
associated with 
eccentric 
hypertrophy 

BNP (Goodman et 
al., 2016) 

BNP Neurohormonal 
activation 

Moderate-severe 
aortic stenosis 
with preserved 
ejection fraction 
(n=531) 

mortality BNP associated with increased mortality (HR 
1.16) and provides incremental prognostic 
information to Left ventricular global 
longitudinal strain. 

Increasing BNP 
independently 
associated with 
increased risk of 
death 

BNP (Henri et al., 
2014) 

Serial BNP 
levels 

Change in 
neurohormonal 
activation 

Asymptomatic 
aortic stenosis 
(n=69) 

Symptoms, AVR 
or CV death 

Higher rate of change of BNP 
(>20pg/mL/year) associated with higher risk of 
endpoint (HR 2.73) after adjustment 

Higher rate of 
change of BNP 
during follow up 
associated with 
higher risk of aortic 
valve related 
events 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

BNP (Ben-Dor et al., 2013) BNP Neurohormonal 
activation 

Severe AS 
undergoing TAVI 
(n=289) 

Mortality BNP level not 
significantly 
associated with 
degree of AS 
severity or mortality 

BNP is not 
associated with 
mortality but 
correlated with 
ejection fraction and 
pulmonary 
pressures 

BNP (Mannacio et al., 2013) BNP Neurohormonal 
activation 

Severe aortic 
stenosis undergoing 
AVR (n=113) 

Diastolic dysfunction Postoperative BNP 
levels correlated 
with diastolic 
dysfunction grade 

BNP post 
operatively predicts 
diastolic dysfunction 

BNP (Katz et al., 2012) BNP and NTproBNP Neurohormonal 
activation 

Severe AS (n=64) 6 year all-cause 
mortality 

BNP >135 pg/mL 
and NTproBNP > 
1150pg/mL at 
baseline both 
associated with long 
term mortality (HR 
3.2 and 4.3 
respectively), even 
after adjustment 

BNP and NTproBNP 
both independently 
predictive of 
mortality 

BNP (Iwahashi et al., 2011) BNP Neurohormonal 
activation 

Severe AS 
considered for AVR 
(n=109) 

Death, Heart failure, 
Stroke 

In patients who 
underwent AVR, 
BNP >312 pg/mL 
predicted 
perioperative 
complications (OR 
5.58) and post-
operative 
death/hospitalisation
/stroke (HR 8.8) 

BNP predicts 
perioperative 
complications and 
long term 
mortality/heart 
failure/stroke 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

BNP (Kefer et al., 2010) BNP Neurohormonal 
activation 

Severe AS 
undergoing TAVI 
(n=58) 

30 day mortality Baseline BNP >428 
mg/dL and increase 
of BNP by 
>170pg/mL at 24 
hours after TAVI 
associated with 
higher risk of death 
at 30 days 

High pre TAVI BNP 
and an acute rise in 
BNP post TAVI 
associated with 
highest risk of early 
death 

BNP (Lancellotti et al., 2010) BNP Neurohormonal 
activation 

Asymptomatic 
moderate-severe AS 
(n=126) 

Onset of symptoms, 
cardiovascular death 
and AVR 

BNP >61pg/mL 
associated with a 
10x higher risk of 
AVR/symptoms/deat
h. Other markers 
were left atrial size 
and markers of 
diastolic dysfunction 

BNP may reflect 
diastolic indices and 
associated with risk 
in asymptomatic 
moderate-severe 
AS. Exercise testing, 
AVA, Peak velocity 
and aortic MPG not 
independently 
associated with 
outcome  

BNP (Mizutani et al., 2017) BNP Neurohormonal 
activation 

Patients undergoing 
TAVI (n=1094) 

All-cause mortality BNP >202pg/mL at 
discharge 
associated with 
higher risk of 
mortality at 2 years 
(HR 2.28) 

High BNP levels at 
discharge 
associated with 
worse outcomes 
(BNP > 202 pg/mL 
similar risk to 
NTproBNP >4299 
pg/mL) 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

NT-
proBNP 

(Kaneko et al., 2019) NTproBNP Neurohormonal 
activation 

Severe AS and heart 
failure undergoing 
TAVI (n=717) 

<30% reduction 
NTproBNP levels 
pre and post TAVI 
classed as non-
response 

NTproBNP non-
reponse associated 
with lower survival 
rates. Determinants 
of non-response 
were female, 
diabetes, chronic 
kidney disease, 
atrial fibrillation, 
coronary 
revascularisation, 
permanent 
pacemaker after 
TAVI and baseline 
NTproBNP levels. 

NTproBNP non-
response associated 
with poorer survival 
after TAVI 

NT-
proBNP 

(Mizutani et al., 2018) NTproBNP Neurohormonal 
activation 

Severe AS with 
TAVI (n=500) 

2 year prognostic 
impact (on all cause 
mortality and heart 
failure 
hospitalisation) of 
NTproBNP levels at 
discharge following 
TAVI 

Higher NTproBNP 
levels at time of 
discharge 
associated with 
worse outcomes 
(adjusted hazard 
ratio 2.21 if 
discharge 
NTproBNP 
>4299pg/mL) 

High NTproBNP 
levels following TAVI 
associated with 
worse outcomes 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

NT-
proBNP 

(Nguyen et al., 2017) NTproBNP Neurohormonal 
activation 

Mild to severe AS 
(n=809) 

AS related events 
within 2 years 

NTproBNP 
associated with AS 
severity and 
symptom status. 
Determinants of 
levels also include 
coronary disease, 
rhythm and diastolic 
function. NTproBNP 
not associated with 
events after 
adjustment for AS 
severity 

Negative study for 
NTproBNP in 
asymptomatic AS 

NT-
proBNP 

(Farré et al., 2014) NTproBNP and 
Monin score 

Neurohormonal 
activation 

Asymptomatic 
moderate/severe AS 
(n=237) 

Aortic valve related 
events 

NTproBNP adapted 
for the monin score 
risk stratifies 
patients into useful 
risk categories 

Peak valve velocity, 
female sex and 
NTproBNP used in a 
risk score improves 
risk stratification in 
asympomatic 
moderate-severe AS 

NT-
proBNP 

(Boer et al., 2013) NTproBNP Neurohormonal 
activation 

Severe aortic 
stenosis awaiting 
AVR (n=31) 

Correlation of 
NTproBNP and 
diastolic indices 

NTproBNP pre-AVR 
correlates with 
diastolic function 
before and after 
AVR 

NTproBNP pre-
operatively predicts 
diastolic dysfunction 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

NT-
proBNP 

(Mizutani et al., 2018) NTproBNP Neurohormonal 
activation 

Severe AS with 
TAVI (n=500) 

2 year prognostic 
impact (on all cause 
mortality and heart 
failure 
hospitalisation) of 
NTproBNP levels at 
discharge following 
TAVI 

Higher NTproBNP 
levels at time of 
discharge 
associated with 
worse outcomes 
(adjusted hazard 
ratio 2.21 if 
discharge 
NTproBNP 
>4299pg/mL) 

High NTproBNP 
levels following TAVI 
associated with 
worse outcomes 

NT-
proBNP 

(Nguyen et al., 2017) NTproBNP Neurohormonal 
activation 

Mild to severe AS 
(n=809) 

AS related events 
within 2 years 

NTproBNP 
associated with AS 
severity and 
symptom status. 
Determinants of 
levels also include 
coronary disease, 
rhythm and diastolic 
function. NTproBNP 
not associated with 
events after 
adjustment for AS 
severity 

Negative study for 
NTproBNP in 
asymptomatic AS 

NT-
proBNP 

(Farré et al., 2014) NTproBNP and 
Monin score 

Neurohormonal 
activation 

Asymptomatic 
moderate/severe AS 
(n=237) 

Aortic valve related 
events 

NTproBNP adapted 
for the monin score 
risk stratifies 
patients into useful 
risk categories 

Peak valve velocity, 
female sex and 
NTproBNP used in a 
risk score improves 
risk stratification in 
asympomatic 
moderate-severe AS 

NT-
proBNP 

(Boer et al., 2013) NTproBNP Neurohormonal 
activation 

Severe aortic 
stenosis awaiting 
AVR (n=31) 

Correlation of 
NTproBNP and 
diastolic indices 

NTproBNP pre-AVR 
correlates with 
diastolic function 
before and after 
AVR 

NTproBNP pre-
operatively predicts 
diastolic dysfunction 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

NT-
proBNP 

(Elhmidi et al., 2013) NTproBNP Neurohormonal 
activation 

Severe AS 
undergoing TAVI 
(n=373) 

Mortality and heart 
failure 
hospitalisation 

NTproBNP and atrial 
fibrillation were 
independent 
predictors of 1 year 
mortality after TAVI 

 

NT-
proBNP 

(Lopez-Otero et al., 2013) NTproBNP Neurohormonal 
activation 

Severe AS 
undergoing TAVI 
(n=85) 

Mortality after TAVI 
compared to Logistic 
Euroscore 

Only log-NTproBNP 
was associated with 
short term (HR 11) 
and long term (HR 
11) mortality, 
Euroscore was not. 

NTproBNP better 
than Euroscore at 
predicting mortality 
following TAVI 

NT-
proBNP 

(Weber et al., 2006) NTproBNP Neurohormonal 
activation 

Conservatively 
treated or surgically 
treated AS (n=159) 

Death, Heart failure Baseline NTproBNP 
predicted outcome 
particularly in 
conservatively 
treated AS, but not 
predictive in patient 
who underwent AVR 

Non-randomised 
study which may 
have replaced AVR 
in patients at lower 
risk of adverse 
events 

NT-
proBNP 

(Bergler-Klein et al., 2004) BNP, NTproBNP, 
NTproANP 

Neurohormonal 
activation 

Very Severe AS all-
comers (n=130) 

Symptom-free 
survival, 
postoperative 
survival 

NTproBNP <80 
pmol/L predicts 
symptom free 
survival in 
asymptomatic 
patients, 
independently 
predicts post-op 
death, NYHA class > 
II and EF <50% 
postoperatively 

NTproBNP was the 
only predictor of 
poor outcome post 
AVR and low levels 
predict symptom 
free survival in 
asymptomatic aortic 
stenosis 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

Troponin (Kohler et al., 2016) HSTnT Myocardial injury Aortic stenosis 
undergoing TAVI 
(n=259) 

Time to death Highest quartile of 
preprocedural 
HsTnT 
independently 
predictive of 
mortality during 
follow-up, not in the 
3 days post TAVI 

Myocardial injury 
preTAVI is an 
independent 
predictor of death 
following TAVI 

Troponin (Koskinas et al., 2016) cTnT Myocardial injury TAVI patients with 
severe AS (n=577) 

All cause mortality at 
30 days and 2 years 

cTNT >15x ULN 
associated with 
higher risk of 
mortality at 30 days 
(HR 8.77) and still 
predicts mortality at 
2 years (HR 1.98) 
and modified risk 
associated with 
complex coronary 
disease 

Elevated troponin 
post-TAVI in patients 
with complex 
coronary disease 
associated with 
much higher risk of 
death 

Troponin (Chin et al., 2014) HsTnI Myocardial injury Aortic stenosis 
(n=161) and controls 
(n=46) with MRI 
studies and aortic 
stenosis with follow-
up (n=104) 

Late gadolinium 
enhancement and all 
cause mortality 

HsTnI associated 
with myocardial 
fibrosis, and 
increased risk of 
AVR and death (HR 
1.77), even after 
adjustment 

HsTNi also 
associated with 
death and AVR in 
patients with 
moderate-severe AS 

Troponin (Chorianopoulos et al., 2014) Troponin T Myocardial injury Severe AS 
undergoing TAVI 
(n=198) 

Mortality Pre TAVI Troponin T 
and peak peri-TAVI 
Troponin T predicts 
1 year mortality, but 
not short-term 
mortality. 

Troponin T predicts 
mortality not 
NTproBNP 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

Troponin (Frank et al., 2013) HsTnT Myocardial injury Severe AS 
undergoing TAVI 

mortality Preprocedural 
HsTnT predicts 
survival post TAVI 

 

Troponin (Saito et al., 2013) HsTnT myocardial injury Aortic stenosis 
undergoing AVR 
(n=60) 

Composite of heart 
failure, fatal 
arrhythmia, all cause 
mortality 

HsTnT 
independently 
predicts composite 
outcome (HR 3.71) 
despite AVR 

HsTnT associated 
with higher risk even 
after AVR 

Troponin (Rosjo et al., 2011) HsTnT Myocardial injury Aortic stenosis with 
myocardial 
hypertrophy (n=57) 

Correlation with left 
ventricular mass 

HsTnT >27 ng/L and 
NTproBNP >3594 
pg/mL associated 
with mortality during 
long term follow up 

HsTnT and 
NTproBNP both 
predict mortality in 
patients with severe 
AS, and were of 
similar levels in 
patients who did and 
didn't have AVR 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

Multiple (Ferrer-Sistach et al., 2019) High sensitivity 
Troponin T, 
NTproBNP and ST2 

Myocardial injury Asymptomatic 
severe aortic 
stenosis (n=58) 

Composite of 
cardiovascular 
death, new 
symptoms, cardiac 
hospitalisation, valve 
replacement 

Hs-TNT 
independently 
associated with 
primary outcome, 
HR 9.62. ST2 not 
predictive even on 
univariate, 
NTproBNP 
predictive on 
univariate but not 
independent on 
multivariable 
analysis  

Elevated high 
sensitivity troponin 
(>10ng/L) improved 
prediction of the 
primary outcome 

Multiple (Dahou et al., 2018) BNP & HsTNT Multimarker Low flow low 
gradient aortic 
stenosis (n=98) 

Two year mortality 
stratified by BNP 
>550pg/mL and 
hsTnT >15ng/L 

The group with BNP 
>550pg/mL and 
HsTnT >15ng/L 
independently 
associated with 
highest risk of 
mortality at 2 years 

Adding HsTnT to 
BNP provides 
additional 
information about 
long term mortality in 
LFLG aortic stenosis 

Multiple (Auensen et al., 2017) BNP, Troponin T, 
HsCRP 

Multimarker Severe AS 
evaluated for 
possible valve 
replacement (n=442) 

3 year all cause 
mortality and risk of 
MACE in 1 year 

NTproBNP, HsTnT 
or hs-CRP not 
associated with 3 
year all cause 
mortality following 
SAVR. HsTNT (HR 
1.51) and LVEF (HR 
0.97) associated 
with MACE for 
operated patients. 

HsTNT associated 
with MACE not 
mortality, in SAVR. 
BNP not associated 
with mortality or 
MACE. 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

Multiple (Kapelouzou et al., 2015) MMP 2&9, TIMP1, 
TNFa, IL2, TGFb1, 
fetuin-A, 
Osteopontin, 
Osteoprotegerin, 
sclerostin, relaxin-2, 
MCP-1, MDA 

collagen turnover, 
inflammatory factors, 
fibrosis regulation, 
calcification 
regulation, 
macrophagic 
migration/infiltration 
regulation, oxidation 

Calcific aortic valves Correlations 
between biomarkers 
and valvular 
calcification 

Biomarkers 
associated with 
aortic valve stenosis, 
valvular calcification, 
remodelling and 
inflammation are 
increased both in the 
valve tissue and 
serum compared to 
healthy patients 

hypothesis 
generating 

Multiple (Lindman et al., 2015) GDF 15, ST2, 
NTproBNP, Galectin 
3, HsTNT, 
Myeloperoxidase, 
HsCRP, MCP1 

Cardiovascular 
stress, 
Neurohormonal 
activation, 
Myocardial injury 

Patients referred for 
valve replacement 
(surgical and TAVI) 

All-cause mortality Only ST2, GDF 15 
and NTproBNP 
retained in 
parsimonous model 
to predict mortality. 
Highest risk of death 
was associated with 
all three markers 
being elevated. 

Multimarker 
approach to risk 
stratification may be 
better than single 
markers 

Multiple (Parenica et al., 2012) Multiple markers Multiple pathways Severe AS 
undergoing 
TAVI/SAVR 

Adverse clinical 
outcomes (death, 
hospitalisation and 
complications) 

Malondialdehyde 
(marker of oxidative 
stress) predictive of 
adverse clinical 
outcomes (c-statistic 
= 0.77-0.87) 

Malondialdehyde 
independently 
predicts adverse 
outcomes post TAVI 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

Multiple (Solberg et al., 2012) HsTnT and 
NTproBNP 

Multimarker Severe AS referred 
for AVR (n=136) 

Mortality and AVR NTproBNP 
correlated with aortic 
pressure gradient. 
Both HsTnT and 
NTproBNP 
correlated with LV 
function. HsTnT, 
NTproBNP and 
Diabetes associated 
with all cause 
mortality in 
symptomatic 
patients who 
underwent AVR 

HsTnT and 
NTproBNP and 
Diabetes predicted 
death in patients 
who underwent AVR 

5-
adenosyl-
homo-
cysteine 

(Elmariah et al., 2016) Metabolite panel Metabolomic 
profiling 

TAVR patients 
(n=44) 

Acute kidney injury 
after TAVR 

5-
adenosylhomocystei
ne at baseline 
predicted AKI after 
TAVR, independent 
of glomerular 
filtration rate, and 
also predictive of 
mortality during 
follow up. 

Metabolite changes 
in TAVI patients at 
baseline predict 
acute kidney injury 
and mortality 

Anaemia (Arai et al., 2015) Anaemia Anaemia French national 
TAVI registry 
(n=3472) 

Acute kidney injury 
and 1 year mortality 

Incremental Pre and 
post procedural 
anaemia associated 
with incremental risk 
of acute kidney 
injury and 1 year 
mortality. 

Anaemia is an 
important risk factor 
for poor outcome 
post TAVI 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

cMyC (Anand et al., 2018) Cardiac myosin-
binding protein C 

Myocardial injury Aortic stenosis 
(n=161) and controls 
(n=46) with MRI 
studies and aortic 
stenosis with follow-
up (n=104) 

Late gadolinium 
enhancement and 
all-cause mortality 

cMyC associated 
with left ventricular 
mass, fibrosis and 
extracellular volume 
in aortic stenosis. 
cMyC higher if late 
gadolinium present, 
and is associated 
with all-cause 
mortality 

cMyC similar to 
troponin 

Cystatin C (Johansson et al., 2014) Cystatin C Early kidney injury Severe AS 
undergoing TAVI 
(n=68) 

Acute kidney injury Preoperative 
cystatin C is slightly 
better than eGFR 
with creatinine in 
predicting post-
operative AKI. 

Post-TAVI acute 
kidney injury is 
generally 
progressive and 
does not recover 
fully 

Fib-1 (Dahl et al., 2012) Fibulin-1 Remodelling 
processes 

Severe aortic 
stenosis awaiting 
AVR (n=125) 

LV diastolic function 
preoperatively 

Fibulin-1 associated 
with restrictive filling 
of left ventricle 

Fibulin-1, like 
natriuretic peptides 
is a marker of 
restrictive LV filling 
in patients with 
symptomatic AS 

Galectin-3 (Arangalage et al., 2016) galectin 3 myocardial fibrosis mild to severe AS 
(n=583) 

composite of AS 
related events 
(sudden death, heart 
failure, new onset of 
symptoms) 

Galectin-3 was not 
associated with 
aortic valve related 
events 

galectin-3 not 
associated with 
aortic valve related 
events 

GDF15 (Krau et al., 2015) GDF 15 Cardiac stress Severe AS 
undergoing TAVI 
(n=217) 

All cause mortality GDF-15 superior to 
NTproBNP to predict 
mortality (HR 1.97) 
even after 
adjustment for other 
factors 

High GDF-15 levels 
identifies patients 
undergoing TAVI at 
higher risk of death 
during follow up. 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

HMW-
vWF 

(Kellermair et al., 2018) High-molecular-
weight von 
willebrand factor 
Multimer Ratio 

Marker of sheer flow Low flow low 
gradient aortic 
stenosis 

Differences in vWF 
HMW multimer 
ratios between true 
severe and pseudo 
severe aortic 
stenosis 

HMW vWF multimer 
ratios are 
significantly higher in 
pseudo-severe AS 

HMW vWF levels 
may help 
differentiate pseudo 
and true severe AS 
without other 
imaging modalities 

LP(a) (Ljungberg et al., 2017) Lipoprotein(a) and 
Apolipoprotein B/A1 
ratio 

Adverse lipid risk 
factor 

Population surveys 
of patients 
undergoing aortic 
valve replacements 
for AS 

Lipoprotein(a) and 
Apolipoprotein B/A1 
ratios differences 
between patients 
with or without 
concomittent 
coronary artery 
disease 

High levels of Lp(a) 
and ApoB/A1 ratios 
associated with AVR 
for AS with 
concomittent CAD 
only (OR 1.29) 

Adverse lipid profile 
identifies 
concomittent 
coronary artery 
disease, in patients 
with severe AS 

Micro-
particles 

(Jung et al., 2017) Microparticles Mechanical shear 
stress 

Severe AS 
undergoing TAVI 
(n=92) 

Changes in levels of 
microparticles 
(endothelial and 
platelet 
microparticles) pre 
and post-TAVI 

Endothelial 
microparticles 
(CD31+/CD42- did 
not change pre and 
post TAVI, but 
CD62E+/CD31+/CD
42- reduced 
significantly). 
Platelet 
microparticles 
(CD31+/CD42b+) 
increased 
significantly during 
follow-up. 

TAVI may lead to 
improvement in 
shear stress and 
endothelial cell 
function 

Micro-
RNA 

(Chen et al., 2014) miR-378, miR-1, 
miR-133 

Regulation of left 
ventricular 
hypertrophy 

moderate severe AS 
(n=112) 

left ventricular 
hypertrophy 

miR-378 predicts 
LVH independent of 
pressure gradient 
(OR 4.11) 

microRNA may play 
an important role in 
regulating LV 
adaptive remodelling 

Micro-
RNA 

(Rosjo et al., 2014) miR-210 Cardiovascular risk Moderate-severe AS 
and matched healthy 
controls (n=57) 

All-cause mortality miR-210 higher in 
AS. Associated risk 
of mortality during 
follow up (HR 3.3) 

miR-210 
independently 
prognostic of death 
in patients with AS. 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

Micro-
RNA 

(Garcia et al., 2013) miR-133a Reverse remodelling LV biopsies from AS 
patients who had 
AVR 

Regression of LV 
hypertrophy 

Preoperative 
circulating miR-133a 
associated with 
regression of LV 
mass 1-year after 
AVR, AUC (0.89) 

Circulating miR-
133a could identify 
highly likely 
responders to AVR 

Mr-pro-
ADM 

(Csordas et al., 2015) Midregional 
Proadrenomedullin 

Left ventricular 
stretch/stress 

Severe AS 
undergoing TAVI 
(n=153) 

all-cause mortality MRproADM > 
1.3nmol/L 
independently 
associated with 
mortality (HR 9.9) 

High MRproADM 
levels in TAVI 
patients predict 
mortality over and 
above Euroscore II 

NGAL (Kidher et al., 2014) NGAL kidney injury Post-AVR for AS Acute kidney injury 
(AKI) 

Preoperative aortic 
pulse wave velocity 
does not predict AKI 
post operatively, but 
plasma NGAL 
predicts post OP AKI 
as well as need for 
early medical renal 
intervention 

Preoperative NGAL 
is an important 
marker of immediate 
post-op renal injury 

OPG (Borowiec et al., 2015) Osteoprotegerin Calcification Mild to moderate 
aortic stenosis 
(n=70) 

Progression of aortic 
stenosis 

Osteoprotegerin 
associated with 
degree of AS. 
Associated with age, 
valvular gradient, 
coronary artery 
disease. Only 
metabolic syndrome 
was independently 
predictive of 
progression of AS. 

Osteoprotegerin 
associated with AS 
severity, not 
progression of 
disease 
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Class Source Biomarker What it measures Population Outcomes Findings Comment 

ST2 (Cai et al., 2019) ST2 Cardiac stress Comparing ST2 in 
stable severe left 
ventricular systolic 
dysfunction with 
severe aortic 
stenosis 

Levels of ST2 ST2 was similar in 
HF and AS group 
with preserved 
ejection fraction. 
ST2 levels 
significantly higher in 
the heart failure 
group with reduced 
ejection fraction.  

Raised ST2 may be 
marker for 
subclinical/clinical 
left ventricular 
dysfunction 

SuPAR (Hodges et al., 2016) Soluble urokinase 
plasminogen 
activator receptor 
(SuPAR) 

Inflammatory marker 
of subclinical 
cardivascular 
damage 

Wide range of aortic 
stenosis severity 
(SEAS population) 
n=1503 

Ischaemic events, 
Aortic valve events, 
mortality 

suPAR 
independently 
associated with 
ischaemic 
cardiovascular 
events (HR 1.5) and 
mortality (HR 2) but 
not significant for 
aortic valve events 

suPAR may reflect 
presence of 
concomitent 
coronary disease 
and associated risk 

ucMGP (Ueland et al., 2010) Undercarboxylated 
matrix Gla protein 

Inhibition of 
(Valvular) 
Calcification 

Symptomatic Severe 
AS (n=147) & 
Healthy controls 
(n=147) 

All-cause mortality Circulating 
uncarboxylated 
MGP levels 
(>950pmol/L) 
associated with LV 
function and 
mortality (HR 9) 
independent of 
NTproBNP and LV 
function 

Uncarboxylated 
MGP levels provided 
additional prognostic 
information to 
NTproBNP and LV 
function in severe 
AS 
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6.2 Larger network diagram for all differentially expressed proteins in 

the discovery study 

 

Figure 6-1: Whole network diagram; red indicates higher in patients who develop events, green indicates lower in 

patients who develop events 
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Figure 6-2: Top-left of network diagram in Figure 3-24; red indicates higher in patients who develop events, green indicates lower in patients who develop events 
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Figure 6-3: Top-right of network diagram in Figure 3-24; red indicates higher in patients who develop events, green indicates lower in patients who develop events 
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Figure 6-4: Middle of network diagram in Figure 3-24; red indicates higher in patients who develop events, green indicates lower in patients who develop events 
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Figure 6-5: Bottom of network diagram in Figure 3-24; red indicates higher in patients who develop events, green indicates lower in patients who develop events 



This Sheet contains a protein list from one run of 5 fractions using MARS14 Depletion -> Guanidine/DTT/IAA -> MRP-c18 -> Qexactive

Accession Description Coverage(%) # Peptides Fraction2 Fraction3 Fraction4 Fraction5 Fraction1+6
P35527 Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3 15.24879615 7 X
P62328 Thymosin beta-4 OS=Homo sapiens GN=TMSB4X PE=1 SV=2 43.18181818 2 X
P01034 Cystatin-C OS=Homo sapiens GN=CST3 PE=1 SV=1 41.78082192 5 X
P01608 Ig kappa chain V-I region Roy OS=Homo sapiens PE=1 SV=1 24.07407407 2 X
P01609 Ig kappa chain V-I region Scw OS=Homo sapiens PE=1 SV=1 27.77777778 2 X
P01624 Ig kappa chain V-III region POM OS=Homo sapiens PE=1 SV=1 24.7706422 2 X
P04434 Ig kappa chain V-III region VH (Fragment) OS=Homo sapiens PE=4 SV=1 23.27586207 2 X
P05019 Insulin-like growth factor I OS=Homo sapiens GN=IGF1 PE=1 SV=1 7.179487179 2 X
P05362 Intercellular adhesion molecule 1 OS=Homo sapiens GN=ICAM1 PE=1 SV=2 5.263157895 2 X
P07737 Profilin-1 OS=Homo sapiens GN=PFN1 PE=1 SV=2 37.14285714 4 X
P08294 Extracellular superoxide dismutase [Cu-Zn] OS=Homo sapiens GN=SOD3 PE=1 SV=2 10 2 X
P13598 Intercellular adhesion molecule 2 OS=Homo sapiens GN=ICAM2 PE=1 SV=2 9.090909091 2 X
P14151 L-selectin OS=Homo sapiens GN=SELL PE=1 SV=2 7.795698925 2 X
P22891 Vitamin K-dependent protein Z OS=Homo sapiens GN=PROZ PE=1 SV=2 30.5 9 X
P33151 Cadherin-5 OS=Homo sapiens GN=CDH5 PE=1 SV=5 5.102040816 3 X
P99999 Cytochrome c OS=Homo sapiens GN=CYCS PE=1 SV=2 22.85714286 2 X
Q03591 Complement factor H-related protein 1 OS=Homo sapiens GN=CFHR1 PE=1 SV=2 42.12121212 8 X
Q6UXB8 Peptidase inhibitor 16 OS=Homo sapiens GN=PI16 PE=1 SV=1 9.287257019 3 X
Q99969 Retinoic acid receptor responder protein 2 OS=Homo sapiens GN=RARRES2 PE=1 SV=1 14.11042945 2 X
Q9BXR6 Complement factor H-related protein 5 OS=Homo sapiens GN=CFHR5 PE=1 SV=1 12.30228471 6 X
Q9Y5Y7 Lymphatic vessel endothelial hyaluronic acid receptor 1 OS=Homo sapiens GN=LYVE1 PE=1 SV=2 8.074534161 2 X
P00746 Complement factor D OS=Homo sapiens GN=CFD PE=1 SV=5 22.52964427 4 X
P03951 Coagulation factor XI OS=Homo sapiens GN=F11 PE=1 SV=1 10.88 4 X
P0DJI9 Serum amyloid A-2 protein OS=Homo sapiens GN=SAA2 PE=1 SV=1 23.7704918 2 X
P22105 Tenascin-X OS=Homo sapiens GN=TNXB PE=1 SV=3 0.512940079 2 X
Q14520 Hyaluronan-binding protein 2 OS=Homo sapiens GN=HABP2 PE=1 SV=1 4.642857143 2 X
P02042 Hemoglobin subunit delta OS=Homo sapiens GN=HBD PE=1 SV=2 48.29931973 7 X
P06702 Protein S100-A9 OS=Homo sapiens GN=S100A9 PE=1 SV=1 35.96491228 3 X
P0C0L4 Complement C4-A OS=Homo sapiens GN=C4A PE=1 SV=2 56.8233945 72 X
P18206 Vinculin OS=Homo sapiens GN=VCL PE=1 SV=4 2.821869489 2 X
P31151 Protein S100-A7 OS=Homo sapiens GN=S100A7 PE=1 SV=4 30.69306931 3 X
P32119 Peroxiredoxin-2 OS=Homo sapiens GN=PRDX2 PE=1 SV=5 18.68686869 3 X
P48740 Mannan-binding lectin serine protease 1 OS=Homo sapiens GN=MASP1 PE=1 SV=3 4.005722461 2 X
Q6EMK4 Vasorin OS=Homo sapiens GN=VASN PE=1 SV=1 6.389301634 2 X
Q8NBP7 Proprotein convertase subtilisin/kexin type 9 OS=Homo sapiens GN=PCSK9 PE=1 SV=3 3.757225434 2 X
P02533 Keratin, type I cytoskeletal 14 OS=Homo sapiens GN=KRT14 PE=1 SV=4 4.449152542 2 X
P08779 Keratin, type I cytoskeletal 16 OS=Homo sapiens GN=KRT16 PE=1 SV=4 4.4397463 2 X
P19012 Keratin, type I cytoskeletal 15 OS=Homo sapiens GN=KRT15 PE=1 SV=3 4.605263158 2 X
P01344 Insulin-like growth factor II OS=Homo sapiens GN=IGF2 PE=1 SV=1 13.88888889 2 X X
P02775 Platelet basic protein OS=Homo sapiens GN=PPBP PE=1 SV=3 37.5 4 X X
P03950 Angiogenin OS=Homo sapiens GN=ANG PE=1 SV=1 24.48979592 2 X X
P17936 Insulin-like growth factor-binding protein 3 OS=Homo sapiens GN=IGFBP3 PE=1 SV=2 31.61512027 7 X X
P34096 Ribonuclease 4 OS=Homo sapiens GN=RNASE4 PE=1 SV=3 21.08843537 2 X X
P07996 Thrombospondin-1 OS=Homo sapiens GN=THBS1 PE=1 SV=2 2.564102564 2 X X
P04207 Ig kappa chain V-III region CLL OS=Homo sapiens PE=1 SV=2 19.37984496 2 X X
P49908 Selenoprotein P OS=Homo sapiens GN=SEPP1 PE=1 SV=3 15.4855643 5 X X
P61626 Lysozyme C OS=Homo sapiens GN=LYZ PE=1 SV=1 12.16216216 2 X X
P61769 Beta-2-microglobulin OS=Homo sapiens GN=B2M PE=1 SV=1 21.8487395 2 X X



P68104 Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 PE=1 SV=1 7.359307359 3 X X
Q04756 Hepatocyte growth factor activator OS=Homo sapiens GN=HGFAC PE=1 SV=1 4.732824427 2 X X
Q05639 Elongation factor 1-alpha 2 OS=Homo sapiens GN=EEF1A2 PE=1 SV=1 7.343412527 3 X X
Q10588 ADP-ribosyl cyclase 2 OS=Homo sapiens GN=BST1 PE=1 SV=2 7.547169811 2 X X
Q5VTE0 Putative elongation factor 1-alpha-like 3 OS=Homo sapiens GN=EEF1A1P5 PE=5 SV=1 7.359307359 3 X X
P35908 Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 PE=1 SV=2 5.633802817 3 X X
P01877 Ig alpha-2 chain C region OS=Homo sapiens GN=IGHA2 PE=1 SV=3 48.23529412 10 X X
P04070 Vitamin K-dependent protein C OS=Homo sapiens GN=PROC PE=1 SV=1 5.856832972 2 X X
P04406 Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH PE=1 SV=3 13.43283582 2 X X
P05109 Protein S100-A8 OS=Homo sapiens GN=S100A8 PE=1 SV=1 23.65591398 2 X X
P23142 Fibulin-1 OS=Homo sapiens GN=FBLN1 PE=1 SV=4 7.112375533 3 X X
P55056 Apolipoprotein C-IV OS=Homo sapiens GN=APOC4 PE=1 SV=1 18.11023622 3 X X
P98160 Basement membrane-specific heparan sulfate proteoglycan core protein OS=Homo sapiens GN=HSPG2 PE=1 SV=4 0.72876338 2 X X
O00391 Sulfhydryl oxidase 1 OS=Homo sapiens GN=QSOX1 PE=1 SV=3 8.701472557 4 X X
O14791 Apolipoprotein L1 OS=Homo sapiens GN=APOL1 PE=1 SV=5 39.44723618 10 X X
P02747 Complement C1q subcomponent subunit C OS=Homo sapiens GN=C1QC PE=1 SV=3 26.93877551 4 X X
P02750 Leucine-rich alpha-2-glycoprotein OS=Homo sapiens GN=LRG1 PE=1 SV=2 38.04034582 9 X X
P04180 Phosphatidylcholine-sterol acyltransferase OS=Homo sapiens GN=LCAT PE=1 SV=1 11.13636364 4 X X
P04278 Sex hormone-binding globulin OS=Homo sapiens GN=SHBG PE=1 SV=2 21.14427861 5 X X
P05154 Plasma serine protease inhibitor OS=Homo sapiens GN=SERPINA5 PE=1 SV=3 20.68965517 7 X X
P05543 Thyroxine-binding globulin OS=Homo sapiens GN=SERPINA7 PE=1 SV=2 37.59036145 9 X X
P06276 Cholinesterase OS=Homo sapiens GN=BCHE PE=1 SV=1 5.315614618 2 X X
P08185 Corticosteroid-binding globulin OS=Homo sapiens GN=SERPINA6 PE=1 SV=1 16.2962963 4 X X
P08571 Monocyte differentiation antigen CD14 OS=Homo sapiens GN=CD14 PE=1 SV=2 13.6 3 X X
P0C0L5 Complement C4-B OS=Homo sapiens GN=C4B PE=1 SV=2 59.11697248 75 X X
P13796 Plastin-2 OS=Homo sapiens GN=LCP1 PE=1 SV=6 7.655502392 3 X X
P18428 Lipopolysaccharide-binding protein OS=Homo sapiens GN=LBP PE=1 SV=3 17.04781705 6 X X
P22792 Carboxypeptidase N subunit 2 OS=Homo sapiens GN=CPN2 PE=1 SV=3 17.98165138 6 X X
P27348 14-3-3 protein theta OS=Homo sapiens GN=YWHAQ PE=1 SV=1 7.346938776 2 X X
P29622 Kallistatin OS=Homo sapiens GN=SERPINA4 PE=1 SV=3 55.97189696 19 X X
P31946 14-3-3 protein beta/alpha OS=Homo sapiens GN=YWHAB PE=1 SV=3 7.317073171 2 X X
P31947 14-3-3 protein sigma OS=Homo sapiens GN=SFN PE=1 SV=1 7.258064516 2 X X
P35858 Insulin-like growth factor-binding protein complex acid labile subunit OS=Homo sapiens GN=IGFALS PE=1 SV=1 37.19008264 17 X X
P36955 Pigment epithelium-derived factor OS=Homo sapiens GN=SERPINF1 PE=1 SV=4 27.99043062 9 X X
P43251 Biotinidase OS=Homo sapiens GN=BTD PE=1 SV=2 7.550644567 2 X X
P55058 Phospholipid transfer protein OS=Homo sapiens GN=PLTP PE=1 SV=1 7.505070994 2 X X
P60709 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1 17.86666667 5 X X
P61981 14-3-3 protein gamma OS=Homo sapiens GN=YWHAG PE=1 SV=2 7.287449393 2 X X
P62258 14-3-3 protein epsilon OS=Homo sapiens GN=YWHAE PE=1 SV=1 7.058823529 2 X X
P63104 14-3-3 protein zeta/delta OS=Homo sapiens GN=YWHAZ PE=1 SV=1 7.346938776 2 X X
P63261 Actin, cytoplasmic 2 OS=Homo sapiens GN=ACTG1 PE=1 SV=1 17.86666667 5 X X
P68032 Actin, alpha cardiac muscle 1 OS=Homo sapiens GN=ACTC1 PE=1 SV=1 17.24137931 5 X X
P68133 Actin, alpha skeletal muscle OS=Homo sapiens GN=ACTA1 PE=1 SV=1 17.24137931 5 X X
Q04917 14-3-3 protein eta OS=Homo sapiens GN=YWHAH PE=1 SV=4 7.317073171 2 X X
Q13790 Apolipoprotein F OS=Homo sapiens GN=APOF PE=1 SV=2 15.03067485 2 X X
Q15582 Transforming growth factor-beta-induced protein ig-h3 OS=Homo sapiens GN=TGFBI PE=1 SV=1 7.027818448 3 X X
Q96IY4 Carboxypeptidase B2 OS=Homo sapiens GN=CPB2 PE=1 SV=2 21.27659574 6 X X
Q96KN2 Beta-Ala-His dipeptidase OS=Homo sapiens GN=CNDP1 PE=1 SV=4 38.85601578 14 X X
Q9UK55 Protein Z-dependent protease inhibitor OS=Homo sapiens GN=SERPINA10 PE=1 SV=1 16.89189189 6 X X
Q9Y490 Talin-1 OS=Homo sapiens GN=TLN1 PE=1 SV=3 2.085792995 3 X X
O43866 CD5 antigen-like OS=Homo sapiens GN=CD5L PE=1 SV=1 36.59942363 9 X X X



P01591 Immunoglobulin J chain OS=Homo sapiens GN=IGJ PE=1 SV=4 20.75471698 3 X X X
P01610 Ig kappa chain V-I region WEA OS=Homo sapiens PE=1 SV=1 36.11111111 3 X X X
P0DJI8 Serum amyloid A-1 protein OS=Homo sapiens GN=SAA1 PE=1 SV=1 40.98360656 4 X X X
P13645 Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6 14.38356164 5 X X X
P05090 Apolipoprotein D OS=Homo sapiens GN=APOD PE=1 SV=1 20.10582011 3 X X X
P07360 Complement component C8 gamma chain OS=Homo sapiens GN=C8G PE=1 SV=3 46.03960396 7 X X X
P16070 CD44 antigen OS=Homo sapiens GN=CD44 PE=1 SV=3 2.964959569 2 X X X
P20851 C4b-binding protein beta chain OS=Homo sapiens GN=C4BPB PE=1 SV=1 20.63492063 4 X X X
P36980 Complement factor H-related protein 2 OS=Homo sapiens GN=CFHR2 PE=1 SV=1 40 6 X X X
Q15166 Serum paraoxonase/lactonase 3 OS=Homo sapiens GN=PON3 PE=1 SV=3 5.93220339 2 X X X
Q92954 Proteoglycan 4 OS=Homo sapiens GN=PRG4 PE=1 SV=2 8.190883191 9 X X X
P08519 Apolipoprotein(a) OS=Homo sapiens GN=LPA PE=1 SV=1 10.51011434 2 X X X
P00488 Coagulation factor XIII A chain OS=Homo sapiens GN=F13A1 PE=1 SV=4 14.48087432 8 X X X
O75882 Attractin OS=Homo sapiens GN=ATRN PE=1 SV=2 9.167249825 8 X X X
P00915 Carbonic anhydrase 1 OS=Homo sapiens GN=CA1 PE=1 SV=2 14.94252874 3 X X X
P01876 Ig alpha-1 chain C region OS=Homo sapiens GN=IGHA1 PE=1 SV=2 50.42492918 12 X X X
P01880 Ig delta chain C region OS=Homo sapiens GN=IGHD PE=1 SV=2 15.10416667 4 X X X
P04220 Ig mu heavy chain disease protein OS=Homo sapiens PE=1 SV=1 34.7826087 8 X X X
P07358 Complement component C8 beta chain OS=Homo sapiens GN=C8B PE=1 SV=3 51.77664975 20 X X X
P10643 Complement component C7 OS=Homo sapiens GN=C7 PE=1 SV=2 23.60616845 14 X X X
P15169 Carboxypeptidase N catalytic chain OS=Homo sapiens GN=CPN1 PE=1 SV=1 35.58951965 9 X X X
P22352 Glutathione peroxidase 3 OS=Homo sapiens GN=GPX3 PE=1 SV=2 22.56637168 4 X X X
P26927 Hepatocyte growth factor-like protein OS=Homo sapiens GN=MST1 PE=1 SV=2 22.22222222 11 X X X
P35542 Serum amyloid A-4 protein OS=Homo sapiens GN=SAA4 PE=1 SV=2 20 2 X X X
P51884 Lumican OS=Homo sapiens GN=LUM PE=1 SV=2 34.9112426 10 X X X
P80108 Phosphatidylinositol-glycan-specific phospholipase D OS=Homo sapiens GN=GPLD1 PE=1 SV=3 14.16666667 10 X X X
Q06033 Inter-alpha-trypsin inhibitor heavy chain H3 OS=Homo sapiens GN=ITIH3 PE=1 SV=2 14.26966292 9 X X X
Q9NZP8 Complement C1r subcomponent-like protein OS=Homo sapiens GN=C1RL PE=1 SV=2 8.829568789 3 X X X
P01042 Kininogen-1 OS=Homo sapiens GN=KNG1 PE=1 SV=2 41.92546584 22 X X X X
P27918 Properdin OS=Homo sapiens GN=CFP PE=1 SV=2 17.48400853 6 X X X X
O95445 Apolipoprotein M OS=Homo sapiens GN=APOM PE=1 SV=2 22.87234043 3 X X X X
P01008 Antithrombin-III OS=Homo sapiens GN=SERPINC1 PE=1 SV=1 57.75862069 26 X X X X
P01019 Angiotensinogen OS=Homo sapiens GN=AGT PE=1 SV=1 36.28865979 14 X X X X
P02649 Apolipoprotein E OS=Homo sapiens GN=APOE PE=1 SV=1 47.94952681 13 X X X X
P04259 Keratin, type II cytoskeletal 6B OS=Homo sapiens GN=KRT6B PE=1 SV=5 3.90070922 2 X X X X
P06727 Apolipoprotein A-IV OS=Homo sapiens GN=APOA4 PE=1 SV=3 62.62626263 24 X X X X
P43652 Afamin OS=Homo sapiens GN=AFM PE=1 SV=1 44.74123539 19 X X X X
P02655 Apolipoprotein C-II OS=Homo sapiens GN=APOC2 PE=1 SV=1 43.56435644 4 X X X X
P02746 Complement C1q subcomponent subunit B OS=Homo sapiens GN=C1QB PE=1 SV=3 41.50197628 7 X X X X
P68871 Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1 SV=2 82.99319728 12 X X X X
Q9UGM5 Fetuin-B OS=Homo sapiens GN=FETUB PE=1 SV=2 10.9947644 4 X X X X
B9A064 Immunoglobulin lambda-like polypeptide 5 OS=Homo sapiens GN=IGLL5 PE=2 SV=2 32.24299065 4 X X X X
O00187 Mannan-binding lectin serine protease 2 OS=Homo sapiens GN=MASP2 PE=1 SV=4 3.352769679 2 X X X X
O75636 Ficolin-3 OS=Homo sapiens GN=FCN3 PE=1 SV=2 34.11371237 6 X X X X
P00736 Complement C1r subcomponent OS=Homo sapiens GN=C1R PE=1 SV=2 35.88652482 14 X X X X
P00740 Coagulation factor IX OS=Homo sapiens GN=F9 PE=1 SV=2 18.87201735 6 X X X X
P00748 Coagulation factor XII OS=Homo sapiens GN=F12 PE=1 SV=3 17.39837398 8 X X X X
P02745 Complement C1q subcomponent subunit A OS=Homo sapiens GN=C1QA PE=1 SV=2 20.40816327 3 X X X X
P02753 Retinol-binding protein 4 OS=Homo sapiens GN=RBP4 PE=1 SV=3 56.21890547 8 X X X X
P03952 Plasma kallikrein OS=Homo sapiens GN=KLKB1 PE=1 SV=1 20.37617555 10 X X X X
P05160 Coagulation factor XIII B chain OS=Homo sapiens GN=F13B PE=1 SV=3 40.39334342 18 X X X X



P06681 Complement C2 OS=Homo sapiens GN=C2 PE=1 SV=2 19.14893617 13 X X X X
P07357 Complement component C8 alpha chain OS=Homo sapiens GN=C8A PE=1 SV=2 18.83561644 6 X X X X
P0CG04 Ig lambda-1 chain C regions OS=Homo sapiens GN=IGLC1 PE=1 SV=1 65.09433962 4 X X X X
P12259 Coagulation factor V OS=Homo sapiens GN=F5 PE=1 SV=4 5.575539568 10 X X X X
P25311 Zinc-alpha-2-glycoprotein OS=Homo sapiens GN=AZGP1 PE=1 SV=2 57.38255034 18 X X X X
Q96PD5 N-acetylmuramoyl-L-alanine amidase OS=Homo sapiens GN=PGLYRP2 PE=1 SV=1 39.58333333 14 X X X X
A0M8Q6 Ig lambda-7 chain C region OS=Homo sapiens GN=IGLC7 PE=1 SV=2 50.94339623 3 X X X X X
P00450 Ceruloplasmin OS=Homo sapiens GN=CP PE=1 SV=1 66.1971831 51 X X X X X
P00734 Prothrombin OS=Homo sapiens GN=F2 PE=1 SV=2 52.25080386 30 X X X X X
P00738 Haptoglobin OS=Homo sapiens GN=HP PE=1 SV=1 64.28571429 27 X X X X X
P00739 Haptoglobin-related protein OS=Homo sapiens GN=HPR PE=1 SV=2 68.67816092 21 X X X X X
P00742 Coagulation factor X OS=Homo sapiens GN=F10 PE=1 SV=2 20.28688525 10 X X X X X
P00747 Plasminogen OS=Homo sapiens GN=PLG PE=1 SV=2 59.62962963 36 X X X X X
P00751 Complement factor B OS=Homo sapiens GN=CFB PE=1 SV=2 54.05759162 34 X X X X X
P01009 Alpha-1-antitrypsin OS=Homo sapiens GN=SERPINA1 PE=1 SV=3 66.50717703 30 X X X X X
P01011 Alpha-1-antichymotrypsin OS=Homo sapiens GN=SERPINA3 PE=1 SV=2 46.3356974 17 X X X X X
P01023 Alpha-2-macroglobulin OS=Homo sapiens GN=A2M PE=1 SV=3 62.21166893 66 X X X X X
P01024 Complement C3 OS=Homo sapiens GN=C3 PE=1 SV=2 37.34215274 42 X X X X X
P01031 Complement C5 OS=Homo sapiens GN=C5 PE=1 SV=4 20.82338902 23 X X X X X
P01613 Ig kappa chain V-I region Ni OS=Homo sapiens PE=1 SV=1 30.35714286 2 X X X X X
P01620 Ig kappa chain V-III region SIE OS=Homo sapiens PE=1 SV=1 31.19266055 2 X X X X X
P01622 Ig kappa chain V-III region Ti OS=Homo sapiens PE=1 SV=1 31.19266055 2 X X X X X
P01623 Ig kappa chain V-III region WOL OS=Homo sapiens PE=1 SV=1 31.19266055 2 X X X X X
P01701 Ig lambda chain V-I region NEW OS=Homo sapiens PE=1 SV=1 27.02702703 2 X X X X X
P01834 Ig kappa chain C region OS=Homo sapiens GN=IGKC PE=1 SV=1 82.0754717 7 X X X X X
P01857 Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1 50 13 X X X X X
P01859 Ig gamma-2 chain C region OS=Homo sapiens GN=IGHG2 PE=1 SV=2 46.3190184 10 X X X X X
P01860 Ig gamma-3 chain C region OS=Homo sapiens GN=IGHG3 PE=1 SV=2 45.0928382 13 X X X X X
P01861 Ig gamma-4 chain C region OS=Homo sapiens GN=IGHG4 PE=1 SV=1 32.72171254 8 X X X X X
P01871 Ig mu chain C region OS=Homo sapiens GN=IGHM PE=1 SV=3 38.27433628 14 X X X X X
P02647 Apolipoprotein A-I OS=Homo sapiens GN=APOA1 PE=1 SV=1 73.78277154 34 X X X X X
P02652 Apolipoprotein A-II OS=Homo sapiens GN=APOA2 PE=1 SV=1 72 10 X X X X X
P02654 Apolipoprotein C-I OS=Homo sapiens GN=APOC1 PE=1 SV=1 26.5060241 3 X X X X X
P02656 Apolipoprotein C-III OS=Homo sapiens GN=APOC3 PE=1 SV=1 55.55555556 6 X X X X X
P02671 Fibrinogen alpha chain OS=Homo sapiens GN=FGA PE=1 SV=2 25.05773672 18 X X X X X
P02675 Fibrinogen beta chain OS=Homo sapiens GN=FGB PE=1 SV=2 51.7311609 22 X X X X X
P02679 Fibrinogen gamma chain OS=Homo sapiens GN=FGG PE=1 SV=3 39.73509934 15 X X X X X
P02743 Serum amyloid P-component OS=Homo sapiens GN=APCS PE=1 SV=2 28.25112108 7 X X X X X
P02748 Complement component C9 OS=Homo sapiens GN=C9 PE=1 SV=2 33.81037567 14 X X X X X
P02749 Beta-2-glycoprotein 1 OS=Homo sapiens GN=APOH PE=1 SV=3 64.34782609 17 X X X X X
P02751 Fibronectin OS=Homo sapiens GN=FN1 PE=1 SV=4 35.37300922 46 X X X X X
P02760 Protein AMBP OS=Homo sapiens GN=AMBP PE=1 SV=1 37.21590909 10 X X X X X
P02763 Alpha-1-acid glycoprotein 1 OS=Homo sapiens GN=ORM1 PE=1 SV=1 40.7960199 10 X X X X X
P02765 Alpha-2-HS-glycoprotein OS=Homo sapiens GN=AHSG PE=1 SV=1 43.59673025 10 X X X X X
P02766 Transthyretin OS=Homo sapiens GN=TTR PE=1 SV=1 68.70748299 7 X X X X X
P02768 Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 82.10180624 78 X X X X X
P02774 Vitamin D-binding protein OS=Homo sapiens GN=GC PE=1 SV=1 79.11392405 30 X X X X X
P02787 Serotransferrin OS=Homo sapiens GN=TF PE=1 SV=3 82.23495702 62 X X X X X
P02790 Hemopexin OS=Homo sapiens GN=HPX PE=1 SV=2 72.72727273 32 X X X X X
P04003 C4b-binding protein alpha chain OS=Homo sapiens GN=C4BPA PE=1 SV=2 45.05862647 20 X X X X X
P04004 Vitronectin OS=Homo sapiens GN=VTN PE=1 SV=1 21.12970711 8 X X X X X



P04114 Apolipoprotein B-100 OS=Homo sapiens GN=APOB PE=1 SV=2 47.16195485 171 X X X X X
P04196 Histidine-rich glycoprotein OS=Homo sapiens GN=HRG PE=1 SV=1 41.9047619 16 X X X X X
P04206 Ig kappa chain V-III region GOL OS=Homo sapiens PE=1 SV=1 31.19266055 2 X X X X X
P04208 Ig lambda chain V-I region WAH OS=Homo sapiens PE=1 SV=1 27.52293578 2 X X X X X
P04217 Alpha-1B-glycoprotein OS=Homo sapiens GN=A1BG PE=1 SV=4 56.76767677 16 X X X X X
P04264 Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 20.34161491 12 X X X X X
P05155 Plasma protease C1 inhibitor OS=Homo sapiens GN=SERPING1 PE=1 SV=2 31.8 13 X X X X X
P05156 Complement factor I OS=Homo sapiens GN=CFI PE=1 SV=2 29.67409949 16 X X X X X
P05452 Tetranectin OS=Homo sapiens GN=CLEC3B PE=1 SV=3 33.16831683 8 X X X X X
P05546 Heparin cofactor 2 OS=Homo sapiens GN=SERPIND1 PE=1 SV=3 30.46092184 13 X X X X X
P06396 Gelsolin OS=Homo sapiens GN=GSN PE=1 SV=1 35.42199488 16 X X X X X
P07225 Vitamin K-dependent protein S OS=Homo sapiens GN=PROS1 PE=1 SV=1 26.03550296 14 X X X X X
P08603 Complement factor H OS=Homo sapiens GN=CFH PE=1 SV=4 58.73273761 55 X X X X X
P08697 Alpha-2-antiplasmin OS=Homo sapiens GN=SERPINF2 PE=1 SV=3 44.60285132 13 X X X X X
P09871 Complement C1s subcomponent OS=Homo sapiens GN=C1S PE=1 SV=1 27.03488372 12 X X X X X
P0CG05 Ig lambda-2 chain C regions OS=Homo sapiens GN=IGLC2 PE=1 SV=1 65.09433962 4 X X X X X
P0CG06 Ig lambda-3 chain C regions OS=Homo sapiens GN=IGLC3 PE=1 SV=1 65.09433962 4 X X X X X
P10909 Clusterin OS=Homo sapiens GN=CLU PE=1 SV=1 35.63474388 17 X X X X X
P13671 Complement component C6 OS=Homo sapiens GN=C6 PE=1 SV=3 32.11991435 22 X X X X X
P19652 Alpha-1-acid glycoprotein 2 OS=Homo sapiens GN=ORM2 PE=1 SV=2 42.28855721 9 X X X X X
P19823 Inter-alpha-trypsin inhibitor heavy chain H2 OS=Homo sapiens GN=ITIH2 PE=1 SV=2 40.06342495 27 X X X X X
P19827 Inter-alpha-trypsin inhibitor heavy chain H1 OS=Homo sapiens GN=ITIH1 PE=1 SV=3 34.68715697 21 X X X X X
P27169 Serum paraoxonase/arylesterase 1 OS=Homo sapiens GN=PON1 PE=1 SV=3 43.09859155 9 X X X X X
P69905 Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1 SV=2 83.8028169 9 X X X X X
Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 OS=Homo sapiens GN=ITIH4 PE=1 SV=4 50.96774194 37 X X X X X
Q16610 Extracellular matrix protein 1 OS=Homo sapiens GN=ECM1 PE=1 SV=2 40.55555556 18 X X X X X



Accession Description
P02768 Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2
P02647 Apolipoprotein A-I OS=Homo sapiens GN=APOA1 PE=1 SV=1
P07996 Thrombospondin-1 OS=Homo sapiens GN=THBS1 PE=1 SV=2
P01024 Complement C3 OS=Homo sapiens GN=C3 PE=1 SV=2
P08519 Apolipoprotein(a) OS=Homo sapiens GN=LPA PE=1 SV=1
P04275 von Willebrand factor OS=Homo sapiens GN=VWF PE=1 SV=4
Q9Y490 Talin-1 OS=Homo sapiens GN=TLN1 PE=1 SV=3
P35579 Myosin-9 OS=Homo sapiens GN=MYH9 PE=1 SV=4
P01023 Alpha-2-macroglobulin OS=Homo sapiens GN=A2M PE=1 SV=3
P00734 Prothrombin OS=Homo sapiens GN=F2 PE=1 SV=2
P02787 Serotransferrin OS=Homo sapiens GN=TF PE=1 SV=3
P04114 Apolipoprotein B-100 OS=Homo sapiens GN=APOB PE=1 SV=2
P02675 Fibrinogen beta chain OS=Homo sapiens GN=FGB PE=1 SV=2
P55072 Transitional endoplasmic reticulum ATPase OS=Homo sapiens GN=VCP PE=1 SV=4
P06576 ATP synthase subunit beta, mitochondrial OS=Homo sapiens GN=ATP5B PE=1 SV=3
Q9H4B7 Tubulin beta-1 chain OS=Homo sapiens GN=TUBB1 PE=1 SV=1
P11021 78 kDa glucose-regulated protein OS=Homo sapiens GN=HSPA5 PE=1 SV=2
P21333 Filamin-A OS=Homo sapiens GN=FLNA PE=1 SV=4
P19823 Inter-alpha-trypsin inhibitor heavy chain H2 OS=Homo sapiens GN=ITIH2 PE=1 SV=2
P08603 Complement factor H OS=Homo sapiens GN=CFH PE=1 SV=4
P04264 Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6
P02649 Apolipoprotein E OS=Homo sapiens GN=APOE PE=1 SV=1
P13645 Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6
P35527 Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3
P04003 C4b-binding protein alpha chain OS=Homo sapiens GN=C4BPA PE=1 SV=2
O00299 Chloride intracellular channel protein 1 OS=Homo sapiens GN=CLIC1 PE=1 SV=4
O00187 Mannan-binding lectin serine protease 2 OS=Homo sapiens GN=MASP2 PE=1 SV=4
P06727 Apolipoprotein A-IV OS=Homo sapiens GN=APOA4 PE=1 SV=3
P07737 Profilin-1 OS=Homo sapiens GN=PFN1 PE=1 SV=2
P02749 Beta-2-glycoprotein 1 OS=Homo sapiens GN=APOH PE=1 SV=3
P30101 Protein disulfide-isomerase A3 OS=Homo sapiens GN=PDIA3 PE=1 SV=4
P07225 Vitamin K-dependent protein S OS=Homo sapiens GN=PROS1 PE=1 SV=1
P01857 Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1
P00488 Coagulation factor XIII A chain OS=Homo sapiens GN=F13A1 PE=1 SV=4
P01834 Ig kappa chain C region OS=Homo sapiens GN=IGKC PE=1 SV=1
P00747 Plasminogen OS=Homo sapiens GN=PLG PE=1 SV=2
P01008 Antithrombin-III OS=Homo sapiens GN=SERPINC1 PE=1 SV=1
Q13201 Multimerin-1 OS=Homo sapiens GN=MMRN1 PE=1 SV=3
P02760 Protein AMBP OS=Homo sapiens GN=AMBP PE=1 SV=1
P00558 Phosphoglycerate kinase 1 OS=Homo sapiens GN=PGK1 PE=1 SV=3
P00736 Complement C1r subcomponent OS=Homo sapiens GN=C1R PE=1 SV=2
P61158 Actin-related protein 3 OS=Homo sapiens GN=ACTR3 PE=1 SV=3
P62937 Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens GN=PPIA PE=1 SV=2
P00751 Complement factor B OS=Homo sapiens GN=CFB PE=1 SV=2
P00738 Haptoglobin OS=Homo sapiens GN=HP PE=1 SV=1
P05090 Apolipoprotein D OS=Homo sapiens GN=APOD PE=1 SV=1
P02748 Complement component C9 OS=Homo sapiens GN=C9 PE=1 SV=2
P02766 Transthyretin OS=Homo sapiens GN=TTR PE=1 SV=1
P04004 Vitronectin OS=Homo sapiens GN=VTN PE=1 SV=1
Q13418 Integrin-linked protein kinase OS=Homo sapiens GN=ILK PE=1 SV=2
P51149 Ras-related protein Rab-7a OS=Homo sapiens GN=RAB7A PE=1 SV=1
P68366 Tubulin alpha-4A chain OS=Homo sapiens GN=TUBA4A PE=1 SV=1
O00151 PDZ and LIM domain protein 1 OS=Homo sapiens GN=PDLIM1 PE=1 SV=4
P02765 Alpha-2-HS-glycoprotein OS=Homo sapiens GN=AHSG PE=1 SV=1
O95810 Serum deprivation-response protein OS=Homo sapiens GN=SDPR PE=1 SV=3
P10809 60 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPD1 PE=1 SV=2
Q15365 Poly(rC)-binding protein 1 OS=Homo sapiens GN=PCBP1 PE=1 SV=2
Q9Y6C2 EMILIN-1 OS=Homo sapiens GN=EMILIN1 PE=1 SV=2
P02790 Hemopexin OS=Homo sapiens GN=HPX PE=1 SV=2
Q15942 Zyxin OS=Homo sapiens GN=ZYX PE=1 SV=1

This list is representative of a no-acetate EV pulldown method on the Qexactive requiring 1 mL of plasma



P16671 Platelet glycoprotein 4 OS=Homo sapiens GN=CD36 PE=1 SV=2
P31948 Stress-induced-phosphoprotein 1 OS=Homo sapiens GN=STIP1 PE=1 SV=1
Q9Y624 Junctional adhesion molecule A OS=Homo sapiens GN=F11R PE=1 SV=1
P27169 Serum paraoxonase/arylesterase 1 OS=Homo sapiens GN=PON1 PE=1 SV=3
P04196 Histidine-rich glycoprotein OS=Homo sapiens GN=HRG PE=1 SV=1
P02775 Platelet basic protein OS=Homo sapiens GN=PPBP PE=1 SV=3
P14625 Endoplasmin OS=Homo sapiens GN=HSP90B1 PE=1 SV=1
P01859 Ig gamma-2 chain C region OS=Homo sapiens GN=IGHG2 PE=1 SV=2
P01876 Ig alpha-1 chain C region OS=Homo sapiens GN=IGHA1 PE=1 SV=2
P25311 Zinc-alpha-2-glycoprotein OS=Homo sapiens GN=AZGP1 PE=1 SV=2
P55209 Nucleosome assembly protein 1-like 1 OS=Homo sapiens GN=NAP1L1 PE=1 SV=1
P30041 Peroxiredoxin-6 OS=Homo sapiens GN=PRDX6 PE=1 SV=3
P52907 F-actin-capping protein subunit alpha-1 OS=Homo sapiens GN=CAPZA1 PE=1 SV=3
P18206 Vinculin OS=Homo sapiens GN=VCL PE=1 SV=4
P37802 Transgelin-2 OS=Homo sapiens GN=TAGLN2 PE=1 SV=3
P50552 Vasodilator-stimulated phosphoprotein OS=Homo sapiens GN=VASP PE=1 SV=3
P16109 P-selectin OS=Homo sapiens GN=SELP PE=1 SV=3
P14770 Platelet glycoprotein IX OS=Homo sapiens GN=GP9 PE=1 SV=3
O94919 Endonuclease domain-containing 1 protein OS=Homo sapiens GN=ENDOD1 PE=1 SV=2
P13489 Ribonuclease inhibitor OS=Homo sapiens GN=RNH1 PE=1 SV=2
P09871 Complement C1s subcomponent OS=Homo sapiens GN=C1S PE=1 SV=1
O75558 Syntaxin-11 OS=Homo sapiens GN=STX11 PE=2 SV=1
P26038 Moesin OS=Homo sapiens GN=MSN PE=1 SV=3
P12259 Coagulation factor V OS=Homo sapiens GN=F5 PE=1 SV=4
P68871 Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1 SV=2
P00450 Ceruloplasmin OS=Homo sapiens GN=CP PE=1 SV=1
O43396 Thioredoxin-like protein 1 OS=Homo sapiens GN=TXNL1 PE=1 SV=3
P63104 14-3-3 protein zeta/delta OS=Homo sapiens GN=YWHAZ PE=1 SV=1
P07237 Protein disulfide-isomerase OS=Homo sapiens GN=P4HB PE=1 SV=3
P67936 Tropomyosin alpha-4 chain OS=Homo sapiens GN=TPM4 PE=1 SV=3
P04217 Alpha-1B-glycoprotein OS=Homo sapiens GN=A1BG PE=1 SV=4
P38646 Stress-70 protein, mitochondrial OS=Homo sapiens GN=HSPA9 PE=1 SV=2
P05106 Integrin beta-3 OS=Homo sapiens GN=ITGB3 PE=1 SV=2
P61224 Ras-related protein Rap-1b OS=Homo sapiens GN=RAP1B PE=1 SV=1
P01861 Ig gamma-4 chain C region OS=Homo sapiens GN=IGHG4 PE=1 SV=1
P01860 Ig gamma-3 chain C region OS=Homo sapiens GN=IGHG3 PE=1 SV=2
P61981 14-3-3 protein gamma OS=Homo sapiens GN=YWHAG PE=1 SV=2
P23528 Cofilin-1 OS=Homo sapiens GN=CFL1 PE=1 SV=3
Q13576 Ras GTPase-activating-like protein IQGAP2 OS=Homo sapiens GN=IQGAP2 PE=1 SV=4
P36955 Pigment epithelium-derived factor OS=Homo sapiens GN=SERPINF1 PE=1 SV=4
P08514 Integrin alpha-IIb OS=Homo sapiens GN=ITGA2B PE=1 SV=3
P19827 Inter-alpha-trypsin inhibitor heavy chain H1 OS=Homo sapiens GN=ITIH1 PE=1 SV=3
P10643 Complement component C7 OS=Homo sapiens GN=C7 PE=1 SV=2
O43866 CD5 antigen-like OS=Homo sapiens GN=CD5L PE=1 SV=1
P04792 Heat shock protein beta-1 OS=Homo sapiens GN=HSPB1 PE=1 SV=2
P02730 Band 3 anion transport protein OS=Homo sapiens GN=SLC4A1 PE=1 SV=3
P07359 Platelet glycoprotein Ib alpha chain OS=Homo sapiens GN=GP1BA PE=1 SV=1
P24534 Elongation factor 1-beta OS=Homo sapiens GN=EEF1B2 PE=1 SV=3
P40197 Platelet glycoprotein V OS=Homo sapiens GN=GP5 PE=1 SV=1
P61225 Ras-related protein Rap-2b OS=Homo sapiens GN=RAP2B PE=1 SV=1
O95336 6-phosphogluconolactonase OS=Homo sapiens GN=PGLS PE=1 SV=2
P22792 Carboxypeptidase N subunit 2 OS=Homo sapiens GN=CPN2 PE=1 SV=3
Q15762 CD226 antigen OS=Homo sapiens GN=CD226 PE=1 SV=2
P07437 Tubulin beta chain OS=Homo sapiens GN=TUBB PE=1 SV=2
P50990 T-complex protein 1 subunit theta OS=Homo sapiens GN=CCT8 PE=1 SV=4
P40926 Malate dehydrogenase, mitochondrial OS=Homo sapiens GN=MDH2 PE=1 SV=3
Q96FZ7 Charged multivesicular body protein 6 OS=Homo sapiens GN=CHMP6 PE=1 SV=3
Q14974 Importin subunit beta-1 OS=Homo sapiens GN=KPNB1 PE=1 SV=2
P09486 SPARC OS=Homo sapiens GN=SPARC PE=1 SV=1
Q15691 Microtubule-associated protein RP/EB family member 1 OS=Homo sapiens GN=MAPRE1 PE=1 SV=3
P00491 Purine nucleoside phosphorylase OS=Homo sapiens GN=PNP PE=1 SV=2
Q9Y613 FH1/FH2 domain-containing protein 1 OS=Homo sapiens GN=FHOD1 PE=1 SV=3



P08758 Annexin A5 OS=Homo sapiens GN=ANXA5 PE=1 SV=2
P08567 Pleckstrin OS=Homo sapiens GN=PLEK PE=1 SV=3
O14672 Disintegrin and metalloproteinase domain-containing protein 10 OS=Homo sapiens GN=ADAM10 PE=1 SV=1
P18054 Arachidonate 12-lipoxygenase, 12S-type OS=Homo sapiens GN=ALOX12 PE=1 SV=4
P11142 Heat shock cognate 71 kDa protein OS=Homo sapiens GN=HSPA8 PE=1 SV=1
P07203 Glutathione peroxidase 1 OS=Homo sapiens GN=GPX1 PE=1 SV=4
P02671 Fibrinogen alpha chain OS=Homo sapiens GN=FGA PE=1 SV=2
P01011 Alpha-1-antichymotrypsin OS=Homo sapiens GN=SERPINA3 PE=1 SV=2
Q04917 14-3-3 protein eta OS=Homo sapiens GN=YWHAH PE=1 SV=4
P02655 Apolipoprotein C-II OS=Homo sapiens GN=APOC2 PE=1 SV=1
P46109 Crk-like protein OS=Homo sapiens GN=CRKL PE=1 SV=1
P62158 Calmodulin OS=Homo sapiens GN=CALM1 PE=1 SV=2
P43652 Afamin OS=Homo sapiens GN=AFM PE=1 SV=1
P60660-2 Isoform Smooth muscle of Myosin light polypeptide 6 OS=Homo sapiens GN=MYL6
O75636 Ficolin-3 OS=Homo sapiens GN=FCN3 PE=1 SV=2
P27105 Erythrocyte band 7 integral membrane protein OS=Homo sapiens GN=STOM PE=1 SV=3
O75116 Rho-associated protein kinase 2 OS=Homo sapiens GN=ROCK2 PE=1 SV=4
O75083 WD repeat-containing protein 1 OS=Homo sapiens GN=WDR1 PE=1 SV=4
O43707 Alpha-actinin-4 OS=Homo sapiens GN=ACTN4 PE=1 SV=2
P61160 Actin-related protein 2 OS=Homo sapiens GN=ACTR2 PE=1 SV=1
P06733 Alpha-enolase OS=Homo sapiens GN=ENO1 PE=1 SV=2
P25705 ATP synthase subunit alpha, mitochondrial OS=Homo sapiens GN=ATP5A1 PE=1 SV=1
P58546 Myotrophin OS=Homo sapiens GN=MTPN PE=1 SV=2
P01009 Alpha-1-antitrypsin OS=Homo sapiens GN=SERPINA1 PE=1 SV=3
P19971 Thymidine phosphorylase OS=Homo sapiens GN=TYMP PE=1 SV=2
Q12913 Receptor-type tyrosine-protein phosphatase eta OS=Homo sapiens GN=PTPRJ PE=1 SV=3
Q7L591 Docking protein 3 OS=Homo sapiens GN=DOK3 PE=1 SV=2
O15511 Actin-related protein 2/3 complex subunit 5 OS=Homo sapiens GN=ARPC5 PE=1 SV=3
P02763 Alpha-1-acid glycoprotein 1 OS=Homo sapiens GN=ORM1 PE=1 SV=1
P31146 Coronin-1A OS=Homo sapiens GN=CORO1A PE=1 SV=4
Q9NRW1 Ras-related protein Rab-6B OS=Homo sapiens GN=RAB6B PE=1 SV=1
P04350 Tubulin beta-4A chain OS=Homo sapiens GN=TUBB4A PE=1 SV=2
P02679 Fibrinogen gamma chain OS=Homo sapiens GN=FGG PE=1 SV=3
P61604 10 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPE1 PE=1 SV=2
P13667 Protein disulfide-isomerase A4 OS=Homo sapiens GN=PDIA4 PE=1 SV=2
P02656 Apolipoprotein C-III OS=Homo sapiens GN=APOC3 PE=1 SV=1
P62258 14-3-3 protein epsilon OS=Homo sapiens GN=YWHAE PE=1 SV=1
P48740 Mannan-binding lectin serine protease 1 OS=Homo sapiens GN=MASP1 PE=1 SV=3
Q99439 Calponin-2 OS=Homo sapiens GN=CNN2 PE=1 SV=4
Q9H4M9 EH domain-containing protein 1 OS=Homo sapiens GN=EHD1 PE=1 SV=2
P01877 Ig alpha-2 chain C region OS=Homo sapiens GN=IGHA2 PE=1 SV=3
P38606 V-type proton ATPase catalytic subunit A OS=Homo sapiens GN=ATP6V1A PE=1 SV=2
P08648 Integrin alpha-5 OS=Homo sapiens GN=ITGA5 PE=1 SV=2
O00194 Ras-related protein Rab-27B OS=Homo sapiens GN=RAB27B PE=1 SV=4
P01617 Ig kappa chain V-II region TEW OS=Homo sapiens PE=1 SV=1
P02042 Hemoglobin subunit delta OS=Homo sapiens GN=HBD PE=1 SV=2
P18669 Phosphoglycerate mutase 1 OS=Homo sapiens GN=PGAM1 PE=1 SV=2
P62879 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 OS=Homo sapiens GN=GNB2 PE=1 SV=3
P10720 Platelet factor 4 variant OS=Homo sapiens GN=PF4V1 PE=1 SV=1
O15144 Actin-related protein 2/3 complex subunit 2 OS=Homo sapiens GN=ARPC2 PE=1 SV=1
P47755 F-actin-capping protein subunit alpha-2 OS=Homo sapiens GN=CAPZA2 PE=1 SV=3
Q9NY65 Tubulin alpha-8 chain OS=Homo sapiens GN=TUBA8 PE=1 SV=1
P02776 Platelet factor 4 OS=Homo sapiens GN=PF4 PE=1 SV=2
P20339 Ras-related protein Rab-5A OS=Homo sapiens GN=RAB5A PE=1 SV=2
P62873 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 OS=Homo sapiens GN=GNB1 PE=1 SV=3
P01613 Ig kappa chain V-I region Ni OS=Homo sapiens PE=1 SV=1
P35908 Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens GN=KRT2 PE=1 SV=2
P14618 Pyruvate kinase PKM OS=Homo sapiens GN=PKM PE=1 SV=4
P01042 Kininogen-1 OS=Homo sapiens GN=KNG1 PE=1 SV=2
Q86UX7 Fermitin family homolog 3 OS=Homo sapiens GN=FERMT3 PE=1 SV=1
P60709 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1
P08238 Heat shock protein HSP 90-beta OS=Homo sapiens GN=HSP90AB1 PE=1 SV=4



P04075-2 Isoform 2 of Fructose-bisphosphate aldolase A OS=Homo sapiens GN=ALDOA
P01871-2 Isoform 2 of Ig mu chain C region OS=Homo sapiens GN=IGHM
P02774-3 Isoform 3 of Vitamin D-binding protein OS=Homo sapiens GN=GC
P12814-3 Isoform 3 of Alpha-actinin-1 OS=Homo sapiens GN=ACTN1
P0C0L4 Complement C4-A OS=Homo sapiens GN=C4A PE=1 SV=2
P04406 Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH PE=1 SV=3
P00739-2 Isoform 2 of Haptoglobin-related protein OS=Homo sapiens GN=HPR
P06396 Gelsolin OS=Homo sapiens GN=GSN PE=1 SV=1
P47756 F-actin-capping protein subunit beta OS=Homo sapiens GN=CAPZB PE=1 SV=4
P48740-2 Isoform 2 of Mannan-binding lectin serine protease 1 OS=Homo sapiens GN=MASP1
P62820 Ras-related protein Rab-1A OS=Homo sapiens GN=RAB1A PE=1 SV=3
P13224-2 Isoform 2 of Platelet glycoprotein Ib beta chain OS=Homo sapiens GN=GP1BB
P60174 Triosephosphate isomerase OS=Homo sapiens GN=TPI1 PE=1 SV=3
Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 OS=Homo sapiens GN=ITIH4 PE=1 SV=4
P06753-2 Isoform 2 of Tropomyosin alpha-3 chain OS=Homo sapiens GN=TPM3
P09493-5 Isoform 5 of Tropomyosin alpha-1 chain OS=Homo sapiens GN=TPM1
O14791-2 Isoform 2 of Apolipoprotein L1 OS=Homo sapiens GN=APOL1
Q9HBI1-2 Isoform 2 of Beta-parvin OS=Homo sapiens GN=PARVB
Q71U36 Tubulin alpha-1A chain OS=Homo sapiens GN=TUBA1A PE=1 SV=1
P04899-4 Isoform sGi2 of Guanine nucleotide-binding protein G(i) subunit alpha-2 OS=Homo sapiens GN=GNAI2
P16284 Platelet endothelial cell adhesion molecule OS=Homo sapiens GN=PECAM1 PE=1 SV=1
P23229 Integrin alpha-6 OS=Homo sapiens GN=ITGA6 PE=1 SV=5
P62736 Actin, aortic smooth muscle OS=Homo sapiens GN=ACTA2 PE=1 SV=1
Q14766-4 Isoform 4 of Latent-transforming growth factor beta-binding protein 1 OS=Homo sapiens GN=LTBP1
P05556-3 Isoform Beta-1C of Integrin beta-1 OS=Homo sapiens GN=ITGB1
P15531-2 Isoform 2 of Nucleoside diphosphate kinase A OS=Homo sapiens GN=NME1
P10909-2 Isoform 2 of Clusterin OS=Homo sapiens GN=CLU
Q93084-5 Isoform SERCA3E of Sarcoplasmic/endoplasmic reticulum calcium ATPase 3 OS=Homo sapiens GN=ATP2A3
P48059-3 Isoform 3 of LIM and senescent cell antigen-like-containing domain protein 1 OS=Homo sapiens GN=LIMS1
P16190 HLA class I histocompatibility antigen, A-33 alpha chain OS=Homo sapiens GN=HLA-A PE=1 SV=3
Q9BWP8-10Isoform 10 of Collectin-11 OS=Homo sapiens GN=COLEC11
P13746-2 Isoform 2 of HLA class I histocompatibility antigen, A-11 alpha chain OS=Homo sapiens GN=HLA-A
Q01433 AMP deaminase 2 OS=Homo sapiens GN=AMPD2 PE=1 SV=2
Q8IZP0 Abl interactor 1 OS=Homo sapiens GN=ABI1 PE=1 SV=4
P57721 Poly(rC)-binding protein 3 OS=Homo sapiens GN=PCBP3 PE=2 SV=2



Accession Description
P04275 von Willebrand factor OS=Homo sapiens GN=VWF PE=1 SV=4
P27169 Serum paraoxonase/arylesterase 1 OS=Homo sapiens GN=PON1 PE=1 SV=3
P07996 Thrombospondin-1 OS=Homo sapiens GN=THBS1 PE=1 SV=2
P02647 Apolipoprotein A-I OS=Homo sapiens GN=APOA1 PE=1 SV=1
P02768 Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2
P06727 Apolipoprotein A-IV OS=Homo sapiens GN=APOA4 PE=1 SV=3
P02787 Serotransferrin OS=Homo sapiens GN=TF PE=1 SV=3
P35579 Myosin-9 OS=Homo sapiens GN=MYH9 PE=1 SV=4
P10643 Complement component C7 OS=Homo sapiens GN=C7 PE=1 SV=2
P00734 Prothrombin OS=Homo sapiens GN=F2 PE=1 SV=2
P01031 Complement C5 OS=Homo sapiens GN=C5 PE=1 SV=4
P00747 Plasminogen OS=Homo sapiens GN=PLG PE=1 SV=2
P07358 Complement component C8 beta chain OS=Homo sapiens GN=C8B PE=1 SV=3
P09871 Complement C1s subcomponent OS=Homo sapiens GN=C1S PE=1 SV=1
P01023 Alpha-2-macroglobulin OS=Homo sapiens GN=A2M PE=1 SV=3
P02675 Fibrinogen beta chain OS=Homo sapiens GN=FGB PE=1 SV=2
P01008 Antithrombin-III OS=Homo sapiens GN=SERPINC1 PE=1 SV=1
Q9Y490 Talin-1 OS=Homo sapiens GN=TLN1 PE=1 SV=3
P05546 Heparin cofactor 2 OS=Homo sapiens GN=SERPIND1 PE=1 SV=3
P12259 Coagulation factor V OS=Homo sapiens GN=F5 PE=1 SV=4
P01024 Complement C3 OS=Homo sapiens GN=C3 PE=1 SV=2
Q9H4B7 Tubulin beta-1 chain OS=Homo sapiens GN=TUBB1 PE=1 SV=1
P02790 Hemopexin OS=Homo sapiens GN=HPX PE=1 SV=2
P00450 Ceruloplasmin OS=Homo sapiens GN=CP PE=1 SV=1
P00736 Complement C1r subcomponent OS=Homo sapiens GN=C1R PE=1 SV=2
P19823 Inter-alpha-trypsin inhibitor heavy chain H2 OS=Homo sapiens GN=ITIH2 PE=1 SV=2
P02748 Complement component C9 OS=Homo sapiens GN=C9 PE=1 SV=2
P04114 Apolipoprotein B-100 OS=Homo sapiens GN=APOB PE=1 SV=2
P02766 Transthyretin OS=Homo sapiens GN=TTR PE=1 SV=1
P06576 ATP synthase subunit beta, mitochondrial OS=Homo sapiens GN=ATP5B PE=1 SV=3
P00488 Coagulation factor XIII A chain OS=Homo sapiens GN=F13A1 PE=1 SV=4
P02749 Beta-2-glycoprotein 1 OS=Homo sapiens GN=APOH PE=1 SV=3
P04196 Histidine-rich glycoprotein OS=Homo sapiens GN=HRG PE=1 SV=1
Q96KN2 Beta-Ala-His dipeptidase OS=Homo sapiens GN=CNDP1 PE=1 SV=4
P00742 Coagulation factor X OS=Homo sapiens GN=F10 PE=1 SV=2
P21333 Filamin-A OS=Homo sapiens GN=FLNA PE=1 SV=4
P04004 Vitronectin OS=Homo sapiens GN=VTN PE=1 SV=1
P02649 Apolipoprotein E OS=Homo sapiens GN=APOE PE=1 SV=1
P02671 Fibrinogen alpha chain OS=Homo sapiens GN=FGA PE=1 SV=2
P05160 Coagulation factor XIII B chain OS=Homo sapiens GN=F13B PE=1 SV=3
P00751 Complement factor B OS=Homo sapiens GN=CFB PE=1 SV=2
P04264 Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6
P08603 Complement factor H OS=Homo sapiens GN=CFH PE=1 SV=4
Q13201 Multimerin-1 OS=Homo sapiens GN=MMRN1 PE=1 SV=3
P36955 Pigment epithelium-derived factor OS=Homo sapiens GN=SERPINF1 PE=1 SV=4
P55072 Transitional endoplasmic reticulum ATPase OS=Homo sapiens GN=VCP PE=1 SV=4
Q8NBP7 Proprotein convertase subtilisin/kexin type 9 OS=Homo sapiens GN=PCSK9 PE=1 SV=3
P29622 Kallistatin OS=Homo sapiens GN=SERPINA4 PE=1 SV=3
P80108 Phosphatidylinositol-glycan-specific phospholipase D OS=Homo sapiens GN=GPLD1 PE=1 SV=3
P02760 Protein AMBP OS=Homo sapiens GN=AMBP PE=1 SV=1
P35527 Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3
Q13418 Integrin-linked protein kinase OS=Homo sapiens GN=ILK PE=1 SV=2
P07737 Profilin-1 OS=Homo sapiens GN=PFN1 PE=1 SV=2
P00738 Haptoglobin OS=Homo sapiens GN=HP PE=1 SV=1
P04003 C4b-binding protein alpha chain OS=Homo sapiens GN=C4BPA PE=1 SV=2
P01857 Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1
P16671 Platelet glycoprotein 4 OS=Homo sapiens GN=CD36 PE=1 SV=2
P02765 Alpha-2-HS-glycoprotein OS=Homo sapiens GN=AHSG PE=1 SV=1
P08519 Apolipoprotein(a) OS=Homo sapiens GN=LPA PE=1 SV=1
P07225 Vitamin K-dependent protein S OS=Homo sapiens GN=PROS1 PE=1 SV=1
P04070 Vitamin K-dependent protein C OS=Homo sapiens GN=PROC PE=1 SV=1
P08567 Pleckstrin OS=Homo sapiens GN=PLEK PE=1 SV=3

This list is representative of an acetate-based EV pulldown method on the Qexactive requiring 200ul of plasma



P30101 Protein disulfide-isomerase A3 OS=Homo sapiens GN=PDIA3 PE=1 SV=4
O00187 Mannan-binding lectin serine protease 2 OS=Homo sapiens GN=MASP2 PE=1 SV=4
P14625 Endoplasmin OS=Homo sapiens GN=HSP90B1 PE=1 SV=1
P05155 Plasma protease C1 inhibitor OS=Homo sapiens GN=SERPING1 PE=1 SV=2
P19827 Inter-alpha-trypsin inhibitor heavy chain H1 OS=Homo sapiens GN=ITIH1 PE=1 SV=3
Q14126 Desmoglein-2 OS=Homo sapiens GN=DSG2 PE=1 SV=2
P35443 Thrombospondin-4 OS=Homo sapiens GN=THBS4 PE=1 SV=2
P07384 Calpain-1 catalytic subunit OS=Homo sapiens GN=CAPN1 PE=1 SV=1
P0C0L5 Complement C4-B OS=Homo sapiens GN=C4B PE=1 SV=2
P01834 Ig kappa chain C region OS=Homo sapiens GN=IGKC PE=1 SV=1
P13645 Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 PE=1 SV=6
P04217 Alpha-1B-glycoprotein OS=Homo sapiens GN=A1BG PE=1 SV=4
Q9UBX5 Fibulin-5 OS=Homo sapiens GN=FBLN5 PE=1 SV=1
O00151 PDZ and LIM domain protein 1 OS=Homo sapiens GN=PDLIM1 PE=1 SV=4
O95810 Serum deprivation-response protein OS=Homo sapiens GN=SDPR PE=1 SV=3
O75083 WD repeat-containing protein 1 OS=Homo sapiens GN=WDR1 PE=1 SV=4
P02679 Fibrinogen gamma chain OS=Homo sapiens GN=FGG PE=1 SV=3
P07359 Platelet glycoprotein Ib alpha chain OS=Homo sapiens GN=GP1BA PE=1 SV=1
P02656 Apolipoprotein C-III OS=Homo sapiens GN=APOC3 PE=1 SV=1
P27824 Calnexin OS=Homo sapiens GN=CANX PE=1 SV=2
Q8NI99 Angiopoietin-related protein 6 OS=Homo sapiens GN=ANGPTL6 PE=1 SV=1
P68366 Tubulin alpha-4A chain OS=Homo sapiens GN=TUBA4A PE=1 SV=1
P27105 Erythrocyte band 7 integral membrane protein OS=Homo sapiens GN=STOM PE=1 SV=3
P23528 Cofilin-1 OS=Homo sapiens GN=CFL1 PE=1 SV=3
P01860 Ig gamma-3 chain C region OS=Homo sapiens GN=IGHG3 PE=1 SV=2
P14770 Platelet glycoprotein IX OS=Homo sapiens GN=GP9 PE=1 SV=3
P40926 Malate dehydrogenase, mitochondrial OS=Homo sapiens GN=MDH2 PE=1 SV=3
Q15762 CD226 antigen OS=Homo sapiens GN=CD226 PE=1 SV=2
P01019 Angiotensinogen OS=Homo sapiens GN=AGT PE=1 SV=1
P02652 Apolipoprotein A-II OS=Homo sapiens GN=APOA2 PE=1 SV=1
P02753 Retinol-binding protein 4 OS=Homo sapiens GN=RBP4 PE=1 SV=3
P07195 L-lactate dehydrogenase B chain OS=Homo sapiens GN=LDHB PE=1 SV=2
P61158 Actin-related protein 3 OS=Homo sapiens GN=ACTR3 PE=1 SV=3
P10809 60 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPD1 PE=1 SV=2
P55209 Nucleosome assembly protein 1-like 1 OS=Homo sapiens GN=NAP1L1 PE=1 SV=1
P22352 Glutathione peroxidase 3 OS=Homo sapiens GN=GPX3 PE=1 SV=2
P48735 Isocitrate dehydrogenase [NADP], mitochondrial OS=Homo sapiens GN=IDH2 PE=1 SV=2
Q08380 Galectin-3-binding protein OS=Homo sapiens GN=LGALS3BP PE=1 SV=1
Q86UX7 Fermitin family homolog 3 OS=Homo sapiens GN=FERMT3 PE=1 SV=1
P02776 Platelet factor 4 OS=Homo sapiens GN=PF4 PE=1 SV=2
P37802 Transgelin-2 OS=Homo sapiens GN=TAGLN2 PE=1 SV=3
P01876 Ig alpha-1 chain C region OS=Homo sapiens GN=IGHA1 PE=1 SV=2
P0C0L4 Complement C4-A OS=Homo sapiens GN=C4A PE=1 SV=2
P62873 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 OS=Homo sapiens GN=GNB1 PE=1 SV=3
P08514 Integrin alpha-IIb OS=Homo sapiens GN=ITGA2B PE=1 SV=3
P01011 Alpha-1-antichymotrypsin OS=Homo sapiens GN=SERPINA3 PE=1 SV=2
P07437 Tubulin beta chain OS=Homo sapiens GN=TUBB PE=1 SV=2
P01859 Ig gamma-2 chain C region OS=Homo sapiens GN=IGHG2 PE=1 SV=2
P01861 Ig gamma-4 chain C region OS=Homo sapiens GN=IGHG4 PE=1 SV=1
P52907 F-actin-capping protein subunit alpha-1 OS=Homo sapiens GN=CAPZA1 PE=1 SV=3
O00194 Ras-related protein Rab-27B OS=Homo sapiens GN=RAB27B PE=1 SV=4
Q9NZN3 EH domain-containing protein 3 OS=Homo sapiens GN=EHD3 PE=1 SV=2
P05106 Integrin beta-3 OS=Homo sapiens GN=ITGB3 PE=1 SV=2
P01009 Alpha-1-antitrypsin OS=Homo sapiens GN=SERPINA1 PE=1 SV=3
P18206 Vinculin OS=Homo sapiens GN=VCL PE=1 SV=4
P21291 Cysteine and glycine-rich protein 1 OS=Homo sapiens GN=CSRP1 PE=1 SV=3
P06681 Complement C2 OS=Homo sapiens GN=C2 PE=1 SV=2
O75915 PRA1 family protein 3 OS=Homo sapiens GN=ARL6IP5 PE=1 SV=1
Q13103 Secreted phosphoprotein 24 OS=Homo sapiens GN=SPP2 PE=1 SV=1
P21926 CD9 antigen OS=Homo sapiens GN=CD9 PE=1 SV=4
Q9Y6Z7 Collectin-10 OS=Homo sapiens GN=COLEC10 PE=2 SV=2
P02775 Platelet basic protein OS=Homo sapiens GN=PPBP PE=1 SV=3
P07203 Glutathione peroxidase 1 OS=Homo sapiens GN=GPX1 PE=1 SV=4
P30041 Peroxiredoxin-6 OS=Homo sapiens GN=PRDX6 PE=1 SV=3



P00740 Coagulation factor IX OS=Homo sapiens GN=F9 PE=1 SV=2
P49747 Cartilage oligomeric matrix protein OS=Homo sapiens GN=COMP PE=1 SV=2
O15145 Actin-related protein 2/3 complex subunit 3 OS=Homo sapiens GN=ARPC3 PE=1 SV=3
O94919 Endonuclease domain-containing 1 protein OS=Homo sapiens GN=ENDOD1 PE=1 SV=2
P02746 Complement C1q subcomponent subunit B OS=Homo sapiens GN=C1QB PE=1 SV=3
P12814 Alpha-actinin-1 OS=Homo sapiens GN=ACTN1 PE=1 SV=2
P62937 Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens GN=PPIA PE=1 SV=2
P06396 Gelsolin OS=Homo sapiens GN=GSN PE=1 SV=1
P18428 Lipopolysaccharide-binding protein OS=Homo sapiens GN=LBP PE=1 SV=3
P02730 Band 3 anion transport protein OS=Homo sapiens GN=SLC4A1 PE=1 SV=3
P23142 Fibulin-1 OS=Homo sapiens GN=FBLN1 PE=1 SV=4
P00748 Coagulation factor XII OS=Homo sapiens GN=F12 PE=1 SV=3
Q15485 Ficolin-2 OS=Homo sapiens GN=FCN2 PE=1 SV=2
P68871 Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1 SV=2
P60660-2 Isoform Smooth muscle of Myosin light polypeptide 6 OS=Homo sapiens GN=MYL6
Q00610 Clathrin heavy chain 1 OS=Homo sapiens GN=CLTC PE=1 SV=5
P08697 Alpha-2-antiplasmin OS=Homo sapiens GN=SERPINF2 PE=1 SV=3
P61106 Ras-related protein Rab-14 OS=Homo sapiens GN=RAB14 PE=1 SV=4
P24844 Myosin regulatory light polypeptide 9 OS=Homo sapiens GN=MYL9 PE=1 SV=4
P25705 ATP synthase subunit alpha, mitochondrial OS=Homo sapiens GN=ATP5A1 PE=1 SV=1
P01877 Ig alpha-2 chain C region OS=Homo sapiens GN=IGHA2 PE=1 SV=3
P63104 14-3-3 protein zeta/delta OS=Homo sapiens GN=YWHAZ PE=1 SV=1
P11021 78 kDa glucose-regulated protein OS=Homo sapiens GN=HSPA5 PE=1 SV=2
P02654 Apolipoprotein C-I OS=Homo sapiens GN=APOC1 PE=1 SV=1
P48740 Mannan-binding lectin serine protease 1 OS=Homo sapiens GN=MASP1 PE=1 SV=3
P04220 Ig mu heavy chain disease protein OS=Homo sapiens PE=1 SV=1
P61224 Ras-related protein Rap-1b OS=Homo sapiens GN=RAP1B PE=1 SV=1
O43707 Alpha-actinin-4 OS=Homo sapiens GN=ACTN4 PE=1 SV=2
Q06830 Peroxiredoxin-1 OS=Homo sapiens GN=PRDX1 PE=1 SV=1
Q5SQ64 Lymphocyte antigen 6 complex locus protein G6f OS=Homo sapiens GN=LY6G6F PE=1 SV=2
Q13576 Ras GTPase-activating-like protein IQGAP2 OS=Homo sapiens GN=IQGAP2 PE=1 SV=4
P14618 Pyruvate kinase PKM OS=Homo sapiens GN=PKM PE=1 SV=4
O95445 Apolipoprotein M OS=Homo sapiens GN=APOM PE=1 SV=2
P12236 ADP/ATP translocase 3 OS=Homo sapiens GN=SLC25A6 PE=1 SV=4
P47755 F-actin-capping protein subunit alpha-2 OS=Homo sapiens GN=CAPZA2 PE=1 SV=3
Q15166 Serum paraoxonase/lactonase 3 OS=Homo sapiens GN=PON3 PE=1 SV=3
P07357 Complement component C8 alpha chain OS=Homo sapiens GN=C8A PE=1 SV=2
P60709 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1
P01625 Ig kappa chain V-IV region Len OS=Homo sapiens PE=1 SV=2
P02774-3 Isoform 3 of Vitamin D-binding protein OS=Homo sapiens GN=GC
P30740 Leukocyte elastase inhibitor OS=Homo sapiens GN=SERPINB1 PE=1 SV=1
P02751-11 Isoform 11 of Fibronectin OS=Homo sapiens GN=FN1
Q9UGM5 Fetuin-B OS=Homo sapiens GN=FETUB PE=1 SV=2
P16109 P-selectin OS=Homo sapiens GN=SELP PE=1 SV=3
P26038 Moesin OS=Homo sapiens GN=MSN PE=1 SV=3
P05141 ADP/ATP translocase 2 OS=Homo sapiens GN=SLC25A5 PE=1 SV=7
Q9NQC3-3 Isoform 3 of Reticulon-4 OS=Homo sapiens GN=RTN4
Q16610-4 Isoform 4 of Extracellular matrix protein 1 OS=Homo sapiens GN=ECM1
Q04917 14-3-3 protein eta OS=Homo sapiens GN=YWHAH PE=1 SV=4
P01042 Kininogen-1 OS=Homo sapiens GN=KNG1 PE=1 SV=2
P35858-2 Isoform 2 of Insulin-like growth factor-binding protein complex acid labile subunit OS=Homo sapiens GN=IGFALS
P01871-2 Isoform 2 of Ig mu chain C region OS=Homo sapiens GN=IGHM
P68371 Tubulin beta-4B chain OS=Homo sapiens GN=TUBB4B PE=1 SV=1
Q9Y277 Voltage-dependent anion-selective channel protein 3 OS=Homo sapiens GN=VDAC3 PE=1 SV=1
P04406 Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH PE=1 SV=3
Q06033 Inter-alpha-trypsin inhibitor heavy chain H3 OS=Homo sapiens GN=ITIH3 PE=1 SV=2
P48740-2 Isoform 2 of Mannan-binding lectin serine protease 1 OS=Homo sapiens GN=MASP1
P00739-2 Isoform 2 of Haptoglobin-related protein OS=Homo sapiens GN=HPR
Q14520 Hyaluronan-binding protein 2 OS=Homo sapiens GN=HABP2 PE=1 SV=1
P14543 Nidogen-1 OS=Homo sapiens GN=NID1 PE=1 SV=3
P12931-2 Isoform 2 of Proto-oncogene tyrosine-protein kinase Src OS=Homo sapiens GN=SRC
Q15404 Ras suppressor protein 1 OS=Homo sapiens GN=RSU1 PE=1 SV=3
Q9HDC9 Adipocyte plasma membrane-associated protein OS=Homo sapiens GN=APMAP PE=1 SV=2
Q96PD5-2 Isoform 2 of N-acetylmuramoyl-L-alanine amidase OS=Homo sapiens GN=PGLYRP2



P13224-2 Isoform 2 of Platelet glycoprotein Ib beta chain OS=Homo sapiens GN=GP1BB
Q9HBI1-2 Isoform 2 of Beta-parvin OS=Homo sapiens GN=PARVB
P23219 Prostaglandin G/H synthase 1 OS=Homo sapiens GN=PTGS1 PE=1 SV=2
Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 OS=Homo sapiens GN=ITIH4 PE=1 SV=4
P00387-3 Isoform 3 of NADH-cytochrome b5 reductase 3 OS=Homo sapiens GN=CYB5R3
P62258 14-3-3 protein epsilon OS=Homo sapiens GN=YWHAE PE=1 SV=1
P67936-2 Isoform 2 of Tropomyosin alpha-4 chain OS=Homo sapiens GN=TPM4
P10909-2 Isoform 2 of Clusterin OS=Homo sapiens GN=CLU
Q92928 Putative Ras-related protein Rab-1C OS=Homo sapiens GN=RAB1C PE=5 SV=2
O14791-2 Isoform 2 of Apolipoprotein L1 OS=Homo sapiens GN=APOL1
P22105 Tenascin-X OS=Homo sapiens GN=TNXB PE=1 SV=3
Q9NQ79 Cartilage acidic protein 1 OS=Homo sapiens GN=CRTAC1 PE=1 SV=2
P48059-3 Isoform 3 of LIM and senescent cell antigen-like-containing domain protein 1 OS=Homo sapiens GN=LIMS1
P04899-4 Isoform sGi2 of Guanine nucleotide-binding protein G(i) subunit alpha-2 OS=Homo sapiens GN=GNAI2
P68032 Actin, alpha cardiac muscle 1 OS=Homo sapiens GN=ACTC1 PE=1 SV=1
Q12805 EGF-containing fibulin-like extracellular matrix protein 1 OS=Homo sapiens GN=EFEMP1 PE=1 SV=2
Q9NQC3 Reticulon-4 OS=Homo sapiens GN=RTN4 PE=1 SV=2
P0CG05 Ig lambda-2 chain C regions OS=Homo sapiens GN=IGLC2 PE=1 SV=1
P56134 ATP synthase subunit f, mitochondrial OS=Homo sapiens GN=ATP5J2 PE=1 SV=3
P61204 ADP-ribosylation factor 3 OS=Homo sapiens GN=ARF3 PE=1 SV=2
Q14766-4 Isoform 4 of Latent-transforming growth factor beta-binding protein 1 OS=Homo sapiens GN=LTBP1
Q93084-5 Isoform SERCA3E of Sarcoplasmic/endoplasmic reticulum calcium ATPase 3 OS=Homo sapiens GN=ATP2A3
Q9BWP8-10Isoform 10 of Collectin-11 OS=Homo sapiens GN=COLEC11
P06753-2 Isoform 2 of Tropomyosin alpha-3 chain OS=Homo sapiens GN=TPM3
O95866 Protein G6b OS=Homo sapiens GN=G6B PE=1 SV=1
P16284 Platelet endothelial cell adhesion molecule OS=Homo sapiens GN=PECAM1 PE=1 SV=1
P09493 Tropomyosin alpha-1 chain OS=Homo sapiens GN=TPM1 PE=1 SV=2
P23229 Integrin alpha-6 OS=Homo sapiens GN=ITGA6 PE=1 SV=5
P30508 HLA class I histocompatibility antigen, Cw-12 alpha chain OS=Homo sapiens GN=HLA-C PE=2 SV=2
P10319 HLA class I histocompatibility antigen, B-58 alpha chain OS=Homo sapiens GN=HLA-B PE=1 SV=1



Description CSH_Plasma CSH_EV-free EV_BigDiluteCold
Ig alpha-1 chain C region OS=Homo sapiens GN=IGHA1 PE=1 SV=2 X X X
Ig gamma-3 chain C region OS=Homo sapiens GN=IGHG3 PE=1 SV=2 X X X
Complement C4-A OS=Homo sapiens GN=C4A PE=1 SV=2 X X X
Apolipoprotein A-II OS=Homo sapiens GN=APOA2 PE=1 SV=1 X X X
Ig gamma-4 chain C region OS=Homo sapiens GN=IGHG4 PE=1 SV=1 X X X
Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 X X X
Histidine-rich glycoprotein OS=Homo sapiens GN=HRG PE=1 SV=1 X X X
Fibrinogen gamma chain OS=Homo sapiens GN=FGG PE=1 SV=3 X X X
Haptoglobin OS=Homo sapiens GN=HP PE=1 SV=1 X X X
Serotransferrin OS=Homo sapiens GN=TF PE=1 SV=3 X X X
Complement factor B OS=Homo sapiens GN=CFB PE=1 SV=2 X X X
Apolipoprotein E OS=Homo sapiens GN=APOE PE=1 SV=1 X X X
Complement component C7 OS=Homo sapiens GN=C7 PE=1 SV=2 X X X
Isoform 2 of Clusterin OS=Homo sapiens GN=CLU X X X
Complement component C9 OS=Homo sapiens GN=C9 PE=1 SV=2 X X X
Glutathione peroxidase 3 OS=Homo sapiens GN=GPX3 PE=1 SV=2 X X X
von Willebrand factor OS=Homo sapiens GN=VWF PE=1 SV=4 X X X
Fibulin-1 OS=Homo sapiens GN=FBLN1 PE=1 SV=4 X X X
Plasminogen OS=Homo sapiens GN=PLG PE=1 SV=2 X X X
Beta-2-glycoprotein 1 OS=Homo sapiens GN=APOH PE=1 SV=3 X X X
Ceruloplasmin OS=Homo sapiens GN=CP PE=1 SV=1 X X X
Ig gamma-2 chain C region OS=Homo sapiens GN=IGHG2 PE=1 SV=2 X X X
Serum paraoxonase/arylesterase 1 OS=Homo sapiens GN=PON1 PE=1 SV=3 X X X
Apolipoprotein A-IV OS=Homo sapiens GN=APOA4 PE=1 SV=3 X X X
Complement C1s subcomponent OS=Homo sapiens GN=C1S PE=1 SV=1 X X X
Vitamin K-dependent protein S OS=Homo sapiens GN=PROS1 PE=1 SV=1 X X X
Fibrinogen beta chain OS=Homo sapiens GN=FGB PE=1 SV=2 X X X
Apolipoprotein A-I OS=Homo sapiens GN=APOA1 PE=1 SV=1 X X X
CD5 antigen-like OS=Homo sapiens GN=CD5L PE=1 SV=1 X X X
Inter-alpha-trypsin inhibitor heavy chain H1 OS=Homo sapiens GN=ITIH1 PE=1 SV=3 X X X
Prothrombin OS=Homo sapiens GN=F2 PE=1 SV=2 X X X
Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1 X X X
Plasma protease C1 inhibitor OS=Homo sapiens GN=SERPING1 PE=1 SV=2 X X X
Complement component C8 beta chain OS=Homo sapiens GN=C8B PE=1 SV=3 X X X
Talin-1 OS=Homo sapiens GN=TLN1 PE=1 SV=3 X X X
Alpha-1-antitrypsin OS=Homo sapiens GN=SERPINA1 PE=1 SV=3 X X X
Alpha-2-macroglobulin OS=Homo sapiens GN=A2M PE=1 SV=3 X X X
Hemopexin OS=Homo sapiens GN=HPX PE=1 SV=2 X X X
Ig kappa chain C region OS=Homo sapiens GN=IGKC PE=1 SV=1 X X X
Complement C3 OS=Homo sapiens GN=C3 PE=1 SV=2 X X X
Complement C2 OS=Homo sapiens GN=C2 PE=1 SV=2 X X X
Pigment epithelium-derived factor OS=Homo sapiens GN=SERPINF1 PE=1 SV=4 X X X
Heparin cofactor 2 OS=Homo sapiens GN=SERPIND1 PE=1 SV=3 X X X
Transthyretin OS=Homo sapiens GN=TTR PE=1 SV=1 X X X
Inter-alpha-trypsin inhibitor heavy chain H2 OS=Homo sapiens GN=ITIH2 PE=1 SV=2 X X X
Fibrinogen alpha chain OS=Homo sapiens GN=FGA PE=1 SV=2 X X X
Isoform 2 of Insulin-like growth factor-binding protein complex acid labile subunit OS=Homo 
sapiens GN=IGFALS X X X
Vitronectin OS=Homo sapiens GN=VTN PE=1 SV=1 X X X
Antithrombin-III OS=Homo sapiens GN=SERPINC1 PE=1 SV=1 X X X
Coagulation factor X OS=Homo sapiens GN=F10 PE=1 SV=2 X X X
Coagulation factor V OS=Homo sapiens GN=F5 PE=1 SV=4 X X X
Platelet basic protein OS=Homo sapiens GN=PPBP PE=1 SV=3 X X X
Alpha-2-HS-glycoprotein OS=Homo sapiens GN=AHSG PE=1 SV=1 X X X
Complement C5 OS=Homo sapiens GN=C5 PE=1 SV=4 X X X
Filamin-A OS=Homo sapiens GN=FLNA PE=1 SV=4 X X X
Inter-alpha-trypsin inhibitor heavy chain H4 OS=Homo sapiens GN=ITIH4 PE=1 SV=4 X X X
Apolipoprotein B-100 OS=Homo sapiens GN=APOB PE=1 SV=2 X X X
C4b-binding protein alpha chain OS=Homo sapiens GN=C4BPA PE=1 SV=2 X X X
Complement C1r subcomponent OS=Homo sapiens GN=C1R PE=1 SV=2 X X X
Myosin-9 OS=Homo sapiens GN=MYH9 PE=1 SV=4 X X X
Protein AMBP OS=Homo sapiens GN=AMBP PE=1 SV=1 X X X
Apolipoprotein C-III OS=Homo sapiens GN=APOC3 PE=1 SV=1 X X X
Gelsolin OS=Homo sapiens GN=GSN PE=1 SV=1 X X
Alpha-2-antiplasmin OS=Homo sapiens GN=SERPINF2 PE=1 SV=3 X X
Apolipoprotein C-II OS=Homo sapiens GN=APOC2 PE=1 SV=1 X X
Immunoglobulin J chain OS=Homo sapiens GN=IGJ PE=1 SV=4 X X

This list demonstrates differences in types of proteins identified in CSH_Plasma, CSH_EV-free and EV_BigDiluteCold; there is minimal difference 
between CSH_Plasma and CSH_EV-free



Galectin-3-binding protein OS=Homo sapiens GN=LGALS3BP PE=1 SV=1 X X
Cartilage oligomeric matrix protein OS=Homo sapiens GN=COMP PE=1 SV=2 X X
Thrombospondin-1 OS=Homo sapiens GN=THBS1 PE=1 SV=2 X X
Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1 X
Apolipoprotein(a) OS=Homo sapiens GN=LPA PE=1 SV=1 X
Hyaluronan-binding protein 2 OS=Homo sapiens GN=HABP2 PE=1 SV=1 X
Ig alpha-2 chain C region OS=Homo sapiens GN=IGHA2 PE=1 SV=3 X
Ig lambda-2 chain C regions OS=Homo sapiens GN=IGLC2 PE=1 SV=1 X
Ig mu chain C region OS=Homo sapiens GN=IGHM PE=1 SV=3 X
Ig mu heavy chain disease protein OS=Homo sapiens PE=1 SV=1 X
Integrin alpha-IIb OS=Homo sapiens GN=ITGA2B PE=1 SV=3 X
Kininogen-1 OS=Homo sapiens GN=KNG1 PE=1 SV=2 X
Mannan-binding lectin serine protease 2 OS=Homo sapiens GN=MASP2 PE=1 SV=4 X
Tenascin-X OS=Homo sapiens GN=TNXB PE=1 SV=3 X
Isoform 2 of Mannan-binding lectin serine protease 1 OS=Homo sapiens GN=MASP1 X
Mannan-binding lectin serine protease 1 OS=Homo sapiens GN=MASP1 PE=1 SV=3 X
14-3-3 protein zeta/delta OS=Homo sapiens GN=YWHAZ PE=1 SV=1 X
A disintegrin and metalloproteinase with thrombospondin motifs 13 OS=Homo sapiens 
GN=ADAMTS13 PE=1 SV=1 X
Alpha-1B-glycoprotein OS=Homo sapiens GN=A1BG PE=1 SV=4 X
Angiopoietin-related protein 6 OS=Homo sapiens GN=ANGPTL6 PE=1 SV=1 X
Beta-Ala-His dipeptidase OS=Homo sapiens GN=CNDP1 PE=1 SV=4 X
Coagulation factor XIII A chain OS=Homo sapiens GN=F13A1 PE=1 SV=4 X
Cofilin-1 OS=Homo sapiens GN=CFL1 PE=1 SV=3 X
Cysteine and glycine-rich protein 1 OS=Homo sapiens GN=CSRP1 PE=1 SV=3 X
Desmoglein-2 OS=Homo sapiens GN=DSG2 PE=1 SV=2 X
Fibrillin-1 OS=Homo sapiens GN=FBN1 PE=1 SV=3 X
Fibulin-5 OS=Homo sapiens GN=FBLN5 PE=1 SV=1 X
Ficolin-2 OS=Homo sapiens GN=FCN2 PE=1 SV=2 X
Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH PE=1 SV=3 X
Hemoglobin subunit alpha OS=Homo sapiens GN=HBA1 PE=1 SV=2 X
Hemoglobin subunit beta OS=Homo sapiens GN=HBB PE=1 SV=2 X
Integrin-linked protein kinase OS=Homo sapiens GN=ILK PE=1 SV=2 X
Integrin beta-3 OS=Homo sapiens GN=ITGB3 PE=1 SV=2 X
Intelectin-1 OS=Homo sapiens GN=ITLN1 PE=1 SV=1 X
Isoform 10 of Collectin-11 OS=Homo sapiens GN=COLEC11 X
Isoform 2 of Tropomyosin alpha-3 chain OS=Homo sapiens GN=TPM3 X
Isoform 3 of Alpha-actinin-1 OS=Homo sapiens GN=ACTN1 X
Multimerin-1 OS=Homo sapiens GN=MMRN1 PE=1 SV=3 X
Nidogen-1 OS=Homo sapiens GN=NID1 PE=1 SV=3 X
Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens GN=PPIA PE=1 SV=2 X
Platelet factor 4 OS=Homo sapiens GN=PF4 PE=1 SV=2 X
Platelet glycoprotein Ib alpha chain OS=Homo sapiens GN=GP1BA PE=1 SV=1 X
Platelet glycoprotein IX OS=Homo sapiens GN=GP9 PE=1 SV=3 X
Platelet glycoprotein V OS=Homo sapiens GN=GP5 PE=1 SV=1 X
Pleckstrin OS=Homo sapiens GN=PLEK PE=1 SV=3 X
Profilin-1 OS=Homo sapiens GN=PFN1 PE=1 SV=2 X
Proprotein convertase subtilisin/kexin type 9 OS=Homo sapiens GN=PCSK9 PE=1 SV=3 X
Pyruvate kinase PKM OS=Homo sapiens GN=PKM PE=1 SV=4 X
Soluble scavenger receptor cysteine-rich domain-containing protein SSC5D OS=Homo sapiens 
GN=SSC5D PE=2 SV=3 X
Sushi, von Willebrand factor type A, EGF and pentraxin domain-containing protein 1 OS=Homo 
sapiens GN=SVEP1 PE=1 SV=3 X
Thrombospondin-4 OS=Homo sapiens GN=THBS4 PE=1 SV=2 X
Tropomyosin alpha-4 chain OS=Homo sapiens GN=TPM4 PE=1 SV=3 X
Tubulin alpha-1B chain OS=Homo sapiens GN=TUBA1B PE=1 SV=1 X
Tubulin beta-1 chain OS=Homo sapiens GN=TUBB1 PE=1 SV=1 X
Vinculin OS=Homo sapiens GN=VCL PE=1 SV=4 X
Complement component C8 alpha chain OS=Homo sapiens GN=C8A PE=1 SV=2 X X
Isoform 2 of Ig mu chain C region OS=Homo sapiens GN=IGHM X X
Plasma kallikrein OS=Homo sapiens GN=KLKB1 PE=1 SV=1 X X
Retinol-binding protein 4 OS=Homo sapiens GN=RBP4 PE=1 SV=3 X X
Isoform 2 of N-acetylmuramoyl-L-alanine amidase OS=Homo sapiens GN=PGLYRP2 X X
Complement factor I OS=Homo sapiens GN=CFI PE=1 SV=2 X X
Isoform 2 of Haptoglobin-related protein OS=Homo sapiens GN=HPR X X
Kallistatin OS=Homo sapiens GN=SERPINA4 PE=1 SV=3 X X
Lumican OS=Homo sapiens GN=LUM PE=1 SV=2 X X
Fetuin-B OS=Homo sapiens GN=FETUB PE=1 SV=2 X X
Afamin OS=Homo sapiens GN=AFM PE=1 SV=1 X X
Alpha-1-acid glycoprotein 2 OS=Homo sapiens GN=ORM2 PE=1 SV=2 X X



Phospholipid transfer protein OS=Homo sapiens GN=PLTP PE=1 SV=1 X X
Hepatocyte growth factor-like protein OS=Homo sapiens GN=MST1 PE=1 SV=2 X X
Isoform 4 of Extracellular matrix protein 1 OS=Homo sapiens GN=ECM1 X X
Complement component C8 gamma chain OS=Homo sapiens GN=C8G PE=1 SV=3 X X
Coagulation factor XII OS=Homo sapiens GN=F12 PE=1 SV=3 X X
Isoform 2 of Ig delta chain C region OS=Homo sapiens GN=IGHD X X
Coagulation factor XIII B chain OS=Homo sapiens GN=F13B PE=1 SV=3 X X
Isoform 3 of Vitamin D-binding protein OS=Homo sapiens GN=GC X X
Complement factor H OS=Homo sapiens GN=CFH PE=1 SV=4 X X

Phosphatidylinositol-glycan-specific phospholipase D OS=Homo sapiens GN=GPLD1 PE=1 SV=3 X X
Lipopolysaccharide-binding protein OS=Homo sapiens GN=LBP PE=1 SV=3 X X
Angiotensinogen OS=Homo sapiens GN=AGT PE=1 SV=1 X X
Complement component C6 OS=Homo sapiens GN=C6 PE=1 SV=3 X X
Plasma serine protease inhibitor OS=Homo sapiens GN=SERPINA5 PE=1 SV=3 X X
Apolipoprotein D OS=Homo sapiens GN=APOD PE=1 SV=1 X X
Alpha-1-antichymotrypsin OS=Homo sapiens GN=SERPINA3 PE=1 SV=2 X X
C4b-binding protein beta chain OS=Homo sapiens GN=C4BPB PE=1 SV=1 X
Coagulation factor IX OS=Homo sapiens GN=F9 PE=1 SV=2 X
Complement C4-B OS=Homo sapiens GN=C4B PE=1 SV=2 X
Hepatocyte growth factor activator OS=Homo sapiens GN=HGFAC PE=1 SV=1 X
Isoform 10 of Fibronectin OS=Homo sapiens GN=FN1 X
Apolipoprotein C-IV OS=Homo sapiens GN=APOC4 PE=1 SV=1 X
Carboxypeptidase N subunit 2 OS=Homo sapiens GN=CPN2 PE=1 SV=3 X
Complement C1q subcomponent subunit C OS=Homo sapiens GN=C1QC PE=1 SV=3 X
Carboxypeptidase B2 OS=Homo sapiens GN=CPB2 PE=1 SV=2 X
Isoform LMW of Kininogen-1 OS=Homo sapiens GN=KNG1 X
Ig heavy chain V-III region GAL OS=Homo sapiens PE=1 SV=1 X
Ig kappa chain V-I region Mev OS=Homo sapiens PE=1 SV=1 X
Ig kappa chain V-I region Wes OS=Homo sapiens PE=1 SV=1 X
Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 X
Ig kappa chain V-I region Ni OS=Homo sapiens PE=1 SV=1 X
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