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Abstract 

ARDS is a debilitating condition within intensive care with high morbidity and mortality. 

ECMO can be used to support patients with severe ARDS in whom conventional 

management such as invasive mechanical ventilation and prone positioning has failed. The 

main complications from ECMO use remain haemostatic with bleeding and thrombosis 

despite advances in biomaterials and ECMO anticoagulation guidelines. COVID-19 

highlighted the importance of immunothrombosis in patients with ARDS. Neutrophil 

extracellular traps (NETs) and platelet-leucocyte interactions are an increasing area of 

interest in sepsis and ECMO. 

 

The first aspect of this thesis investigated the presence of immunothrombosis in patients 

with COVID-19 and non-COVID-19 ARDS who required ECMO. Incidence of ECMO circuit 

thrombosis was higher in COVID-19 patients which was related to duration of ECMO rather 

than COVID-19, indicating ECMO itself is immunothrombotic. COVID-19 patients had lower 

D-dimer levels in the lead up to circuit thrombosis suggesting a different mechanism for 

thrombosis e.g. reduced fibrinolysis. This highlights the difficulty in predicting circuit 

thrombosis with current clinical biomarkers. Biomarkers of neutrophil activation and NETosis 

in patient samples demonstrated increased NETosis after ECMO initiation despite already 

high levels of neutrophil and platelet activation. The reduced platelet aggregation during 

ECMO which improved after ECMO discontinuation suggesting ECMO increases NETosis 

and platelet dysfunction and may be related in ECMO immunothrombosis. 

 

The second aspect of this thesis describes the development of flow cytometry protocols to 

measure leucocyte-platelet interactions by measuring leucocyte-platelet aggregates (LPA) 

using the ibidi microfluidics chamber to generate LPA formation under flow conditions. This 

model demonstrated that LPA form more readily with platelet activation compared to 

leucocyte activation and can be reduced using a platelet inhibitor. This model can be 

adapted for use with isolated cells, and endothelial cell providing a platform to investigate the 

effects of flow on neutrophil and platelet activation, and leucocyte-platelet interactions.  
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Chapter 1: Introduction 

1.1 Acute Respiratory Distress Syndrome 

1.1.1 Definition 

Acute respiratory distress syndrome (ARDS) is an acute inflammatory lung injury and was 

first described in 1967 by Ashbaugh et al who described 12 adult patients with “acute onset 

tachypnoea, hypoxaemia and loss of compliance after a variety of stimuli” who did not  

respond to usual methods of respiratory therapy and positive end expiratory pressure 

(PEEP) and perhaps steroids was the most helpful 1. In 1994, the American-European 

Consensus Conference defined acute lung injury (ALI) as a syndrome of inflammation and 

increased permeability that is associated with clinical, radiological and physiological 

abnormalities that cannot be explained by, but may co-exist with left atrial or pulmonary 

hypertension. The separation of ALI and ARDS was dependent on the degree of hypoxia 

with ALI defined as PaO2/FiO2 (PF) ratio < 300 mmHg, and ARDS PF ratio < 200 mmHg 2. 

In 2012, the definition was revised to include definition of timing, separation of severity using 

PF ratio, inclusion of PEEP, and clarification of radiological and physiological parameters.  

This was described as the Berlin Definition of ARDS which recognised 3 grades of severity 

(Table 1.1). 

 

 Mild Moderate Severe 

Timing  
Acute onset within 1 week of a known clinical insult or new/worsening 

respiratory symptoms  

Radiological 

abnormalities 

Bilateral opacities – not fully explained by effusions, lobar/lung collapse, or 

nodules 

Origin of oedema Respiratory failure not fully explained by cardiac failure or fluid overload.  

Hypoxaemia 

PaO2/FiO2  

201-300 mmHg with 

PEEP > 5cm H2O 

101-200 mmHg with 

PEEP > 5cm H2O 

<100 mmHg with 

PEEP > 5cm H2O 

 Table 1.1 The 2012 Berlin definition of ARDS 

 

Definitions of ALI and ARDS are often supplemented by lung injury scores such as the 

Murray score, a four-point scoring system which takes into account dynamic lung 

compliance, degree of radiographic infiltration, PF ratio and level of PEEP (Table 1.2) 3. It is 

a more widely used method of quantifying ARDS severity and is often used in clinical studies 

where a score of >2.5 signifies severe ARDS, and a score > 3 is commonly used as a 

qualifying threshold for support with extracorporeal membrane oxygenation (ECMO) 4, 5.  
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 0 1 2 3 4 

PaO2/FiO2 (mmHg) > 300 225 - 299 175 - 224 100 - 174 < 100 

CXR Quadrants None 1 2 3 4 

PEEP (cmH2O) < 5 6 - 8 9 - 11 12 – 14 > 15 

Compliance (ml/cmH2O) > 80 60 - 79 40 - 59 20 - 39 < 19 

Final Murray score = Average score of all four parameters.  

Table 1.2 The Murray Score for lung injury 

 

1.1.2 Epidemiology  

ARDS is a significant cause of morbidity and mortality in the intensive care population. The 

LUNGSAFE study found that ARDS represented around 10% of total intensive care unit 

(ICU) admissions and 23% of all mechanically ventilated patients, which when applied to the 

UK ICU population is 22,000 patients/year 6. The true incidence of ARDS worldwide may be 

higher, as recognition and formal diagnosis of ARDS may be lower in some regions. Hospital 

mortality increases with severity: 34.9% for mild, 40.3% for moderate and 46.1% for severe 

ARDS 6. Mortality is one measure of the impact of ARDS, and many survivors have 

prolonged physical dysfunction with ongoing breathlessness, and poor mobility after 

recovery from ARDS. There is also the psychological impact of long ICU and hospital 

admissions on the patient and their families.  

 

1.1.3 Aetiology of ARDS 

ARDS can be caused by a number of insults, which result in a syndrome of non-cardiogenic 

pulmonary oedema, hypoxaemia, and inflammation often requiring mechanical ventilation. 

Aetiologies can be separated into pulmonary (direct) or extra-pulmonary (indirect) insults. 

Direct insults usually involve the alveolar space, and common causes include infection 

(bacterial pneumonia, viral pneumonitis), aspiration pneumonitis, lung trauma (including 

drowning, smoke inhalation), or pulmonary embolism (PE). Extra-pulmonary insults usually 

arise from systemic injury e.g. extra-pulmonary sepsis, polytrauma, pancreatitis, 

cardiopulmonary bypass (CPB) and transfusion related acute lung injury (TRALI) (Table 1.3). 

The heterogeneity of ARDS aetiology contributes to difficulties in diagnostics and the 

development of therapies.  
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 Pulmonary (direct) Extra-pulmonary (indirect) 
C

o
m

m
o

n
 Pneumonia (bacterial, fungal, parasitic) 

Viral pneumonitis (Influenza, COVID-19) 

Aspiration pneumonitis 

Systemic non-pulmonary sepsis 

Polytrauma (with shock and transfusion) 

Acute pancreatitis 

L
e
s
s
 c

o
m

m
o

n
 

 

Pulmonary embolism 

Pulmonary contusion/thoracic trauma 

Drowning 

Inhalation injury 

Reperfusion lung injury (after transplantation) 

Fat embolism 

Cardiopulmonary bypass 

Transfusion related acute lung injury 

Drug overdose 

Table 1.3 Causes of ARDS 

 

1.1.4 Pathophysiology of ARDS 

In ARDS, the lung injury is due to a combination of alveolar epithelial and capillary 

endothelial damage which leads to release of cytokines and chemokines including but not 

limited to angiopoietin-2 (Ang-2), Interleukin-6 (IL-6), Interleukin-8 (IL8), tumour necrosis 

factor alpha (TNFα), vascular endothelial growth factor (VEGF). These pro-inflammatory 

mediators disrupt the endothelial barrier, and allows movement of fluid, proteins and cells 

into the interstitial and alveolar space. In addition, the released cytokines and chemokines 

attract and recruit more neutrophils and macrophages into the alveolar space (Figure 1.1) 7.  

 

TNFα is one of the most widely studied proinflammatory cytokines and is produced by many 

cells types (endothelial, immune cells, smooth muscle cells etc) after stimulation and has 

been implicated ARDS pathophysiology by increasing ROS production, and activation of 

proinflammatory receptors such as receptor for advanced glycation end products (RAGE) 

and intercellular adhesion molecule 1 (ICAM-1) 8, leading to increased vascular permeability, 

increasing inflammation and cell death 9. Increased levels of sRAGE is associated with 

increased risk and severity of ARDS 10 and its inhibition could reduce the degree of ALI 11, 12. 

Ang-2 and VEGF have key roles in angiogenesis and are both involved in many 

physiological processes. In ARDS, they both increase vascular permeability and assist in the 

recruitment of monocytes and neutrophils to the alveolar space 13, 14. Circulating monocytes 

and macrophages migrate into the alveolar space in response to monocyte chemoattractant 

protein-1 (MCP-1). Resident alveolar macrophages release cytokines to recruit neutrophils 

or monocytes which promote inflammation and the later recruited macrophages mainly 

function to phagocytose neutrophils and other apoptotic cells and play an important role in 
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regulation of the inflammatory process 15. IL-6 is also a major pro-inflammatory mediator 

implicated in sepsis and ARDS and more recently in COVID-19, contributing to the vascular 

leak, lung injury and organ dysfunction 16, 17. 

 

Endothelial damage and activation of neutrophils is associated with expression of neutrophil 

and endothelial adhesion molecules such as E-selectin, P-selectin and ICAM-1. These bind 

neutrophils to the endothelium and facilitate their movement via the platelet-endothelial cell 

adhesion molecule-1 (PECAM-1) to infection/inflamed sites along a chemokine gradient 18.  

Once in the alveolar space, the activated neutrophils release their own cytotoxic products 

including reactive oxygen species (ROS), granular enzymes, and neutrophil extracellular 

traps (NETs) to defend against the invading pathogens and also interact with the epithelium 

increasing cytokine release 19. 
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Figure 1.1 Pathology of endothelial dysfunction in ARDS.  

Damage to the alveolar capillary endothelium and epithelium from invading pathogens leads to 

release of inflammatory cytokines (TNFα, IL-6, IL-8, VEGF, Ang-2) and reactive oxygen species. This 

cytokine storm leads to disruption of the endothelial barrier allowing movement of fluid, 

macromolecules and cells into the interstitial and alveolar spaces. Neutrophils and macrophages are 

recruited into the alveolar space and are activated to eliminated invading pathogens. Upon activation, 

neutrophils may undergo NETosis, degranulation releasing enzymes such as neutrophil elastase and 

myeloperoxidase, and also phagocytosis. 

Angiotensin-2, Ang-2; interleukin, IL; neutrophil extracellular trap, NET; platelet-endothelial cell 

adhesion molecule, PECAM; tumour necrosis factor alpha, TNFα; reactive oxygen species, ROS; 

vascular endothelial growth factor, VEGF. Image created on Biorender.  

 

In overwhelming pathological conditions such as in ARDS, this defence mechanism can 

become deleterious. The excess endothelial activation and cytokine release can result in a 

“cytokine storm” leading to increased leakiness of the pulmonary vasculature, resulting in 

pulmonary oedema. There is excess recruitment and activation of neutrophils and 

macrophages which themselves may become harmful to the alveolar environment as they 

release their own proteins and enzymes through degranulation and NETosis, which can 

further activate and induce further alveolar damage. The cytokine storm was particularly 

evident in Novel Coronavirus Disease-2019 (COVID-19) ARDS patients 20.  
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1.1.5 Management of ARDS 

Early recognition of ARDS is key to identifying patients who are at risk of deterioration or 

who may benefit from specific therapies/interventions. The mainstay of ARDS ventilation 

management remains conservative fluid management and lung protective ventilation as per 

the ARDSnet ventilatory protocol. This includes low tidal volume (6ml/kg) ventilation, PEEP 

titration to PF ratio where the level of PEEP is often increased proportional to the level of 

hypoxaemia, whilst aiming for a plateau pressure < 30cmH2O. Patients with severe ARDS 

(PF ratio < 100mmHg) and refractory hypoxaemia will be considered for trial of prone 

positioning or neuromuscular blockade.  In some cases, inhaled pulmonary vasodilators 

such as nitrous oxide may be considered. If refractory to conventional therapies, patients 

may be considered for extracorporeal membrane oxygenation (ECMO) (Figure 1.2).  

 

Figure 1.2 Evidence based interventions for the management of ARDS 

This figure represents the potential interventions that could be used in the management of patients 

with ARDS. The blue boxes are interventions that are supported by current evidence including ECMO 

for severe ARDS. Boxes in red are interventions that are not recommended according to current 

evidence. Boxes in yellow are interventions that still require confirmation though clinical trials 

including ECCO2R. Taken from Ratano and Fan (2020) 21 

Acute respiratory distress syndrome, ARDS; extracorporeal carbon dioxide removal, ECCO2R 

Extracorporeal membrane oxygenation, ECMO; high-frequency oscillatory ventilation, HFOV; non-

invasive ventilation, NIV; nitric oxide, NO; positive end expiratory pressure, PEEP. 
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The use of ECMO is to prevent further ventilator induced lung injury (VILI) caused by excess 

pressures (barotrauma), high tidal volumes (volutrauma), and increased respiratory rates 

(atelectotrauma) from aggressive mechanical ventilation. ECMO therefore, should not be 

used routinely in patients with ARDS as long as adequate gas exchange with lung protective 

ventilation is maintained 4, 22. The evidence for use is in selected patients with severe ARDS 

(Murray score > 3, or pH < 7.2 due to uncompensated hypercapnia), alongside conventional 

therapies, to allow for lung rest or lung protective ventilation. Regarding extracorporeal CO2 

removal (ECCO2R), there is currently not enough evidence for its use in ARDS, but it could 

allow for low tidal volume ventilation in select groups of patients e.g. those with a 

predominantly hypercapnic respiratory failure 4. ECMO may also be used as a bridge to 

transplant in some patients who are on the lung transplant list in selected circumstances, or 

as a bridge to recovery following lung transplant.  

 

1.2 Extracorporeal Membrane Oxygenation and its uses 

1.2.1 The history of extracorporeal life support 

ECMO is a form of extracorporeal life support (ECLS) that has been developed from CPB 

and is widely used for cardiac and respiratory support with increasing numbers year on year 

23. ECMO is used to support patients severe cardiac or respiratory failure who are refractory 

to conventional management strategies and the underlying disease is considered to be 

reversible. ECMO allows more time for the underlying condition to be treated or may be a 

bridge to other therapies such as transplant. ECLS includes venous-venous (VV) and 

venous-arterial (VA) ECMO, ventricular assist devices (VAD) and CPB.   

 

The first bubble and later membrane oxygenator (MO) was developed in the 1980s but it 

was not until the 1930-1950s where further advancements of the MO were made. In 1953 

the first successful intra-cardiac operation was carried out with the patient on CPB. The first 

ECMO survivor for ARDS was in 1972 24, with several more cases following, and it looked 

like ECMO may be the answer to support patients with ARDS, however at the time the 

pumps were large and required a large volume of blood products. In the 1880s ECMO was 

largely used for neonatal respiratory failure with survival rates improving to 70-90% with 

experience 25. The Extracorporeal Life Support Organisation (ELSO) was founded in 1989 

and through the 1990s to 2000s there were rapid advances in the development of centrifugal 

pumps, and MOs, leading to the modern ECMO circuits in use today.  
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ECMO use increased worldwide in the adult population following the 2009 H1N1 influenza 

epidemic and COVID-19 pandemic 23. In the 2000s adult ECMO studies such as the CESAR 

5 and EOLIA trials 26 showed better efficacy and safety with ECMO use.  Following the 

COVID-19 pandemic, there is now increased interest in optimising the management of 

patients on ECMO and to minimise complications the most common of which are 

haemostatic.  

 

1.2.2 Indications for ECMO 

The indications for respiratory ECMO are potentially reversible severe acute respiratory 

failure (SARF) of known aetiology (as described in 1.1.3) for which there is no improvement 

despite maximising conventional therapies such as mechanical ventilation, sedation, 

paralysis and fluid management, and where risk of mortality remains high or, the patient is at 

risk of harm such as increased risk of barotrauma, volutrauma and oxygen toxicity which can 

prevent lung recovery 4, 22. Patients may have hypoxaemic or hypercapnic respiratory failure 

as described in Section 1.1.3. 

Indications for cardiac ECMO include refractory cardiogenic shock, post-cardiac arrest, and 

post-cardiotomy shock where recovery is expected, and also as a bridge to other long-term 

therapies such as VAD, or organ transplant 27. 

 

In the UK, the referral criteria for VV ECMO include severe hypoxic respiratory failure with 

PF ratio <50mmHg, lung injury score of 3 or higher, and uncompensated hypercapnia with a 

pH 7.2 or lower despite respiratory rate > 35 breaths per minute, or due to life threatening 

airway disease (e.g asthma, airway trauma). Other criteria for considering ECMO include 

patients who have not responded to prone positioning for at least 6 hours or where prone 

positioning is contraindicated, and unsuccessful optimal respiratory management with lung 

protective ventilation after discussion with a tertiary ECMO centre. ECMO centres may also 

consider the patients potential to recover (e.g. a Respiratory ECMO Survival Prediction 

score [RESP] < 3) and how long the patients have been ventilated before agreeing to 

ECMO. Exclusion criteria include refractory or established multi-organ failure, evidence of 

severe neurological injury and cardiac arrest for > 15minutes 28. 

 

1.2.3 ECMO circuit 

This thesis will mainly discuss principles in relation to ECMO, but these can be applied to 

other forms of ECLS.  The two main forms of ECMO are VA, to support cardiac failure or VV, 
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to support respiratory failure. The basic ECMO circuit consists of a large bore central 

vascular access cannula usually in the inferior or superior vena cava that drains venous 

blood from the body, a centrifugal pump which pumps the blood through a MO to oxygenate 

the blood and remove carbon dioxide, and another large central access cannula through 

which the blood is returned to the venous system in VV ECMO or the arterial system in VA 

ECMO (see Figure 1.3).  

 

Figure 1.3 Schematic diagram of an ECMO circuit.  

Many ECMO devices come as a complete unit for portability e.g. Cardiohelp device with integrated 

oxygenator. It can be broken down into the console, ECMO pump, membrane oxygenator attached to 

oxygen blender. Blood is drained from a drainage cannula usually in the femoral vein, pumped via a 

centrifugal pump through a membrane oxygenator with oxygen blender attached, and returned to the 

patient via a return cannula. This can be in the other femoral vein or internal jugular vein for VV 

ECMO or into the femoral artery for VA ECMO. Direction of blood flow indicated by arrows. Image 

created on Biorender.  

 

More complex configurations of the ECMO circuit can be achieved by adding extra drainage 

and/or return cannulas and connectors in special circumstances. ELSO have recommended 

standardised nomenclature for these complex configurations 29. 

The key components of the ECMO circuit are the pump and the MO. There have been many 

developments over the years in optimising the ECMO circuit, such as using centrifugal 
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pumps as opposed to roller pumps, and developing new materials for the ECMO cannulae, 

tubing and MO.  

 

1.2.4 The ECMO blood pump 

The function of the pump is to help drain blood from the body and propel it through the MO 

and back to the body. The ideal ECMO blood pump should be able to provide a wide range 

of flows without exerting excessive shear stress on the blood causing haemolysis, platelet 

and leucocyte activation. The two main types of ECMO pumps are roller and centrifugal 

pumps (Figure 1.4).  

 

Figure 1.4 Schematic diagram of a roller pump and centrifugal pump used in ECMO.  

The arrows show the flow of blood. Image taken from https://thoracickey.com/extracorporeal-

membrane-oxygenation-in-infants-and-children/ 30 

 

Roller pumps use two rollers to sequentially compress a segment of tubing generating 

forward flow of blood in a peristaltic motion. They require a bladder or reservoir between the 

cannula and the pump and utilises gravity for drainage into the reservoir. Roller pumps are 

still used for most CPB machines and were used in older ECMO pumps. Centrifugal pumps 

are non-occlusive pumps that contain a spinning rotor (pump head) contained within a cone 

shaped polycarbonate structure. The pump head, driven by a magnetic field to levitate it 

rotates at high speed (revolutions per minute; RPM) creating a vortex which draws blood in 

and uses the centrifugal force to eject the blood passively. Blood pump rate is increased by 

increasing the RPM and therefore the centrifugal force exerted 31.  

https://thoracickey.com/extracorporeal-membrane-oxygenation-in-infants-and-children/
https://thoracickey.com/extracorporeal-membrane-oxygenation-in-infants-and-children/
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Each pump has different advantages and disadvantages: 

 Roller Pump Centrifugal Pump 

A
d

v
a
n

ta
g

e
s

 

No backflow due to gravity 

Smaller priming volume (good for 

paediatrics) 

Good for short term use 

Reliable constant flow rate 

Less blood trauma and haemolysis 

Don’t require gravity – can be placed at any height 

Can generate higher blood flows 

Longer term use 

Portable 

Less risk of air embolism 

No damage to tubing 

D
is

a
d

v
a
n

ta
g

e
s

 

Blood trauma and haemolysis 

Tubing and blood trauma limits long 

term use.  

High risk of air embolism 

Can generate high negative pressures (haemolysis) 

Retrograde flow possible if pump speed too slow or 

pump stops 

Heat generation in pump head (haemolysis, clotting) 

Larger priming volume 

More difficult to prime 

Magnetic decoupling 

Table 1.4 Comparison between roller and centrifugal pumps 

 

Roller pumps were used in the majority of all ECMO cases until the 2010s. Since the mid-

2000s centrifugal pumps became the predominant pump used, which coincided with the 

increase in adult cases 32. Roller pumps are not used in adults in modern ECMO but do 

remain in use mostly in neonatal and paediatric populations largely due to the smaller 

priming volume and shorter ECMO runs. Many comparative studies have found fewer 

complications with the use of roller pumps in the paediatric population including less 

haemolysis, fewer mechanical complications, renal and cardiac complications and less 

inotrope use 33, 34. However, this is not true for the adult population. As the centrifugal pump 

does not require a reservoir, nor gravity, it is better suited to portable ECMO. There is less 

trauma and haemolysis and can generate higher blood flows with much lower risk of air 

embolism. However one study found the shear forces generated by the continuous flow in a 

centrifugal pump associated with von Willebrand factor (vWF) deficiency and increased 

bleeding complications 35. 

 

1.2.5 The membrane oxygenator 

The MO in ECMO mimics the human lung. It is made up of hollow microfibres (0.3 to 0.8μm 

pores) that are permeable to gas but not liquid. The blood passes in counter current around 

the outside of the fibres with gas flowing within the fibres. This facilitates the transfer of 
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oxygen into the blood and carbon dioxide out (Figure 1.5). Oxygen is poorly diffusible in 

plasma and the transfer of oxygen is dependent on the differential gas pressures across the 

membranes therefore, whereas carbon dioxide is highly diffusible in plasma, so it is easily 

removed from the blood due to the concentration gradient.  

 

 

Figure 1.5 Schematic diagram of gas transfer within the membrane oxygenator 

Venous blood flows in a laminar fashion past the gas exchange membrane. Oxygen passes through 

the membrane in response to the partial pressure gradient.  Desaturated red cells at the membrane 

surface become oxygenated quickly but the adjacent red cells are exposed to a lower gradient. The 

amount of oxygen transferred per membrane surface area is controlled by this “boundary layer” of 

oxygenated red cells. CO2 is cleared in response to the partial pressure gradient but is not limited by a 

boundary layer. Taken from Bartlett et al. (2000) 36. 

 

Early oxygenators were made from silicone rubber until the 2000s when polypropylene (PP) 

and polymethylpentene (PMP) were introduced. In CPB, the standard oxygenators are made 

of PP because they have small priming volumes, high gas transfer rates and low resistance. 

However, over time the micropores can become permeable to fluid leading to plasma leak 

into the gas phase and adhering to the membrane surface. This reduces gas exchange and 

leads to development of coagulopathy limiting their long-term use 31. Since 2009, almost all 

modern ECMO uses PMP oxygenators 32. PMP oxygenators, like PP, have low resistance, 

low priming volume but are also associated with reduced haemolysis, reduced red cell and 
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platelet transfusion and improved gas exchange. 37. Plasma leak occurs very rarely with 

PMP and therefore can be used for longer ECMO runs compared to the shorter duration of 

CPB. 

The MO represents the largest source of non endothelialised surface area in an ECMO 

circuit ranging between 1.5 - 2.5m2 in adult circuits with a volume of 100-250mls depending 

on manufacturer and size. The large surface area is required to optimise gas exchange, but 

it is also the part of the circuit most likely to interact with coagulation and form thrombi.  

 

1.2.6 The aim of ECMO 

ECMO is used in patients who are not able to deliver oxygen to tissues to maintain normal 

metabolic activities. This can be due to respiratory failure where there is failure to oxygenate 

the blood, or cardiac failure where there is failure of blood flow to the tissues.  

Oxygen delivery (DO2) is dependent on the cardiac output (CO), which is around 5L/minute 

in an adult, and the arterial oxygen content (CaO2).   

DO2 = CO x CaO2 

The CaO2 of arterial blood includes the haemoglobin bound oxygen and dissolved oxygen.  

Hb-bound O2 is determined by the oxygen carrying capacity of blood (haemoglobin x 

Hufner’s constant [1.34]) and the oxygen saturation (SaO2). Dissolved oxygen is proportional 

to the partial pressure of oxygen (PaO2) and its solubility coefficient (0.003). 

CaO2 = Hb-bound O2 + dissolved O2 

CaO2 = ([Hb x1.34] x SaO2) + 0.003 x PaO2 

Oxygen delivery in a critically unwell intensive care patient can be affected by several factors 

including cardiac output, haemoglobin levels, and blood oxygenation. The tissue oxygen 

consumption (VO2) is affected by fever, paralysis, drugs, and cooling in critical care.  The 

aim of ECMO is to provide at least 2/3 of the patient’s own cardiac output in order to provide 

adequate tissue oxygen delivery. This can be difficult to achieve in VV ECMO where the 

respiratory failure is often due to infection (viral or bacterial), or systemic inflammatory states 

where patients have high native cardiac output (up to 10-12 L/min) and high VO2. Most 

ECMO circuits can supply up to 7L/min of blood flow, however increasing blood flow through 

the ECMO increases risks of complications such as haemolysis and coagulopathy due to 

shear and blood exposure to the MO leading to increased risk of thrombosis.  
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1.3 Haemostasis  

Haemostasis is the normal physiological process by which the clotting cascade is activated 

to seal vascular damage to reduce blood loss after injury. Disruptions to haemostasis lead to 

uncontrolled bleeding or thrombosis which are pathological and common complications in 

patients receiving ECMO.  

 

1.3.1 The classic model of coagulation 

The classic coagulation cascade describes a process of sequential activation of plasma 

coagulation proteins, through two distinct paths, the intrinsic and extrinsic pathways, that 

converge in the final common pathway and ultimately result in a fibrin clot (Figure 1.6).  

 

The extrinsic pathway, also known as the tissue factor pathway, is triggered when a protein 

which is usually extrinsic to blood e.g. tissue factor (TF) or Factor III (FIII), is exposed to 

blood from vascular endothelial injury. Tissue factor is normally embedded within the 

vascular endothelium, and when exposed or activated, binds to coagulation factor VII (FVII), 

forming a complex with activated FVII (FVIIa). The TF:FVIIa complex is a potent activator of 

FX in the common pathway. The intrinsic pathway, also known as the contact pathway, 

begins when blood comes into contact with anionic surfaces within the vessel, such as 

collagen, kallikrein and high molecular weight kininogen that are exposed after vascular 

endothelial damage. Other anion foreign surfaces such as an ECMO circuit, and cell-free 

DNA (cfDNA) from neutrophils also initiate the contact pathway. This leads to activation of 

FXII, and subsequent activation of FXI, and FIX, and finally FX. In addition, Factor VIII is 

found in the blood and is activated by thrombin (FIIa).  

 

The common pathway may result from the activation of either the intrinsic or extrinsic 

pathway and begins when FXa, FVa and calcium bind together to form the prothrombinase 

complex. This activates prothrombin (FII) into thrombin (FIIa) which cleaves fibrinogen (FI) 

into fibrin (FIa). Fibrin then polymerises to form a fibrin clot where platelets can bind.  
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Figure 1.6 Classic model of coagulation 

The activation of the intrinsic pathway via factor XII, and extrinsic pathway via tissue factor, leads to 

sequential activation of plasma coagulation proteins, that converge in the final common pathway and 

ultimately result in a fibrin clot. Image created on Biorender. 

Calcium, Ca; Cell-free DNA, cfDNA; Neutrophil extracellular traps, NETs; Tissue factor, TF.  

 

The coagulation protein cascade model correlates well with the clinically used laboratory 

assays. The activated partial thromboplastin test (APTT) measures the activity of the intrinsic 

(Factors XII, IX, IX and VIII) and common (Factors X, V, II, and I) pathways. The prothrombin 

time (PT) or INR measures the activity of extrinsic (Factor VII) and common pathways 38. 

Heparin and many anticoagulants work by inhibiting the common pathway and many tests of 

anticoagulant function, measure anti-Xa levels.  

 

1.3.2 The cell-based coagulation model 

The classic coagulation model suggests that the extrinsic and intrinsic pathways are 

independent of each other with little interaction and does not consider the interactions with 

cells. Understanding of the coagulation system has improved significantly in recent years 

and the traditional coagulation cascade model has been superseded by the cell-based 
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coagulation model, proposed about 20 years ago 39. In this model, TF-bearing cells 

(endothelial cells, and leucocytes) and platelets are the two key cellular components with 

thrombin and fibrinogen the main coagulation proteins involved in haemostasis 38. The cell-

based model of coagulation has three phases (Figure 1.7).  

 

The first stage is initiation; this is where TF-bearing cells such as vascular endothelial cells 

and fibroblasts are activated by inflammation or injury. The damaged cells have increased 

expression of TF on their cell surface and interact with FVII in blood to form the TF:FVIIa 

complex which activates FX and initiates coagulation. The thrombin generated in the 

initiation phase is essential for progression to amplification phase where platelets and 

cofactors FV, FVIII and FXI, vWF become activated to prepare for more significant thrombin 

generation in the propagation phase. In the propagation phase FIXa accelerated by FVIIIa 

binds to activated platelets causing further FX activation. The forming of the prothrombinase 

complex (FXa, FVa and calcium) on membrane surfaces (as seen in common pathway) 

leads to a burst of thrombin generation and the cleavage of fibrinogen to form fibrin 

monomers which polymerise to consolidate the initial platelet plug into a stable fibrin clot 

(Figure 1.7) 38.  

 

This model has a strong emphasis on TF-bearing cells and platelets and how they interact 

with different coagulation factors. There are many cells that express TF including endothelial 

cells, fibroblasts, platelets, epithelial cells, monocytes and macrophages. These cells are 

activated by vascular injury, infection or inflammation, and therefore the cell-based 

coagulation model can help explain the increased coagulopathy and thrombosis in septic or 

hyperinflammatory conditions such as ARDs.  
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Figure 1.7 Cell-based model for coagulation.  

In the initiation phase, tissue factor on the cell surface of tissue factor bearing cells interacts with 

Factor VII leading to activation of Factor X which initiates coagulation and thrombin (FIIa) generation. 

Thrombin leads to platelet activation in the amplification phase where cofactors Factor V, VIII, XI and 

von Willebrand factor (vWF) are activated to prepare for thrombin burst in the propagation phase. 

Image created on Biorender.  

 

1.3.3 Platelets 

Platelets, also known as thrombocytes, are key cells in haemostasis and thrombosis. They 

are derived from megakaryocytes in the bone marrow and enter the blood stream without 

nuclei. There is continuous production and clearance of 1011 platelets daily to maintain 150 - 

400 x 109/L in circulation 40. Inactive platelets are a discoid shape but upon activation, the 

cytoplasm restructures to form an elongated shape with extensions to increase their surface 

area, known as pseudopods (Figure 1.7). Platelets have many different surface receptors 

and adhesion molecules and contain numerous granules or intracellular vesicles which are 

released upon activation. There are three types of platelet intercellular vesicles: alpha 

granules, dense granules and lysosomes. Alpha granules are the most abundant granules 

within platelets (50-80 per platelet) and contain a wide range of proteins that comprise the 

bulk of the platelet secretome including haemostatic factors (fibrinogen, vWF, platelet factor 

4 [PF4], coagulation factors), angiogenic factors (angiogenin VEGF), proteases, and 
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cytokines. Proteins from alpha granules contribute to platelet adhesion and activation, and 

subsequent thrombus formation and stabilisation. Dense granules are the second major 

secretory compartment of platelets (3-8 per platelet) and contain small molecules such as 

adenosine diphosphate (ADP), adenosine triphosphate (ATP), calcium, phosphates, purines 

and bioactive amines. Lysosomes contain enzymes for protein, lipid and carbohydrate 

degradation and have a role in digestion of phagocytic and cytosolic components similar to 

nucleated cells 41, 42. 

 

1.3.4 Platelet activation 

Platelets flow in blood vessels in a resting state and can be activated via multiple pathways. 

The normal endothelium is a non-adhesive surface to platelets but when vessel injury 

occurs, there is exposure of collagen from the subendothelium. Collagen is one of the most 

thrombogenic components of the subendothelial matrix and initiates platelet adhesion. 

Platelets bind to collagen via the α2β1 receptor which allows for further binding to collagen 

via the glycoprotein VI (GPVI) receptor initiating transmembrane and intracellular signalling 

(Figure 1.8). Exposed collagen also attaches to vWF, a large globular multimeric 

glycoprotein which unfolds to a string-like structure. Platelets adhere to tethered vWF via the 

GPIb-IX-V receptor complex or directly through collagen and the GPVI receptor 43. Adhesion 

of platelets to the exposed endothelium is influenced by shear rates. At high shear α2β1 and 

GPVI are not sufficient to bind platelets to collagen, and binding of the GPIb-IX-V receptor to 

vWF becomes essential in platelet adhesion. Platelet adhesion at the site of tissue damage 

initiates events that result in aggregation. Platelet aggregation also stimulates release of 

thromboxane A2 (TXA2) via the arachidonic acid (AA) cascade, and thrombin is formed via 

the coagulation pathway from prothrombin on the surface of the activated platelet (Figure 

1.7). ADP, TXA2 and thrombin bind to specific membrane receptors (P2Y12 and P2Y1 

receptors, TXA2 receptor and protease-activated receptors [PAR]) and stimulate platelet 

aggregation on and around the platelets adherent to the subendothelium 40. 

 

Binding of any of these agonists to their respective receptors initiates pathways that increase 

cytoplasmic calcium, resulting in granule release, and the conversion of glycoprotein IIb/IIIa 

(GPIIb/IIIa; also known as integrin αIIbβ3) from a low affinity state to a high affinity active 

state for cross-linking vWF or fibrinogen leading to further platelet aggregation 44. 

Furthermore, activated platelets undergo dramatic shape change from a round sphere to an 

irregular sphere with multiple filipodia spreading on the subendothelium which increases 

their area of contact. Activated platelets contribute to the inflammatory cascade by release of 
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their storage granules containing adhesion ligands and proteins such as P-selectin (CD62P) 

and signalling molecules, such as CD40L, platelet factor 4 (PF4; also known as CXCL4) and 

other inflammatory molecules like histamine and ADP 40, 44. This provides a high local 

concentration of molecules essential for platelet plug formation.  

 

Figure 1.8 Platelet activation pathways 

Exposed collagen in damaged endothelium binds to platelet α2β1 and GPVI receptors initiating 

transmembrane and intracellular signalling. Collagen also attaches to vWF which binds to the platelet 

GPib-IX-V receptor. Thrombin, TXA2 and ADP also bind to their respective receptors PAR1/PAR4, 

TXA2R and P2Y1/P2Y12 leading to further platelet activation and aggregation. Activated platelets 

release storage granules and their contents and GPIIb/IIIa (αIIbβ3) binds to fibrinogen and vWF.  

Adenosine diphosphate, ADP; Protease activated receptors, PAR; Glycoprotein, GP; Thromboxane 

A2, TXA2; von Willebrand factor, vWF. 

 

1.4 Neutrophils 

1.4.1 Neutrophil activation 

Neutrophils are among the first cells to arrive at sites of infection and have a key role in 

inflammation and the host response to infection 45. Neutrophils account for 50-70% of all 

circulating leucocytes and are generated at a rate of 1011 to 1012 per day during infection. 

Neutrophils are terminally differentiated and have a short lifespan of 12-20 hours in 

circulation in most reports 46. 
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Under homeostatic conditions, neutrophils patrol the blood and tissues to detect pathogens 

and in response become activated by ligands (antibodies, pathogens, cytokines, activated 

platelets etc.) binding to neutrophil receptors such as toll-like receptor (TLR) 4, P-selectin 

glycoprotein ligand 1 (PSGL-1), high-mobility group protein B1 (HMGB1) and Fc-γ receptors 

47.  This leads to an influx of calcium into the cells activating nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase and generation of ROS also known as oxidative 

burst 48 and the downstream activation of neutrophil functions. There are three mechanisms 

by neutrophils kill invading pathogens. Firstly, activated neutrophils can engulf pathogens 

into a vacuole in a process called phagocytosis. Internalised pathogens are destroyed by the 

oxidative burst and fusion of the phagosome with granules releasing bactericidal enzymes 

myeloperoxidase (MPO) and neutrophil elastase (NE). Secondly, neutrophil degranulation 

happens, where the bactericidal proteins and enzymes stored within the granules are 

mobilised to the phagosome or plasma membrane, where they fuse with the plasma 

membrane to release their cargo into the extracellular space.  Lastly, the generation of ROS 

from NADPH oxidase and MPO initiates a process called NETosis, which releases 

neutrophil extracellular traps (NETs) to ensnare pathogens and kill them or assist with 

phagocytosis by other neutrophils or macrophages 46, 48. 

 

ROS are harmful to lung tissues and play an important role in inflammatory lung injury as 

they induce pulmonary endothelial and epithelial barrier dysfunction, further release of 

inflammatory cytokines, increased leucocyte infiltration into lung tissues, and worsening 

pulmonary tissue damage enhancing the progression of ARDS 49. The release of these 

inflammatory cytokines activate inflammatory pathways as well as directly attacking 

pathogens and initiating phagocytosis of microorganisms 46. Neutrophils also contribute to 

various physiological functions such as angiogenesis, coagulation and tissue repair 50.  

 

1.4.2 Neutrophil degranulation 

The neutrophil cytotoxic proteins are stored in granules which are categorized based on their 

enzyme content and function. Primary or azurophilic granules contain the bactericidal 

enzymes such as MPO, which is the most abundant neutrophil protein, defensins and serine 

proteases (such as NE, cathepsin G and proteinase 3). Secondary or specific granules 

contain antimicrobial peptides such as lactoferrin, lysozymes and some matrix 

metalloproteinases e.g. MMP-8 (or collagenase) and tertiary granules containing MMP-9 (or 

gelatinase) 46, 51. 
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Generation of ROS is essential to neutrophil degranulation and release of bactericidal 

enzymes from the azurophilic granules. MPO is one of the most abundant proteins in 

neutrophils. When neutrophils are activated, MPO is released from the neutrophil cytoplasm, 

and into the extracellular plasma, or alveolar space. MPO catalyses the oxidation of 

chlorides and halides in the presence of hydrogen peroxide to form ROS 49, 52 in addition to 

the ROS produced by NADPH oxidase. The excess ROS production contributes to 

intracellular chromatin decondensation and ultimately NETosis. NE is a neutrophil specific 

serine protease found in azurophilic granules. When released, NE hydrolyses several 

proteins, promotes inflammation, and is bactericidal 52, 53. NE can degrade the extracellular 

matrix proteins, disrupt alveolar cell-cell adhesion, and damage pulmonary vascular 

glycocalyx during the pulmonary inflammatory process. Both MPO and NE are required for 

NET formation. And they have been shown to regulate the formation of NETs by disrupting 

the charge of intracellular chromatin, and also degrade specific histones (Papayannopoulos 

et al., 2010). 

 

1.4.3 Neutrophil death 

Since neutrophils contain cytotoxic proteins and enzymes, their development and clearance 

mechanisms must be tightly regulated to prevent unintended inflammation or injury to the 

host. The number of neutrophils generated daily is high and with their short life span, 

neutrophil turnover is high to maintain homeostasis. Due to the nature of their cytotoxic 

contents, non-lytic cell death is the predominant cell death pathway in steady states to 

protect the host from injury. Programmed neutrophil cell death (apoptosis) is a non-

inflammatory or non-lytic form of cell death activated in quiescent neutrophils by cytokines in 

a similar way as in other cells. Apoptosis can also be activated in neutrophils after 

phagocytosis and ROS production. Neutrophil apoptosis is characterised by changes in cell 

structure and shape, reduction of cell volume, and chromatin condensation. The neutrophils 

are then no longer functional and lose their chemotaxis, and degranulation mechanisms 54.  

Neutrophil turnover can be increased or delayed in inflammatory states 46. In 

hyperinflammatory states such as in infection, severe sepsis or critical illness, lytic forms of 

cell death lead to the release of the cytotoxic proinflammatory proteins, enzymes and 

chemokines into the extracellular space causing local inflammation and tissue injury. These 

lytic cell death pathways include necroptosis, pyroptosis and NETosis 54, 55. 
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1.4.4 NETosis 

Since NETs were first discovered in 2004, they have been an increasing area of interest 

because of their role in a variety of conditions. They were first discovered for their role in 

infection 45, but have also been implicated in cancer, thrombosis, stroke, and cardiovascular 

disease 56, 57.  

 

Neutrophil activation and generation of ROS by NADPH oxidase also triggers activation of 

the calcium dependent enzyme peptidylarginine deiminase 4 (PAD4) which is primarily 

expressed in neutrophils 48.  PADs convert arginine residues into the amino acid citrulline. 

When histones are citrullinated, there is a loss of positive charge leading to chromatin 

decondensation, the initial step in NETosis. The unravelling of the chromatin material 

exposes intracellular DNA, nucleosomes and free histones and allows mixing with 

cytoplasmic and nuclear proteins and enzymes such as NE and MPO (see Figure 1.9). The 

protein decorated chromatin is then released as the neutrophil swells up and its cell 

membrane disintegrates, ultimately leading to neutrophil cell death 48. Release of NETs 

leads to entrapment of pathogens within a localised environment of bactericidal proteins and 

enzymes leading to degradation of the pathogens as well as assisting in macrophage 

phagocytosis 58.  

 

Histone H3 citrullination by PAD4 is essential for NET production, therefore citrullinated 

histone H3 (CitH3) is seen as a NET-specific biomarker 59 with many studies using this as an 

early biomarker for NETosis 60-63. The unravelling of chromatin material exposes intracellular 

DNA and nucleosomes (Figure 1.9) hence nucleosomes can be used as a surrogate marker 

for NETosis 64. 
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Figure 1.9. Neutrophil activation leading to NETosis  

Histone citrullination leads to loss of positive charge on chromatin causing chromatin decondensation. 

This leads to release of nucleosomes, free histones, cell free DNA mixing with cytoplasmic and 

nuclear proteins and enzymes such as neutrophil elastase and myeloperoxidase. Disintegration of the 

cell membrane and release of these contents is called NETosis. Each NET component can interact 

with different aspects of the coagulation cascade. Image created in Biorender.  

Tissue factor pathway inhibitor, TFPI; Thrombomodulin, TM; Factor 12, fXII. Adapted from AJRCCM 

2023;208(2):125-127 65. 

 

There have been two pathways of NETosis described: suicidal or lytic NETosis and vital 

NETosis. Lytic NETosis is the classic model of NETosis and is recognised as a form of cell 

death. It is dependent on NADPH oxidase 48, causing chromatin decondensation and mixing 

with cytoplasmic proteins. The NETs are released into the extracellular space after 

disintegration of the plasma membrane causing cell lysis which can take several hours from 

stimulus to cell lysis. The neutrophil loses its functions such as chemotaxis and phagocytosis 

48, 66.  
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In contrast, vital NETosis occurs without cell death and is a NADPH oxidase independent 

process. Here the intracellular chromatin is expelled from the cell without cell lysis e.g. by 

release of vesicles, and granule proteins are released by degranulation. These components 

then assemble extracellularly to form NETs leaving the remaining neutrophil cytoplast that 

retains some functions such as phagocytosis. This process occurs within a shorter time 5-60 

minutes. 66-68. However, there remains a lack of consensus on whether there are indeed two 

forms of NETosis 66, 67. 

 

Neutrophil activation and NETosis is required in response to infection, but if left uncontrolled 

in severe inflammatory or septic states, overactivation can lead to a dysregulated 

inflammatory response, and also increased thrombosis, which may become harmful.  

 

1.4.5 Neutrophil phenotypes 

Neutrophils have been referred to by many names since their discovery, including 

phagocytes, polymorphonuclear neutrophils (PMN), low density neutrophils and 

granulocytes. They have phenotypically distinct subtypes during granulopoiesis and are 

highly versatile and sophisticated cells that respond and adapt to a variety of stimuli. Under 

pathological conditions neutrophils may differentiated into discrete subsets with distinct 

phenotypic and functional profiles 69, 70. During granulopoiesis, hematopoietic stem cells 

differentiate into myeloblasts, which become promyelocytes, myelocytes, metamyelocytes, 

band cells and, finally, segmented neutrophils (Figure 1.10). At the different stages of 

neutrophil development different cell surface markers are expressed to varying degrees. As 

the neutrophils develop, they gain neutrophil specific granule components such as MPO, 

and NE and other granule proteins and enzymes. Therefore, as the neutrophil matures there 

is increased granularity and increased cell size proportional to the cell’s density which allows 

for separation by density gradient centrifugation 70. 
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Figure 1.10 Neutrophil granulopoiesis and surface marker expression   

Taken from Front. Immunol. 12:602963 70 

 

The markers of interest to this thesis are CD66b and CD11b (also known as Mac-1 or 

integrin αM) which help to identify neutrophils and have increased expression when 

activated. CD66b is expressed on neutrophils once they reach the promyelocyte stage, and 

CD11b from the myelocyte stage. L-selectin (CD62L) is a cell adhesion molecule which is 

part of the selectin family of ligands. It helps neutrophils attach to activated endothelium, 

helping neutrophils roll and migrate to site of inflammation and is shed when neutrophils are 

activated 71.  

 

Neutrophil heterogeneity has been linked to sepsis progression and severity. The presence 

of immature granulocytes (IG; CD10low CD16low) is associated with increased severity of 

sepsis and Daix et al found patients with IG <30% was associated with a better survival than 

IG > 30% 72. CD64, is a high-affinity immunoglobulin Fc-γ receptor 1 expressed on 
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leucocytes. CD64 expression on resting neutrophils is low and is rapidly upregulated after 

activation. Neutrophil CD64 expression is increased in inflammatory bowel disease 73, 

inflammatory autoimmune diseases, 74 and in sepsis with high sensitivity and specificity in 

distinguishing patients with bacterial infections and active disease from healthy controls or 

inactive disease. Interest in neutrophil CD64 expression has increased in recent years with 

many studies exploring its diagnostic value in early adult sepsis and in critically ill patients 72, 

75.  

 

1.4.6 Monocyte Subsets 

Monocytes are the largest mononuclear leucocyte and account for approximately 5% of 

circulated nucleated cells in normal adult blood. They have a circulating half-life of 1-3 days. 

Monocytes differentiate into macrophages and dendritic cells and play an important role in 

innate and adaptive immunity, inflammation and homeostasis. Monocytes patrol the body for 

invading pathogens and migrate from the circulation to infected or inflamed tissues within 

hours. They function as phagocytes and antigen presenting cells to remove pathogens and 

dead or damaged cells 76.  Monocytes are divided into three phenotypically and functionally 

distinct populations based on differences in CD14 and CD16 expression. Classic monocytes 

are CD14++ CD16-, intermediate CD14++ CD16++, and non-classic CD14+ CD16++, with 

classic monocytes accounting for 80-90% of circulating monocytes, intermediate 2-5% and 

non-classic 2-10% 77. The different subtypes of monocytes have different gene expression 

resulting in differing responses to bacterial infection and inflammation. 78. Monocytes also 

express HLA-DR, a Major Histocompatibility Complex class II receptor, which is often seen 

as a monocyte activation marker 79, 80. It has been reported that increased numbers of 

intermediate and non-classic monocytes as well as HLA-DR shedding are related to 

increased sepsis and inflammation in patient samples 72, 80, 81. 

 

1.5 Immunothrombosis in context 

1.5.1 What is immunothrombosis? 

Immunothrombosis is the interaction between the innate immune pathways (neutrophils, 

monocytes and lymphocytes) and coagulation and thrombus formation (platelets, 

coagulation cascade). The term immunothrombosis often refers to the aberrant thrombus 

formation or hypercoagulability seen in infective or inflamed states, such as sepsis and 

ARDS.  
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The majority of VV ECMO patients often have ARDS and therefore increased systemic 

inflammation. Platelet activation and thrombocytopenia is also widely reported in sepsis and 

in ECMO 82. NETs are an emerging area of interest and could be a potential link between 

thrombosis, immunity and inflammation in sepsis and in the context of ECMO. It is also 

thought that the increased platelet activation during ECMO can lead to increased activation 

of neutrophils and therefore NETosis  82-84. There is increasing focus on platelet-leucocyte 

interactions in disease.  

 

1.5.2 NETosis in ARDS 

Neutrophils are recruited to the alveolar space in ALI and contribute to the pathogenesis of 

ARDS (section 1.1.4, figure 1.1). There is increasing evidence that NETosis is one of the 

most important mechanisms to ALI. Many studies have found NETosis markers in plasma of 

patients with ALI caused by pneumonia, acid-aspiration, and TRALI 64, 85-89. NETs were 

increased in patients with COVID-19 related ARDS 90-92 and many hypothesised that NETs 

were involved in the immunothrombosis of COVID-19 93-95.  

 

Some studies compared concentrations in the alveolar space to plasma and found NETosis 

markers in higher concentrations in bronchoalveolar lavage fluid (BALF) than plasma of 

patients with pneumonia and ARDS 85, 89. Furthermore, BALF from patients with ARDS can 

induce NETosis in neutrophils from healthy donors and contribute to further epithelial cell 

damage 96. There are many mechanisms by which NETosis is triggered, and this may 

depend on the type of lung injury. For example, it has been found platelets induce NETosis 

in TRALI and VILI via TLR4 86, 97. 

 

Indeed, the presence of NETs correlates with disease severity and mortality 64, 87, 88. NET 

components, NE and MPO, are also increased in patients with ALI, SIRS and sepsis and 

associated with increased mortality 98-100. Inhibiting or reducing NETosis could be a useful 

therapeutic strategy to reduce morbidity and mortality in this cohort of patients. To date there 

have only been studies targeting NET production in animal models. Lefrancais found PAD4 

deficient mice and dissolving NETs with DNase treatment, led to reduced lung injury and 

improved survival 87 and in another mouse model, Alvelestat (an NE inhibitor) was able to 

reduce the degree of acid aspiration ALI 88. These are possible therapeutic targets for NETs 

in ARDS but there is not yet work in human subjects.  
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1.5.3 NETs in thrombosis 

As well as their primary role in host defences against pathogens, there is building evidence 

that NETs play a role in coagulation and immunothrombosis 101-103. NETs are present in 

thrombi of patients with ischaemic stroke 56, acute coronary syndromes 104, and venous 

thromboembolism 57. They are increased in patients on extracorporeal circuits such as CPB 

105-107, and haemodialysis 108-110 and are associated with increased risk of thrombosis. 

 

NETs have been shown to interact with coagulation in various ways (Figure 1.9) 111. Firstly, 

the expelled cfDNA forms a scaffold for platelet and red cell adhesion and activation, leading 

to thrombus formation 112. In addition, the released cfDNA and histones can activate 

platelets and increase thrombin generation 113 which may be mediated by TLR-2 and TLR4 

114, 115, and also increase contact activation via factor XII. Secondly purified histones, NE and 

MPO can bind to thrombomodulin preventing activation of protein C, increasing further 

thrombin generation as well as increasing TF expression 116, and also inactivate tissue factor 

pathway inhibitor 117. The relationship between NETosis and thrombosis is bidirectional with 

overactivation of coagulation cascade and platelets or uncontrolled neutrophil activation and 

NETosis leading to propagation of immunothrombosis.   

 

1.5.4 Leucocyte-platelet interactions 

Leucocytes and platelets are the first cells to be recruited to sites of tissue injury and 

inflammation and in recent years, the link between coagulation and inflammation is better 

understood. Activation of coagulation is part of the host defence to prevent systemic spread 

of pathogens, and platelets interact with monocytes and neutrophils leading to further 

activation and recruitment.  

 

In normal circulation, platelets and leucocytes do not readily interact. Known platelet-

leucocyte interactions require the platelets or leucocytes to be activated or primed to 

promote cell-cell interactions 118. Interactions between platelets and leucocytes can be 

mediated by direct contact between platelet and leucocyte surface proteins and receptors, or 

indirectly via secreted ligands or molecules in the plasma and these interactions lead to 

reciprocal activation in each cell type. Activated platelets present adhesion ligands and 

signalling molecules such as P-selectin, CD40L, GPIIb/IIIa, and ICAM-2 on the platelet 

surface which interact with PSGL-1, CD40 and Mac-1 on the leucocyte cell surface. 

Interaction of ligands to their receptors, particularly of P-selectin to PSGL-1, and GPIIb/IIIa 
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via intermediary proteins to Mac-1, leads to formation of leucocyte-platelet aggregates (LPA) 

119-121. Activated platelets also degranulate and release granule contents such as fibrinogen, 

vWF, PF4, HMGB1, VEGF directly into the plasma or within extracellular vesicles which 

activate leucocytes such as neutrophils via the aforementioned receptors as well as RAGE, 

TLR2 and TLR4 (Figure 1.11) 122. Activated leucocytes present TF on their cell surface 

leading to further activation of platelets as described in the cell-based model of coagulation, 

and NETs interact with coagulation as described in section 1.4.4 118, 123 . 
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Figure 1.11 Direct and indirect neutrophil-platelet crosstalk  

A) Neutrophil (left, blue) and platelet (right, yellow) receptor pairs that directly interact and promote 

reciprocal activation B) soluble agonists secreted by platelets promoting neutrophil activation (left) 

and agonists secreted by platelets promoting platelet activation (right).  

Cathepsin G, CTSG; extracellular vesicles, EV; high-mobility group protein B1, HMGB1; intercellular 

adhesion molecule 2, ICAM-2; lymphocyte function-associated antigen 1, LFA-1; neutrophil elastase, 

NE; neutrophil-platelet aggregate, NPA; platelet factor 4, PF4; P-selectin glycoprotein ligand-1, PSGL-

1; receptor for advanced glycation end-products, RAGE; reactive oxygen species, ROS; toll-like 

receptor, TLR; thromboxane A2, TXA2; triggering receptor expressed on myeloid cells 1, TREM-1.  

Taken from Front.Cardiovasc. Med. 8:824112 122 
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1.6 ECMO and haemostasis 

1.6.1 Haemostatic complications are common in ECMO 

Exposure of blood to negatively charged synthetic surfaces of an ECMO circuit leads to 

activation of the coagulation cascade, platelets, leucocytes and complement which are then 

returned to the patient 124. This can lead to a systemic inflammatory response and a 

prothrombotic state leading lead to thrombosis in the patient or device failure. The rates of 

ECMO thrombosis are unknown however clots are reported in the MO in up to 11% of 

patients and cerebral infarction in up to 7% of adult patients 125. The consequences of 

ECMO related thrombosis are severe and therefore, patients are often anticoagulated whilst 

on ECMO, usually with unfractionated heparin infusions. Heparin reduces thrombin 

generation and also demonstrates less platelet and leucocyte activation 126, 127. In addition, 

the use of hydrophobic PMP and PP materials in the MO and the development of heparin 

bound circuits to reduce the prothrombotic nature of ECMO surfaces has led to reduced 

complications 126, 128. Despite advances in biomaterials and anticoagulation regimes, 

haemostatic complications, both bleeding and thrombosis, remain the leading causes of 

morbidity and mortality in patients managed with ECMO 125, 129.  

 

The most common areas for thrombus formation in the ECMO circuit is the MO, where there 

is a high surface area exposed to blood 130, 131, and tubing connector junctions where there is 

increased turbulence 132. The most feared complication is MO thrombosis, which if severe 

necessitates a circuit change, a high-risk intervention in patients who are completely 

dependent on ECMO. According to the ELSO registry up to 2016, MO failure accounted for 

9.1% of VV ECMO, and 6.6% of VA ECMO complications 125. The need for circuit change is 

associated with increased time on ECMO, and increased morbidity and mortality 133, 134.  

 

The interaction between haemostasis and ECMO is complex and depends on patient factors 

and ECMO related factors which can be summarised in Figure 1.12.  
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Figure 1.12 ECMO and patient related factors which increase haemostatic complications 

Adapted from Transfusion Medicine Reviews (2015) 29;90–101 129. 

 

1.6.2 Membrane oxygenator thrombosis: Predicting need for circuit change 

Predicting when patients have significant MO thrombosis that requires a circuit change can 

be difficult. It is a decision based on the observation of macroscopic clots and fibrin strands 

within the circuit or MO, and a combination of changes in blood markers such as increasing 

D-dimer, falling fibrinogen, and falling platelet count, all indices of consumptive coagulopathy 

131, 135. There are changes in ECMO mechanics such as rising transmembrane pressure 

(TMP; pressure difference before and after the MO) and increasing transmembrane 

resistance (TMR; blood flow to motor pump RPM ratio) 136 as well as the decrease in MO 

gas exchange efficiency which is measured as the post-oxygenator PaO2 (PpostO2) 137. 

However, it is not always straightforward, and no single parameter can predict the need for 

circuit change, nor is there a set threshold for which a circuit change is indicated. Moreover, 

these clinical variables are often affected by the underlying critical illness and disease and 

must be evaluated in the context of the patient’s clinical condition.  

 

Monitoring for the presence of fibrin or macroscopic clots within the ECMO circuit and MO is 

usually part of the daily ECMO checks, however, this may not be a useful parameter. In 

many oxygenators (Cardiohelp Quadrox, Nautilus), it is the oxygenated (outlet) side of the 
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MO that is visible. CT evidence shows thrombi are present in most ECMO circuits after 

decannulation, but the clots form mostly on the deoxygenated/venous side of the MO 130, 138, 

which is not visible in most devices. In these studies, all circuits were from patients who had 

successfully weaned and therefore decannulated from ECMO. There were no patients who 

required a circuit change and therefore conclusions regarding the clot burden and impact on 

MO function cannot be answered.  

 

1.6.3 Why do membrane oxygenators clot? 

Firstly, the geometric structure of the MO and the location of the inlet and outlet as well as 

the design of the flow path can impact the haemodynamics within the MO. It has been 

suggested that the square structures have increased low flow areas in the corners and 

therefore increased thrombus formation compared to circular models 139. However, the 

thrombus deposition within MO is also affected by the position of the blood inlet and outlets. 

Using computational flow dynamic models many groups have compared the most 

commercially used square oxygenators (Cardiohelp Quadrox, and Cardiohelp HLS 

Oxygenator, [Getinge, Sweden]) with circular models such as the Nautilus ECMO 

oxygenator (Medtronic, USA), both of which are commonly used in the UK and in our centre. 

However no clear conclusions have been made from these models 139. Other studies have 

shown using CT imaging that clot formation is more likely on the venous side of the MO 

particularly around the blood inlet 130. 

 

Secondly there is the impact that the ECMO circuit has on haemostasis as outlined in 

section 1.6.1. Histological analysis of thrombi from ECMO circuits demonstrates that the 

major thrombus components are fibrin, vWF, red blood cells and platelets 132, 140, 141.  

Staessens et al, found in VA ECMO circuits there were two typical thrombus types: red blood 

cell rich/fibrin poor and red blood cell poor/fibrin rich thrombi but the thrombus composition 

was not associated with thrombus location in the device. They did however find higher 

amounts of CitH3 found in pump and oxygenator thrombi compared to tubing samples and 

patients who had fibrin rich thrombi had higher blood leucocyte counts and lactate 

dehydrogenase levels 141. These results suggest a role of immunothrombosis and 

specifically NETs in MO thrombosis. 
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1.6.4 ECMO circuit change 

A circuit change is a complete or partial exchange of the MO, pump head and part of the 

circuit tubing. The circuit change procedure requires expertly trained personnel including 

intensivist/cardiothoracic surgeons who are trained in ECMO, ECMO trained nursing staff, 

and perfusionists, who follow standard operating procedures. The ECMO circuit is clamped 

to restrict blood flow, the circuit is cut between the clamps, ensuring adequate tubing length 

to connect to a new circuit, the new circuit is connected under an underwater seal via 3/8” 

tubing connectors, the clamps removed and the new ECMO pump is started to generate 

blood flow through the new circuit (Figure 1.13). A circuit change adds in extra connectors to 

the circuit introducing two areas of increased turbulence as well as exposing blood to a new 

non-endothelialised circuit. 

 

Figure 1.13 Schematic diagram of ECMO circuit change  

The drainage and return tubing are clamped twice. The tubing is cut between the clamps, and the old 

ECMO circuit (left; pump, membrane oxygenator, and part of the tubing) is exchanged for the new 

ECMO circuit (right) which has been primed with saline. The new circuit is connected to the drainage 

and return tubing using additional connections. The clamps are removed to allow blood to flow 

through the new circuit. Image created in Biorender.  

 

The circuit change procedure is usually competed within 10-30 seconds from time of 

clamping to running back onto the new ECMO circuit. During the time the circuit is clamped, 

the patient is not receiving any ECMO support. Patients are usually put onto 100% oxygen 

via the ventilator prior to starting a circuit change but for patients with severe respiratory 
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failure who are completely dependent on ECMO this may not be enough, and patients can 

become hypoxaemic and develop the consequences of hypoxia very quickly, e.g. 

bradycardia, hypotension or cardiac arrest, making this a high-risk procedure in patients who 

are dependent on ECMO.   

 

1.6.5 Platelet dysfunction in ECMO 

There are several mechanisms by which platelet function is affected by ECMO. Platelets can 

become both activated and functionally impaired during ECMO. The exposure of blood to the 

negatively charged artificial surfaces of the ECMO circuit leads to adsorption of plasma 

proteins, such as fibrin, vWF, as well as red blood cells, leucocytes and platelets, to the 

ECMO tubing and MO 142, 143. Both the classic and cell-based models of coagulation suggest 

that on initiation of ECMO there is increased exposure of TF and contact activation both 

leading to thrombin generation and clot formation which creates the platelet plug.  Using 

scanning electron microscopy, platelets have been found within fibrin networks in MO 

surfaces 130, 144. The adsorption of platelets to the ECMO surfaces could contribute to the 

thrombocytopenia observed in ECMO patients.  

 

Thrombocytopenia commonly develops during ECMO although this is not related to its 

duration 145-147. During ECMO there is increased shear to blood due to the ECMO pump, 

which can lead to platelet receptor shedding of key platelet adhesion proteins GPIbα and 

GPIV with loss of high molecular weight vWF multimers 148, 149. This leads to reduced platelet 

response (measured by aggregometry test) to platelet agonists collagen, ADP, AA, and 

thrombin receptor activating peptide-6 (TRAP-6) whilst on ECMO 145, 148, 150.  Flow cytometry 

of platelets in ECMO patients shows reduced expression of platelet activation markers such 

as P-selectin in addition to the GPIbα receptors, GPIV and GPIIb/IIIa 148, 151. This loss of 

platelet aggregation may lead to the increased risk of bleeding seen in patients receiving 

ECMO.   

 

In addition to reduced intrinsic platelet function there is also development of acquired von 

Willebrand syndrome during ECMO. vWF is a large multimeric glycoprotein that has 2 

essential functions in haemostasis: it mediates platelet tethering to the subendothelial matrix 

at sites of vascular injury (e.g. to collagen) and forms a complex with coagulation factor VIII. 

Normally vWF does not interact with platelets unless it undergoes conformational change. 

When collagen is exposed, vWF binds to collagen and exposes the contact site for platelet 
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receptor GPIbα allowing circulating platelets to rapidly bind to the collagen bound vWF 

leading to platelet aggregation and thrombus formation 152. 

 

In ECMO the shear stress leads to unfolding of the high molecular weight vWF. This creates 

mores sites for ADAMTS13 to bind and cleave high molecular weight vWF into low 

molecular weight vWF. This reduces the adhesive activity of vWF to collagen and platelets, 

and therefore increased risk of bleeding 148, 152 (Figure 1.14).  

 

 

Figure 1.14 ECMO interacts with coagulation to increase bleeding risk  

Taken from Intensive Care Med (2020); 46(4):771-774) 143 
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1.7 Rationale for project  

ECMO is the highest form of respiratory and cardiac support that can be offered clinically, 

and its use is increasing year on year. The most common complications are haemostatic 

with bleeding and thrombosis particularly of the MO. It is therefore important to further 

develop scientific understanding of the processes and cell-cell interactions that occur during 

ECMO to find new treatments to reduce complications and therefore morbidity and mortality.  

 

1.8 Hypotheses and Aims 

It is unknown why MO thrombosis occurs more in some patients than others but 

immunothrombosis specifically neutrophil-platelet interactions is likely to be a driving 

mechanism. The main aim of this PhD is to investigate the role of neutrophil and platelet 

activation in ECMO patients and the impact on circuit thrombosis. This overarching aim can 

be split into the following sub-aims: 

1) Analyse clinical data to determine levels of immunothrombosis in ECMO patients by 

comparing incidence and monitoring of MO thrombosis using COVID-19 as an 

immunothrombotic cohort.  

 

2) Develop and validate methods and protocol for measuring NETs, leucocyte 

phenotypes and LPA from in vivo patient samples.  

 

3) Determine the kinetics of leucocyte and platelet activation (including NETosis and 

LPA formation) in ECMO patients: 

 

a. Across the ECMO run (during initiation, continuation, and cessation of EMCO) 

b. Between ECMO patients with and without circuit thrombosis requiring a circuit 

change.  

 

4) Using in vitro models to investigate the effects of flow and shear on leucocyte-platelet 

interactions and NET formation.  

 

I hypothesise that NETosis is a key mechanism for the development of immunothrombosis in 

patients on ECMO, particularly those who require circuit change, and that it is shear stress 

across the MO that leads to activation of inflammation, and LPA formation, and subsequent 

NET formation. 
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1.9 Overview of thesis  

The introduction will hopefully have delivered a background into the history of ECMO and the 

challenges of using ECMO in an already inflamed cohort of patents, how current research 

into immunothrombosis may help us to understand the problems caused by biological-

machine interactions, and how these cell-cell interactions may need further investigation.  

The data presented in this thesis is separated into the clinical observational data, biological 

data from exploratory analyses using samples from clinical studies, development of a 

protocol for measuring LPA, leucocyte phenotypes and NETs, and in vitro work designed to 

mimic the extracorporeal circuit in order to investigate these cell-cell interactions.  

Chapter 2 describes the methods and materials used to explore these ideas. The clinical 

data has been extracted from the hospital’s clinical systems and all the exploratory analyses 

have been mapped to clinical data where possible. The HITEC study was designed to 

support this thesis, with ethical approval gained in January 2022 and recruitment starting in 

May 2022. This is the first project within our lab to primarily investigate leucocyte-platelet 

interactions and many of the methods and protocols were developed and optimised during 

this project. 

Chapter 3 aims to look at the impact of ECMO thrombosis in clinical practice in the Royal 

Brompton Hospital and evaluates the clinical parameters currently in use to predict ECMO 

thrombosis. Within this analysis, I looked at the impact of immunothrombosis in ECMO by 

comparing COVID-19, an immunothrombotic condition, to non-COVID-19 patients.  

To achieve aim 2, I first needed to determine if markers of inflammation, neutrophil and 

platelet activation, and NETosis could be measured in ECMO patient samples. Chapter 4 

details the results of exploratory analyses using existing patient samples from the DeVENT 

and HITEC studies. The levels of neutrophil activation, NETosis, and platelet activation could 

be measured using ELISA of patient plasma samples. This chapter shows that ECMO is 

indeed immunothrombotic with increased levels of NETosis. Chapter 5 describes the 

challenges in developing flow cytometry protocols for measuring LPA and identifying 

leucocyte phenotypes in whole blood for use in patient samples. A protocol for measuring 

NETs in whole blood was also developed. By linking the ELISA data from chapter 4, and 

data from the newly developed protocols described in chapter 5, I was able to describe some 

of the changes in neutrophil and platelet activation across the ECMO to achieve aim 3. 

Chapter 6 describes the development of an experimental model using the ibidi microfluidics 

chamber for investigating leucocyte-platelet interactions in whole blood under continuous 
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flow. Using the flow cytometry LPA quantification protocol as described in chapter 5, LPA 

formation and changes in leucocyte activation were measured over time perfused within the 

ibidi system. Using this model, I found that LPA formation depends on platelet activation, 

and there were different neutrophils and monocytes have different relationships with 

platelets. I was able to reduce LPA formation using a platelet inhibitor which could be a 

potential therapeutic target to mediate immunothrombosis.    

 

As a clinician in intensive care, I feel it is important to investigate clinically relevant problems 

by measuring indices that can be used in patients and in experimental lab models, and 

hence the scope of work presented in this thesis. I developed a protocol for measuring LPA, 

and leucocyte phenotypes in patient whole blood using spectral flow cytometry and these 

protocols were adapted for use for in vitro work. The ibidi parallel microfluidics chamber work 

described in chapter 6 is aimed to mimic the continuous blood flow in an extracorporeal 

circuit. Although this work may still need some optimising it has produced promising pilot 

data for future work within the laboratory. I hope this is the beginning of my journey within 

basic translational research within critical care. 
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Chapter 2: Methods chapter 

_________________________________________________________________________ 

2.1 Materials 

The following tables describe the materials (reagents and equipment) utilised withing this 

thesis, as well as their application and where they were obtained. 

 

2.1.1 Reagents 

Table 2.1 Blood separation reagents 

Reagent Constituents Application Source 

Dulbecco’s phosphate 

buffered saline (PBS) – 

modified, without calcium 

(1X) 

- Diluent Sigma Aldrich 

Distilled water, sterile 

filtered, bioreagent, 

suitable for cell culture 

- 

 
Diluent Sigma Aldrich 

Ethylenediaminetetraacetic 

acid (EDTA) (0.5M) 
- 

Cation chelator 

(Calcium and 

magnesium) 

Sigma Aldrich 

Histopaque ® 1077 

Polysucrose and 

sodium diatrizoate, 

adjusted to a density 

of 1.077 g/ml 

Density gradient 

cell separation 
Sigma Aldrich 

Histopaque ® 1119 

Polysucrose and 

sodium diatrizoate, 

adjusted to a density 

of 1.119 g/mL 

Density gradient 

cell separation 
Sigma Aldrich 

Red Cell Lysis Buffer 

(10X) 

Ammonium chloride 

Potassium carbonate 

EDTA 

Red cell lysis Biolegend 

RPMI 1640 Media (1X) - 
Resuspending 

isolated cells 
Sigma Aldrich 
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Penicillin-Streptomycin-

glutamine (PSG) 

 

10000U/ml Penicillin 

10000µg/ml 

streptomycin 

29.2mg/ml L-

glutamine 

For cell 

resuspension 

media 

Gibco 

Human Albumin Solution 

(HAS) 25% 
 

Cell culture 

media 

BioIVT, GEM-

800-120-S 

 

Table 2.2 Flow cytometry reagents  

Reagent Constituents Application Source 

FACS wash buffer 

1X PBS 

2% foetal calf serum 

(FCS) (w/v) 

0.1% sodium azide 

5 mM EDTA 

Flow cytometry for in 

vitro isolated 

neutrophil work.  

(Not for whole blood 

or platelet work)  

Sigma Aldrich 

Invitrogen, 

Thermo Scientific 

 

BD FACS Lysing 

Solution (10X) 

Cat: 349202 

-  

Red cell lysis and 

fixation of whole blood 

samples 

BD Biosciences 

Annexin V Binding 

Buffer 

Cat: 422201 

-  

Buffer with calcium for 

staining samples with 

Annexin V 

Biolegend 

PBS without calcium 1X PBS 
Washing of samples, 

diluent 
Sigma Aldrich 

PBS with calcium, 

magnesium 

1X PBS with 

calcium/magnesium 

Diluent for samples 

with Annexin V 
Sigma Aldrich 

Paraformaldehyde 

(PFA) solution, 4% in 

PBS 

 Fixative Thermo Scientific 

SpectroFlo Quality 

control (QC) beads 
-  

Daily flow cytometer 

QC check 

Cytek 

Biosciences 

Apogee Mix sizing 

beads 

Polystyrene and 

silica beads of 

known size and 

fluorescence 

Calibrating size on 

acquisition settings 
Apogee Flow 
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Sheath Fluid (30X) -  
Flow cytometer 

maintenance 

Cytek 

Biosciences 

 

Table 2.3 Enzyme-linked immunosorbent assay (ELISA) reagents 

Reagent Constituents Application Source 

PBS 1X PBS ELISA Sigma Aldrich 

ELISA assay buffer 
1X PBS 

0.05% Tween-20 (v/v) 
ELISA 

Sigma Aldrich 

Invitrogen 

Bovine serum 

albumin 
 ELISA Sigma Aldrich 

Streptavidin-HRP 

Cat: N100 
 ELISA Thermo Scientific 

ELISA substrate 

reagent 

3,3’, 5’5’-Tetramethyl-

benzidine (TMB) 
ELISA Invitrogen 

ELISA stop solution Sulphuric acid (2N H2SO4) ELISA Invitrogen 

 

2.1.2 Commercial detection assays 

Table 2.4 Commercial detection assay reagents 

Kit Constituents Source 

Quant-iT Pico Green 

dsDNA kit 

Cat: P7589 

Quant-iT PicoGreen dsDNA reagent (Component 

A) 

TE buffer (20X) (Component B) 

Lambda DNA standard (Component C) 

Invitrogen 

Molecular 

Probes 

Myeloperoxidase 

ELISA 

Cat: BMS2038INST 

Microwell plate (12 strips of 8 wells each) coated 

with monoclonal antibody to human MPO, Biotin-

Conjugate (anti-human MPO monoclonal 

antibody), Streptavidin-HRP and sample diluent, 

lyophilized 

Human MPO standard curve (coloured) 

Wash buffer concentrate (20X) (phosphate-

buffered saline with 1% Tween™ 20) 

Sample diluent 

Tetramethyl-benzidine (TMB) substrate solution 

Stop solution (1M Phosphoric Acid 1M)  

Invitrogen 
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Human Neutrophil 

Elastase ELISA 

Cat: BMS269 

 

Microwell Plate (12 strips of 8 wells each) coated 

with polyclonal antibody to human PMN Elastase 

HRP-Conjugate anti-α 1-Polyclonal antibody 

Human PMN Elastase Standard lyophilized 

Control high, lyophilized 

Control low, lyophilized 

Sample Diluent 

Wash buffer concentrate (10x) 

TMB substrate solution 

Stop solution (2M hydrochloric acid) 

Invitrogen 

Citrullinated Histone H3 

(Clone 11D3) ELISA 

Cat: 501620 

Anti-histone H3 HRP conjugate 

Anti-Citrullinated Histone H3 ELISA strip plate 

Citrullinated Histone ELISA standard 

Immunoassay buffer B (10X) 

Wash buffer concentrate (400X) 

Polysorbate 20 

TMB substrate solution 

HRP stop solution 

Cayman 

Chemical 

NuQ H3.1 Assay kit 

Cat: 53511 

Wash buffer 

Assay buffer 

Control diluent 

Detection diluent 

Streptavidin-HRP conjugate 

Substrate solution  

NuQ H3.1 Plate 

NuQ H3.1 detection antibody 

NuQ H3.1 positive control 

Volition Rx 

Limited 

Active Motif 

Cell Death Detection 

ELISA 

Cat: 11 544 675 001 

Anti-histone monoclonal antibody (cloneH11-4) 

Anti-DNA Peroxidase (POD) conjugate 

Coating buffer (10X) 

Washing buffer (10X) 

Incubation buffer 

Substrate buffer 

ABTS substrate tablets 

Roche 

Diagnostics 

Human Angiopoietin-2 

Duoset ELISA 

Mouse anti-human Ang-2 capture antibody 

Mouse anti-human Ang-2 detection antibody 

R&D 

Systems 
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Cat: DY623 Recombinant human Ang-2 standard 

Streptavidin-HRP 

(BioTechne) 

Human IL-1β Duoset 

ELISA 

Cat: DY201 

Mouse anti-human 1L-1β capture antibody 

Goat anti-human 1L-1β detection antibody 

Recombinant human IL-1β standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human IL-6 Duoset 

ELISA 

Cat: DY206 

Mouse anti-human IL-6 capture antibody 

Goat anti-human IL-6 detection antibody 

Recombinant human IL-6 standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human IL-8 Duoset 

ELISA 

Cat: DY208 

Mouse anti-human IL-8 capture antibody 

Goat anti-human IL-8 detection antibody 

Recombinant human IL-8 standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human IL-10 Duoset 

ELISA 

Cat: DY217B 

Mouse anti-human IL-10 capture antibody 

Goat anti-human IL-10 detection antibody 

Recombinant human IL-10 standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human MCP-1 Duoset 

ELISA 

Cat: DY279 

Mouse anti-human MCP-1 capture antibody 

Goat anti-human MCP-1 detection antibody 

Recombinant human MCP-1 standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human MMP-9 Duoset 

ELISA 

Cat: DY911 

Mouse anti-human MMP-9 capture antibody 

Goat anti-human MMP-9 detection antibody 

Recombinant human MMP-9 standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human 

Myeloperoxidase 

Duoset ELISA 

Cat: DY3174 

Rat anti-human MPO capture antibody 

Goat anti-human MPO detection antibody 

Recombinant human MPO Standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human Platelet Factor 

4 (CXCL4) Duoset 

ELISA 

Cat: DY795 

Mouse anti-human PF4 capture antibody 

Goat anti-human PF4 detection antibody 

Recombinant human PF4 Standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 



68 
 

Human P-selectin 

(CD62P) Duoset ELISA 

Cat: DY136 

Mouse anti-human CD62P capture antibody 

Sheep anti-human CD62P detection antibody 

Recombinant human CD62P Standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human Tissue 

Factor/Coagulation 

Factor III Duoset ELISA 

Cat: DY2339 

Mouse anti-human TF capture antibody 

Goat anti-human TF detection antibody 

Recombinant human TF standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human TNFα Duoset 

ELISA 

Cat: DY210 

Mouse anti-human TNFα capture antibody 

Goat anti-human TNFα detection antibody 

Recombinant human TNFα standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human VEGF Duoset 

ELISA 

Cat: DY293B 

Mouse anti-human VEGF capture antibody 

Goat anti-human VEGF detection antibody 

Recombinant human VEGF standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Human von Willebrand 

Factor A2 Duoset 

ELISA 

Cat: DY2764-05 

Mouse anti-human vWF-A2 capture antibody 

Sheep anti-human vWF-A2 detection antibody 

Recombinant human vWF-A2 standard 

Streptavidin-HRP 

R&D 

Systems 

(BioTechne) 

Duoset ancillary 

reagent kit 

Cat: DY008B 

Clear polystyrene microplates (five 12x8-well strip 

microplates) 

ELISA plate sealers (24 plate sealers) 

TMB ELISA substrate (1X, five 12.5 mL vials) 

Stop solution (1X, three 11 mL vials) 

ELISA plate-coating buffer (1X, one 60 mL vial) 

Reagent diluent concentrate 2 (10X, two 21 mL 

vials) 

Wash buffer (25X, six 21 mL vials) 

R&D 

Systems 

(BioTechne) 
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2.1.3 Pharmacological agents 

Table 2.5 Agonists, antagonists, and inhibiting agents 

Reagent Application Source 

Calcium ionophore (A23187) 

Cat: C7522 
Leucocyte and platelet agonist Sigma Aldrich 

Eptifibatide  

(Cat: 4725/1) 
Glycoprotein IIb/IIIa inhibitor 

Tocris 

(BioTechne) 

Lipopolysaccharide (LPS) from 

Escherichia coli O111:B4 

Cat: tlrl-3pelps 

Leucocyte agonist Invivo Gen 

Phorbol 12-myristate 13-acetate 

(PMA) 
Neutrophil agonist (NETosis) 

Tocris 

(BioTechne) 

P-selectin pathway inhibitor 

KF38789 

Cat: 2748 

Platelet antagonist 
Tocris 

(BioTechne) 

Thrombin (Coagulation Factor II) 

Cat: 2196-SE-200 
Coagulation agonist 

Tocris 

(BioTechne) 

Thrombin receptor activating 

peptide-6 (TRAP-6) 

Cat: 34967 

Platelet agonist 
Tocris 

(BioTechne) 

 

 

2.1.4 Instruments, equipment and software 

Table 2.6 Venepuncture and in vitro blood work consumables 

Equipment Application Source 

Safety-Lok blood collection Set + 

Holder 21G Cat: 367282 
Venepuncture Becton Dickinson 

Trisodium citrate (0.129 M, 3.8%; 

4.5ml) vacutainer tubes Cat: 363080 
Venepuncture Becton Dickinson 

Lithium heparin (10ml) vacutainer tubes 

Cat: 368884  
Venepuncture Becton Dickinson 

Lithium heparin (4ml) vacutainer tubes 

Cat: 368480 
Venepuncture Becton Dickinson 

K3 EDTA (10ml) vacutainer tubes 

Cat: 367525 
Venepuncture Becton Dickinson 
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K3 EDTA (3ml) vacutainer tubes 

Cat: 368856 
Venepuncture Becton Dickinson 

Serum (SST) (8.5ml) vacutainer tubes 

Cat: 367953 
Venepuncture Becton Dickinson 

Serum (SST) (4ml) vacutainer tubes 

Cat: 368967 
Venepuncture Becton Dickinson 

S-Monovette hirudin (1.6ml) tube 

Cat: 04.1959.001 
Venepuncture Sarstedt 

Vacuette ACD-A (9ml) tube 

Cat: 455055 
Venepuncture Greiner Bio-One 

Paxgene blood RNA tubes 

Cat: 762165 
Venepuncture Qiagen 

 

Table 2.7 Instruments for ELISA protocols 

Equipment Application Source 

Plate washer ELISA 
Dynex 

Technologies 

Stat-Matic manual plate washer ELISA Merck 

96 well plate – clear ELISA Thermo Fisher 

96 well plate – black Immunofluorescence Thermo Fisher 

ELx800 absorbance microplate reader 
ELISA Colorimetric plate 

reader 
BioTek 

 

Table 2.8 Flow cytometry protocols 

Equipment Application Source 

Northern Lights 3-Laser spectral flow 

cytometer 
Flow Cytometry Cytek 
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Table 2.9 ibidi microfluidics protocols 

Equipment Source 

Ibidi pump system quad (4 fluidics units) Thistle Scientific 

Perfusion set, 1.6mm ID, 15cm length Thistle Scientific 

0.4mm u-slide, ibiTreat Thistle Scientific 

Injection port Thistle Scientific 

Terumo 10mls syringes Scientific laboratory supplies 

Terumo 1ml syringe Scientific laboratory supplies 

18G blunt fill needle Scientific laboratory supplies 

 

Table 2.10 Miscellaneous equipment 

Equipment Application Source 

FLx800 fluorescence microplate reader  
Fluorescence plate 

readings 
BioTek 

Multifuge 3-SR swing out centrifuge Centrifugation Heraeus 

Centrifuge 5417R  Centrifugation Eppendorf 

Centrifuge 5427R Microcentrifuge Eppendorf 

Centrifuge 5702R Microcentrifuge Eppendorf 

 

Table 2.11 Software packages 

Software Application Source 

FlowJo v10.8.7 Flow cytometry Tree Star Inc 

Prism 9.5.1 Statistical analysis GraphPad 

SpectroFlo 
Flow cytometry software for 

use with Northern Lights 
Cytek 
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2.1.5 Antibodies 

Table 2.12 In vitro isolated neutrophil NETs – Flow cytometry antibodies  

Antigen Clone Fluorophore 
Final 

concentration 
Source 

CD66b G10F5 PE-Cy7 1:400 Biolegend 

Myeloperoxidase 455-8E6 PE 1:80 BD Biosciences 

Neutrophil Elastase 950344 APC 1:80 
Novus 

Biologicals 

Histone H3 D1H2 AF647 1:100 Cell Signalling 

Sytox Green - FITC 10ul/ml Invitrogen 

 

Table 2.13 Whole blood NETs – Flow cytometry antibodies  

Antigen Clone Fluorophore 
Final 

concentration 
Source 

CD66b G10F5 PE-Cy7 1:100 Biolegend 

Myeloperoxidase 455-8E6 PE 1:40 
BD 

Biosciences 

Histone H3 D1H2 AF647 1:40 Cell Signalling 

Sytox Green - FITC 10ul/ml Invitrogen 

 

Table 2.14 Whole blood cell phenotyping – Flow cytometry antibodies  

Antigen Clone Fluorophore 
Final 

concentration 
Source 

Annexin V - FITC 1:50 Biolegend 

Bovine Lactadherin - FITC 1:40 Prolytix 

CD10 HI10a BV605 1:100 Biolegend 

CD11b 
ICRF44 BV605 1:100 Biolegend 

ICRF44 PE-Cy5 1:100 Biolegend 

CD14 HCD14 APC-Fire 750 1:100 Biolegend 

CD16 3G8 FITC 1:100 Biolegend 

CD41 
HIP8 PE-Cy7 1:100 Biolegend 

HIP8 APC 1:100 Biolegend 
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CD45 
2D1 BV421 1:100 Biolegend 

2D1 PE-Cy7 1:100 Biolegend 

CD61 
VI-PL2 PE-Cy7 1:100 Biolegend 

VI-PL2 AF647 1:100 Biolegend 

CD62L DREG05 AF647 1:100 Biolegend 

CD62P 
AK4 BV605 1:100 Biolegend 

AK4 PE 1:100 Biolegend 

CD64 10.1 APC-Fire750 1:100 Biolegend 

CD66b 
6/40c BV421 1:100 Biolegend 

G10F5 PE-Cy7 1:100 Biolegend 

CD142 NY2 PE 1:100 Biolegend 

HLA-DR LN3 AF647 1:100 Biolegend 

 

2.2  Clinical Studies 

2.2.1 A CLUE Study (COVID-19 Flu ECMO) 

The retrospective observational analysis of the Royal Brompton and Harefield Hospitals 

(RBHH) ECMO database was approved by the Research Ethics Committee (REC) 

Healthcare research authority (HRA) Reference 20/EM/0204 153. This is a retrospective 

cohort study comparing the differences in baseline characteristics and outcomes in patients 

with influenza and COVID-19 ARDS treated with VV ECMO and conventional therapy in a 

SARF unit. All patients lacked capacity, and the need for individual informed consent was 

waived for retrospective analysis of data collected prospectively for routine care, with no 

breach of privacy or anonymity.  

 

2.2.2 DeVENT Study 

The Decision Support System to Evaluate VENTilation in ARDS (DeVENT) trial was a multi-

centre, international, prospective randomised control superiority trial that investigated 

whether an open-loop computer-based decision system (Beacon Caresystem) can reduce 

mechanical ventilation time in ARDS patients. The study also aimed to examine the 

biological and physiological factors that determine the worsening of ARDS and the 

processes involved in recovery from ARDS by collecting longitudinal blood, urine and 

bronchoalveolar fluid samples 154. The DeVENT study was conducted across three adult 

intensive care units (one each in the UK, France and Austria).  
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In the UK, the study received ethical approval by the London South-East REC HRA 

Reference 19/LO/1606, Integrated Research Application System (IRAS) 266521, 

clinicaltrials.gov NCT04115709 on 15 January 2020. Ethical approval for subsequent 

prospective studies using blood, bronchoalveolar fluid and urine samples collected from this 

study has been granted by REC. The study protocol was approved by the French Ethics 

Committee (Comité de Protection des Personnes Sud Mediterranee III; approved on July 30, 

2020, under number 2019.12.06 ter_19.11.15.76132) and Medicine Agency (Agence 

Nationale de Sécurité du Médicament; approved on July 3, 2020, under number 2019-

A02610-57-A). The study protocol was approved by the ethics committee of Medical 

University of Vienna, Austria (EC No. 2056/2019) on 28 April 2020. Monitoring and oversight 

were provided by the Imperial Clinical Trials Unit, and independent trials steering and data 

monitoring and ethics committees.  The study was conducted in accordance with Good 

Clinical Practice guidelines, local regulations, and the ethical principles described in the 

Declaration of Helsinki. 

 

For the purposes of this thesis only the patients recruited in the UK will be described. Adult 

patients were included if they fulfilled ARDS criteria (as per Berlin definition: a known clinical 

insult with new worsening respiratory symptoms; chest radiograph with bilateral infiltrates 

consistent with evidence of pulmonary oedema but not fully explained by cardiac failure; 

hypoxemia as defined by PF ratio of ≤300mmHg (or ≤40kPa) (pre-ECMO PaO2/FiO2 should 

patient be placed on extracorporeal support) 155. Exclusion criteria included age <18 years 

old; absence of an arterial catheter, decline in consent, greater than 7 days of mechanical 

ventilation, treatment withdrawal imminent within 24 hours, a do not attempt resuscitation 

order being in place, severe chronic respiratory disease requiring domiciliary ventilation 

and/or home oxygen therapy (except for sleep disordered breathing); requirement of VA 

ECMO; head trauma or other conditions with requirement of tight regulation of arterial CO2 

level. Informed consent was obtained from the patient, personal consultee, or independent 

nominated professional, with retrospective consent obtained from the patient or personal 

consultee if possible. 

 

Blood samples were collected within 6 hours before ECMO initiation, and after enrolment to 

the study. For the DeVENT study, samples were labelled in relation to the day of recruitment 

e.g. day of recruitment is baseline (BL), D1, D2, D3 etc. DeVENT sample collection included 
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the following time points: pre-ECMO, study enrolment (baseline), Day1 (D1), Day 3 (D3), D5, 

D7, D10, D14, and weekly thereafter.  

All samples were taken from an already indwelling arterial line or central venous catheter.  

The DeVENT study recruited 55 patients between March 2020 to April 2021 in the UK site. 

Of these, 44 (80%) had COVID-19, and 43 (78%) were on VV ECMO.. 

 

2.2.3 HITEC Study 

The Haemostasis and Immunothrombosis in Extracorporeal Circuits study (The HITEC 

Study) is a prospective observational cohort study designed to support this research PhD. 

The aim of this study is to examine the biological and ECMO mechanical changes during 

patients’ ECMO runs with emphasis on changes before and after initiation of ECMO, in 

patients who develop thrombotic complications leading to circuit change, and before and 

after decannulation of ECMO. The study protocol and supporting documents (consent forms, 

recruitment logs, case report forms) were developed and written during the first year of this 

PhD. HRA REC approval was granted in January 2022 (HRA reference 21/WA/0395, IRAS 

294477) 156 and the study opened for recruitment in May 2022 at the Royal Brompton 

Hospital. The study is conducted in accordance with Good Clinical Practice guidelines, local 

regulations, and the ethical principles described in the Declaration of Helsinki. 

 

Eligible patients include critically ill adult patients (age >18years) who are transferred from 

referral sites to the Royal Brompton Hospital through the ECMO service, with severe 

respiratory and cardiac failure who may require extracorporeal life support (ECLS), including 

but not limited to ECMO (VV and VA), VAD, and CPB. Exclusion criteria include age <18 

years old, decline in consent, and treatment withdrawal imminent within 24 hours. As this 

was an observational exploratory study there was not enough information to base a power 

calculation.  

 

The sampling timeline differs to the DeVENT timeline. Samples are labelled in relation to the 

day of ECMO, e.g. blood samples are collected pre-ECMO, after consent, and once a week 

(every 5-7 days) from initiation of ECMO e.g. Day 0 (D0), Day 1 (D1), D7, D14 etc. All 

samples were taken from an already indwelling arterial line or central venous catheter. See 

Figure 2.1 for the patient journey whilst on ECMO. 
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Figure 2.1 Timelines of patients admitted to RBH via the SARF or cardiogenic shock 

pathway on ECMO or conventional management.  

If recruited to HITEC study the patients have bloods taken pre-ECMO initiation, after recruitment to 

the HITEC study and once a week thereafter until decannulation. Additional blood samples are 

taken if a circuit change is required. Samples are labelled in relation to the day of ECMO.  
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2.2.4 HITEC Blood sampling  

Informed consent or assent was obtained for all patients and informed consent for all healthy 

volunteers (HV) enrolled in the DeVENT and HITEC studies. Blood samples from patients 

were taken from already inserted vascular access devices (arterial line or central vascular 

catheter) and did not require additional venepuncture. Blood from HV was collected by 

standard venesection technique using a 21G vacutainer system (Becton Dickinson). 

 

Pre-ECMO bloods were collected by the ECMO retrieval team in the hours before ECMO 

initiation at the referral centre. They were stored in a fridge (4°C) and not processed until the 

patient was recruited into the study. For some samples this could be up to 48hours later. 

Once recruited, blood samples were collected from patients at baseline after ECMO initiation 

(Day 0 and Day 1), and every 5 days thereafter until decannulation from ECMO. Additional 

samples were taken at key events such as ECMO circuit change and ECMO decannulation. 

If a patient required a circuit change, bloods were collected on the day of circuit change prior 

to circuit change (CC), occurring, and also the next day (CC+1) where possible. If the patient 

had more than once circuit change the subsequent samples was labelled CC2 and CC2+1 

as appropriate. At decannulation from ECMO, samples were taken on the day of 

decannulation (DC) and the day after (DC+1) (See table 2.16 for sample collection 

schedule). 
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Table 2.15 HITEC blood sample collection.  

The blood tubes and volumes required per sampling point.  

Study day (in relation to ECMO), D; Extracorporeal membrane oxygenation, ECMO; cardiopulmonary 

bypass, CPB; ethylenediaminetetraacetic acid, EDTA; Anticoagulant Tri-sodium Citrate with Citric 

Acid and Dextrose, ACD; serum separation tube, SST; Lithium-Heparin, Li-Hep; and 

Thromboelastogram, TEG. 

 

If samples were taken in hours, then a Thromboelastogram (TEG, Haemonetics) and platelet 

function tests using the Multiplate analyser (Roche Diagnostics) were also performed at the 

same time. Platelet function tests were only performed if the platelet count was >100 x 

109/ml. Some samples were missed due to events happening out of hours. 

 

At some timepoints, samples were collected pre-oxygenator and post-oxygenator rather than 

from an indwelling line, to investigate if there were any differences pre- and post-membrane. 

This sampling method could only be done as clinical experience of the research team 

allowed due to the risks of air entrainment into the ECMO circuit.  

 

Samples were only taken if there were research staff available for processing of bloods. As 

such if a circuit change or decannulation occurred out of hours, samples would not have 

been taken and therefore there are some timepoints with missing samples. 
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2.2.5 Blood processing  

Bloods from both DeVENT and HITEC studies were processed in the same way. After 

collecting blood from patients, all specimen tubes were inverted 5-10 times to ensure 

thorough mixing with the tube additive. All samples, except SST were placed on ice and 

processed within 4 hours of collection.  

Small aliquots of whole blood were used for platelet function assay and TEG at the time of 

sampling. In addition, whole blood aliquots from patient samples are analysed using flow 

cytometry within 4 hours.  

 

The remaining blood in ethylenediaminetetraacetic acid (EDTA), anticoagulant tri-sodium 

citrate with citric acid and dextrose (ACD), citrate and lithium-heparin tubes were centrifuged 

to collect platelet rich plasma (PRP) and platelet poor plasma (PPP) fractions (see table 

2.17). SST tubes were allowed to clot for 30 minutes before centrifugation at 20°C. The 

plasma and serum were aliquoted as 1ml samples and stored in 1.5ml Eppendorfs at -80°C 

until analysis performed. 

 No spin 
2000 x g 
10 mins 

1st spin. 
400 x g 
10mins 

2nd spin. 
1500 x g 
15mins 

EDTA 
Whole blood flow cytometry 

for NET quantification 
Plasma for 
cytokines 

  

Li-Heparin 
Whole blood flow cytometry 

for leucocyte phenotyping and 
LPA quantification 

In vitro 
assays 

  

SST  Serum   

ACD   PRP 
PPP for EV 

quantification 

Citrate Thromboelastogram  PRP PPP 

Hirudin Multiplate    

 

Table 2.16 Summary of the patient blood processing for storage 

Centrifugation speeds and time to obtain plasma samples from each vacutainer blood tube. All 

centrifugation (apart from SST) carried out at 4°C.  

Anticoagulant tri-sodium citrate with citric acid and dextrose, ACD; Ethylenediaminetetraacetic acid, 

EDTA; extracellular vesicles, EV; leucocyte-platelet aggregate, LPA; serum separator tube SST; 

relative centrifugal force (RCF), x g; platelet poor plasma, PPP; platelet rich plasma, PRP. 
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The majority of samples were processed by the Royal Brompton Hospital Research Sample 

Processing Lab. Out of hours samples, where taken, were processed by me at Imperial 

College London APMIC labs, Chelsea and Westminster Hospital. All samples were stored in 

the Imperial College London APMIC labs, at Chelsea and Westminster Hospital, London. All 

samples followed the same processing and labelling protocol. 

 

2.3 Lab protocols 

2.3.1 Peripheral blood mononuclear cell (PBMC) and neutrophil isolation  

Blood was taken from HV using EDTA vacutainers. Histopaque-1077 (Sigma Aldrich) and 

Histopaque-1119 (Sigma Aldrich) double density gradient separation was performed at room 

temperature. Histopaque-1077 (3mls) was carefully layered onto Histopaque-1119 (3mls) in 

a 15ml polypropylene tube (FalconTM, VVR). Whole blood (4-6mls) was then layered onto the 

Histopaque-1077 as the upper layer and centrifuged at 700 x g in a swing-out rotator for 30 

minutes at room temperature with no brake. Following centrifugation, blood was separated 

into distinct layers (as shown in Figure 2.2): plasma, peripheral blood mononuclear cells 

(PBMC), Histopaque, neutrophils, and red blood cells.  

 

The plasma layer was aspirated and stored in 1ml aliquots in 1.5ml Eppendorfs as control 

samples. The PBMC layer was gently collected using a sterile Pasteur pipette and 

transferred to a new 15ml Falcon tube. The PBMC layer was discarded if monocytes were 

Figure 2.2 Peripheral blood mononuclear cells and neutrophil isolation technique using 

double density gradient separation.  

Layered Histopaque-1119 (3mls), Histopaque-1077 (3mls) and blood (4-6mls) is centrifuged at 

700 x g for 30 minutes and room temperature. Distinct layers are seen after centrifugation. The 

PBMC and neutrophil layer are aspirated using Pasteur pipettes. Created with Biorender.com. 
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not required. Using a fresh Pasteur pipette, the neutrophil layer was collected into a new 

15ml Falcon tube. Cold, sterile phosphate-buffered saline (PBS, without Ca2+/Mg2+) (Sigma), 

was added to the Falcon to a final volume of 15mls, and centrifuged at 400 x g for 7 minutes 

at 4°C. The supernatant was discarded to leave the cell pellet. Any remaining erythrocytes 

were lysed by suspension with 5ml red blood cell lysis buffer (Biolegend) for 10 minutes as 

per manufacturer’s instructions. The cells were washed (centrifugation at 400 x g, 7 minutes, 

4°C) with PBS twice. After washing, the cells were resuspended in 1ml of RPMI-1640 media 

(Sigma-Aldrich) with 0.5% human albumin solution (BioIVT, GEM-800-120-S) or 10% 

autologous serum, Hanks Balanced Salt Solution (HBSS) or PBS as appropriate for 

experiment conditions. The cells were counted using flow cytometry by diluting 5µl of cells 

into a FACS tube containing 500µl of FACS wash buffer. Different populations were 

identified by the forward and side scatter and cell counts determined using volumetric-based 

counting method.   

 

2.3.2 Isolated neutrophil stimulation  

Freshly isolated neutrophils (PMN) were cultured in RPMI-1640 medium with antibiotics 

penicillin-streptomycin-glutamine (Life Technologies) and 0.5% HAS. Cells were added to 

12-well polystyrene tissue culture plate at 3.75 x 106 cells/well (750µl of 5 x 106 cells/ml 

suspension). Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) at 50nM or 100nM was 

used to stimulate NET production. The plates were placed in a 37°C incubator with 5% CO2 

in air, for 1 hour, 2 hours, or 3 hours. Cells left on ice unstimulated served as untreated 

controls. After stimulation, using a 1ml micropipette, the wells were rinsed with the media 

within the well to gently detach the neutrophils and NETs. All material and media (cell-NET 

mix) were collected into 1.5ml Eppendorfs and kept on ice until further processing. 

 

2.3.3 Platelet rich plasma stimulation 

Whole blood was taken from HV into vacutainers containing heparin or ACD anticoagulant. 

The vacutainers were centrifuged at 400 x g, for 10 minutes at 20°C, to obtain PRP. PRP 

was stimulated in 1.5ml Eppendorfs with agonists (thrombin receptor activating peptide-6 

[TRAP-6], thrombin, calcium ionophore [A23187], lipopolysaccharide [LPS]) for 1 hour in a 

rotator, at 37°C. Aliquots of PRP at room temperature, on ice or in the rotator untreated 

served as controls. After stimulation, PRP was stained to quantify platelet activation.   
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2.3.4 Whole blood stimulation  

Whole blood stimulation assays were used for pilot data and to validate protocols.  

Heparinised and EDTA anticoagulated whole blood was used depending on the protocol. 

Whole blood was stimulated at 37°C in Eppendorfs left static, in a rotator for continuous 

mixing, or in flow conditions using the ibidi microfluidics pump system (see below). Whole 

blood was stimulated with LPS 100ng/ml, PMA 100nM, TRAP-6 10uM or left unstimulated 

for 1-4 hours depending on the protocol.  

 

Following stimulation, aliquots of whole blood were analysed directly by flow cytometry 

(Section 2.4), and remaining blood was centrifuged at 2000 x g, for 10 minutes at 4°C to 

obtain cell- and platelet-free plasma. The plasma was stored at -20°C for further 

downstream processing. 

 

2.3.5 Ibidi microfluidics pump system 

The ibidi microfluidics pump system was used for experiments under flow conditions. The 

ibidi pump system can produce unidirectional laminar flow within a microchannel slide, 

allowing different flow rates and shear rates to be applied within the slide. This was used to 

simulate physiological conditions of blood flow over ‘foreign’ or synthetic surfaces, such as 

that in the ECMO circuit or in the ECMO oxygenator in vivo.  

 

The microfluidics pump system consists of an air pump connected with the pump control 

software, and four fluidics units. Each fluidic unit includes two reservoirs (syringes) sealed 

with air filters, a perfusion set (tubing) of various inner diameters, and a microchannel slide 

of various channel heights. The fluidic unit’s active component are the two switching valves 

which create the unidirectional flow. There are two connectors at the back of the fluidic unit: 

one electrical connection for the valve control and one for the pressurised air. Both connect 

the fluidic unit to the pump. The set up of the ibidi microfluidic parallel pump system is shown 

in Figure 2.3.  The pump system can be set up with 4 fluidics units in parallel allowing 

different conditions to be run at the same time. The air pressure generated flow, rather than 

standard peristaltic flow avoids physical compression and potential activation of cells.  
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Figure 2.3. Schematic diagram showing set up of the ibidi microfluidics pump system. 

The ibidi air pump is connected to a computer with the ibidi Pump control Software. Air tubing 

connects the pump to the fluidics unit via air filters at the top of the reservoirs. Each fluidics unit 

consists of two reservoirs (syringes) containing the perfused medium, connected to the perfusion set, 

and a microchannel slide. The blue arrows indicate the direction of air flow.  

 

The air pump generates a constant pressure (mbar) that pumps the medium from one 

reservoir to another across the microchannel slide. The applied pressure results in a specific 

flow rate (ml/minute), that is dependent of pressure input, the tubing size, channel height, 

and the viscosity of the medium (e.g. blood or media). The specific flow rate produces a 

shear stress (dyn/cm2) on adhered cells within the microchannel slide (Table 2.17). A wide 

range of flow rates and shear stress can be generated to simulate physiological flow 

patterns.  
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Microchannel 

Slide height (mm) 

 Pressure  

(mbar) 

Flow rate  

(ml/min) 

Shear stress 

(dyn/cm2) 

0.8 Min 5 0.92 0.96 

Max 95 11.71 12.21 

0.6 Min 5 0.91 1.64 

Max 95 11.66 21.02 

0.4 Min 5 0.88 3.48 

Max 95 11.06 43.68 

0.2 Min 5 0.43 6.62 

Max 95 6.37 98.02 

 

Table 2.17 Range of flow rates and shear stress that can be generated using the ibidi 

microfluidics system 

These are the minimum and maximum flow and shear rates that can be generated when using whole 

blood at 37°C (with an assumed viscosity 0.03 dyn⋅s/cm2) and 1.6mm ID, 15cm perfusion sets.  The 

flow rates change with different microchannel slide heights. 

 

Before each reservoir empties, a computer controlled 2-way valve system switches the 

direction of flow, therefore continuous unidirectional flow within the microchannel slide is 

achieved. The software allows users to customise the flow parameters to design a regimen 

for different volumes of fluid by adjusting the switch time.    

 

2.3.6 Whole blood stimulation in the ibidi microfluidics pump system 

This system was used to investigate leucocyte-platelet interactions in heparinised whole 

blood under flow conditions approximating to flow within the membrane oxygenator. The 

microfluidics pump was placed in a cell culture incubator with 5% CO2 at 37°C. The pump 

moves the blood in a closed tubing system which maintains sterility. To allow repeated 

sampling from the system without interrupting flow, injection ports were included into the 

circuit after the microchannel slide, from which samples were aspirated with a 18G blunt 

non-filter needle and 1ml syringe. See figure 2.4 to see a typical experiment set up with 

15cm 1.6mm perfusion sets, and 0.4mm microchannel slides. The assumed viscosity of 

blood at 37°C is between 2-5 Centipoise (cP) or 0.02-0.04 dyn⋅s/cm2 (as measured by the 

ibidi pump system). For the purposes of these experiments a standard blood viscosity of 

0.03 dyn⋅s/cm2 was assumed. 
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Blood was taken from HV into heparin vacutainers and decanted into 5ml Eppendorfs. 

Agonists were added as required for the experiment: LPS 100ng/ml or TRAP-6 10nM. All 

Eppendorfs were vortexed gently to allow adequate mixing. For inhibition experiments 

eptifibatide (1µg/ml) and KF38789 (20µM) were added to whole blood and incubated for 10 

minutes prior to adding the agonist.  

 

Using a Pasteur pipette, the blood was added to syringe A of the perfusion unit and allowed 

to fill the perfusion set, and equilibrate the volumes in both syringe A and B. The whole ibidi 

system was placed in the incubator at 37°C. Once all perfusion sets had equilibrated, the 

experiment was started with the required pressure to generate a flow rate of 2.5ml/minute 

through a 0.4mm microchannel slide which equates to a shear stress of 10dyn/cm2 on cells 

adhered within the microchannel slide. Samples were taken from the injection port at set 

time points. Unused blood was reinjected into the system via the injection port.  
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Figure 2.4 Figure showing the experiment set up using four parallel fluidics units.  

Using this set up four different conditions can be run simultaneously. In the experiments described, 

blood is the medium with an assumed viscosity of 0.03 dyn⋅s/cm2 at 37°C. Using the 1.6mm ID 15cm 

perfusion sets, 0.4mm microchannel slides, and a blood flow rate of 2.5ml/minute. 

 

2.4 Flow cytometry protocols 

2.4.1 Introduction to spectral flow cytometry 

Flow cytometry is a well-established and widely used cell analysis technique which allows 

the identification of different subpopulations of cells.  A cell suspension is hydrodynamically 

focussed using sheath fluid and a small nozzle into a single cell stream which passes 

through a laser beam (Figure 2.5). The cells are identified based on cell size (detected as 

forward scatter; FSc), granularity (detected as side scatter; SSc), and expression of various 

combinations of cell surface markers, receptors or intracellular molecules. 
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 Figure 2.5 The basic principle of flow cytometry 

 

The detection of some fluorescent protein or fluorochrome combinations by conventional 

flow cytometry presents a challenge due to high amounts of spectral overlap which limits the 

number of fluorophores that can be used and therefore limits differentiation of different sub 

populations of cells. Spectral flow cytometry (SFC) provides more information for each 

fluorophore which allows for increased resolution and sensitivity.  Unlike conventional flow 

cytometers that direct specific bandwidths of fluorescence light into discreet detectors or 

photomultiplier tubes, SFC uses solid-state multi-channel, narrow-beam detector array for 

each laser. Each array can be configured with up to 16 detectors that are used to capture a 

part of the emission spectrum from each particle passing through the laser beam. Using 

mathematical algorithms and reference controls, spectral deconvolution or “unmixing” can 

distinguish different fluorophores which have similar emission maxima but differing off-peak 

emissions. This provides greater flexibility and capability in panel design even if populations 

are co-expressed.  

 

The flow cytometer used for work in this thesis is Northern Lights spectral flow cytometer 

(Cytek), which utilises 3 lasers. The violet, blue and red lasers have 16, 14 and 8 detection 

channels respectively. The Northern Lights SFC can analyse samples with up to 24 

fluorophores, with careful panel design (Table 2.18).  
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Table 2.18 Fluorochrome peak channels for a 3 laser Northern Lights spectral flow cytometer.  

The violet, blue and red lasers have 16, 14 and 8 detection channels respectively. 

 

Similarity index and complexity index 

Fluorophores are compared to each other using the similarity index. A value close to 0 

indicates spectral signatures that are not similar, and a value close to 1 indicates spectral 

signatures that are similar. In order to use two fluorophores together, and be able to 

distinguish one from another, the similarity index should be <0.98.  

 

The complexity Index is a measure of how distinguishable a collection of spectral signatures 

are from each other when unmixed together. It calculates this by looking at the ratio of the 

similarity index of the worst overlapping combination of signatures to the best overlapping 

combination of signatures. The lower the better. If designed well, the complexity of 10-

fluorophore panels will be 2-3, and a 40-fluorophore panel will be 40-50.  

 

For the leucocyte phenotyping panels, 8 fluorophores were selected which created a panel 

with complexity index 1.99 and no similar fluorophores (Figure 2.6). Flow cytometry data was 

acquired using SpectroFlo Software and data was analysed using FlowJo 10.8 Software 

(Three Star, Ashland, OR, USA). 
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Figure 2.6 Similarity and complexity index for a panel using 8 fluorophores.  

There were no similar emission profiles, and the complexity index is low.  

 

2.4.2 Determining particle size using ApogeeMix sizing beads 

Particle size using flow cytometry is usually determined by light scatter (FSc and SSC), 

however same sized particles of different refractive index (e.g. biological vs synthetic 

particles) can give different signal strengths. The ApogeeMix sizing beads are a mixture of 6 

populations of non-fluorescent silica beads, which have a similar refractive index to 

biological vesicles, and 2 populations of fluorescent polystyrene beads which can be used to 

prepare flow cytometers for the analysis of small biological particles such as extracellular 

vesicles. Figure 2.7 shows the flow plots for ApogeeMix sizing beads acquired on 

extracellular vesicle settings.    
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Figure 2.7. ApogeeMix Sizing beads run Cytek Northern lights spectral flow cytometer.  

Samples acquired on modified settings for extracellular vesicles. A) The 2 populations of fluorescent 

beads (110nm and 500nm) were differentiated from each other and the silica beads using the FITC 

channel. B) The silica bead populations were able to be differentiated from each other based on light 

scatter. C) Particles that were smaller than FSc 1300nm were gated as extracellular vesicles.  

 

2.4.3 Isolated PMN NETs staining and flow cytometric analysis  

Neutrophils and media from stimulation in tissue culture plates (as described in 2.3.2) were 

collected and kept on ice until further processing. The fluorochrome-conjugated antibody 

cocktails for NET quantification were prepared in FACS wash buffer (FWB) at the final 

concentrations stated in table 2.12. Cell suspensions (10µl) were incubated with 

fluorochrome-conjugated antibody cocktail (10µl) for 30minutes in the dark at 4ºC. After 

incubation, 480µl of FWB and 5µl Sytox green was added and vortexed to ensure adequate 

mixing. The samples were left for 15 minutes in the dark at room temperature, before 

acquisition on the flow cytometer (Figure 2.8). Neutrophils were identified by their CD66b 

expression, and those that were double positive for MPO and cfDNA or HistoneH3 and 

cfDNA were considered cell-associated NETs. 
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2.4.4 Whole blood NETs staining and flow cytometric analysis 

To determine the proportion of neutrophils undergoing NETosis in patient samples, cell-

associated NETs were quantified using flow cytometry. This allows for immediate and 

efficient quantification of NETs from multiple patient whole blood samples on the same day 

and less handling and processing of samples with other methods of quantification such as 

fluorescent microscopy, which often require 2-day staining protocols; or ELISA, requiring 

samples to be centrifuged to obtain plasma or serum and stored for downstream batch 

analysis.  

EDTA whole blood (20µl) was incubated with antibody cocktails (20µl) (Table 2.13) for 

30minutes in the dark at 4ºC. After incubation, 460µl of FWB and 5µl Sytox green added and 

vortexed to ensure adequate mixing. The samples were left for 15 minutes in the dark at 

room temperature before acquisition on the flow cytometer to collect 10000 PMN events 

(Figure 2.9). 

 

Figure 2.8 Identification of neutrophils and quantifying cell-associated NETs using flow 

cytometry.  

(A)Neutrophils were identified by CD66b expression and high side scatter. Neutrophils were gated 

for Sytox green staining and (B) myeloperoxidase (MPO) or (C) histone H3. Neutrophils that were 

double positive for (B) MPO and Sytox Green or (C) Histone H3 and Sytox Green were considered 

cell-associated NETs. The proportion of NETs was quantified as a percentage. PMA is a very 

potent stimulator for NETosis. The proportion of NETs increased after PMA stimulation.    
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When running non-lysed whole blood on a flow cytometer, the smaller erythrocytes, 

platelets, and other debris from dead cells produces a lot of noise, which may interfere with 

the acquisition of the target cells. To exclude debris from being counted in a sample, a 

gating threshold can be set based on size, or expression of a specific marker. In the whole 

blood samples, a minimum threshold for the neutrophil specific marker CD66b was set to 

gate for neutrophils and exclude erythrocytes, monocytes and lymphocytes. As well as 

quantifying the proportion of cell-associated NETs, the expression of certain proteins can be 

quantified by measuring the mean fluorescent intensity (MFI) of those markers (Figure 2.10).  

 

Figure 2.9 Identification of neutrophils and quantifying cell-associated NETs in whole blood 

using flow cytometry.  

(A) Neutrophils were identified by CD66b expression and high side scatter. Neutrophils were gated 

for Sytox green expression and (B) myeloperoxidase (MPO) or (C) histone H3. Neutrophils that 

were double positive for (B) MPO and Sytox Green or (C) Histone H3 and Sytox Green were 

considered cell-associated NETs. The proportion of NETs was quantified as a percentage.  
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Figure 2.10 Using SpectroFlo to gate for specific cell types and measure the expression of 

specific markers.  

(A)Neutrophils were identified by CD66b expression and high side scatter. To exclude debris/noise, 

only events that had CD66b expression over a set threshold were included. Neutrophils were gated 

for Sytox green expression and (B) myeloperoxidase (MPO) or (C) histone H3. The mean fluorescent 

intensity of cell surface markers can be measured as shown by the histograms. The sample from a 

septic patient (red) has increased MPO, Histone H3 and Sytox green expression compared to healthy 

volunteer sample (blue).  
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Detection of NETs in WB was validated by spiking WB with NETs generated from PMA 

stimulated neutrophils (Figure 2.11).  

 

2.4.5 Phenotyping leucocytes and quantifying leucocyte-platelet aggregates by flow 

cytometry in patient samples 

Careful panel design allowed the use of 8-fluorophore panels for patient leucocyte 

phenotyping and leucocyte-platelet aggregates (Table 2.19).  

Fluorophore Neutrophils Monocytes 

BV421 CD66b CD45 

BV605 CD10 CD11b 

FITC CD16 CD16 

PE CD142 CD142 

PE-Cy7 CD41 CD41 

AF647 CD62L HLA-DR 

APC-Fire 750 CD64 - 

APC-Cy7 - CD14 
 

Table 2.19 Flow cytometry panel design for neutrophil and monocyte phenotyping in patient 

samples.  

All antibodies were diluted to final concentration of 1:100. 

 

Figure 2.11 Whole blood NETs staining protocol was able to differentiate different levels of 

cell-associated NETs.  

In a sample of unstimulated whole blood spiked with PMA stimulated neutrophils, two populations of 

CD66b +ve events (neutrophils) were detected. These two populations expressed different levels of 

MPO, histone H3 and Sytox green which corresponded with the respective stimulation. This 

demonstrates this protocol was able to detect differing levels of cell-associated NETs in whole blood.  

0 
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Whole blood (10-20µl depending on protocol) from patients and HV was incubated with 

antibody cocktails for 15 minutes, in the dark at room temperature. After incubation 500-

750µl of BD FACS lyse was added to the FACS tubes for 10 minutes to lyse the erythrocytes 

and fix samples. Samples were diluted with 2ml PBS and centrifuged at 300 x g for 7 

minutes at 4ºC. The supernatant was discarded and stained cells were resuspended in 

500µl of PBS and run on the flow cytometer to collect 10,000 PMN (Figure 2.12) or 5,000 

classic monocyte events (Figure 2.13) depending on the panel. 

 

Figure 2.12 Neutrophil phenotyping and gating from whole blood samples 

A) Only FSc singlets were counted, B) neutrophils are identified as CD66b+, SSchigh events, C) 

Mature granulocytes are identified as CD16high and CD10high neutrophils, D) Neutrophils that are 

positive for the platelet marker CD41 are counted as neutrophil-platelet aggregates. Cell surface 

expression of each marker: CD16, CD10, CD41, CD62L, CD64 and CD66b were measured as mean 

fluorescent intensity. The histograms and dot plot overlays show the difference in expression of each 

marker between a healthy volunteer (blue) and a septic patient (red). 
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Figure 2.13 Monocyte subset and monocyte platelet aggregate gating in patient samples.  

A) Monocytes are identified as CD45+ and SSclow B) monocyte subtypes are gated based on their 

CD14 and CD16 expression: Classic monocytes are CD14++, CD16 -, intermediate monocytes 

CD14++, CD16 + and non-classic monocytes are CD14+, CD16++ C) Monocytes that are positive for 

the platelet marker CD41 are counted as monocyte-platelet aggregates. The histograms show the 

difference in expression of each marker between EDTA sample (blue) and heparin sample (red). 
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2.4.6 Phenotyping leucocytes and quantifying leucocyte-platelet aggregates by flow 

cytometry for in vitro work 

A single neutrophil and monocyte panel was used for quantifying neutrophils and monocytes 

from the in vitro experiments using the ibidi system. The fluorophore panel is shown in table 

2.21. 

Fluorophore  Marker 

BV421  CD45 

BV605  CD62P 

FITC  BLAC 

PE  CD41 

PE-Cy5 CD11b 

PE-Cy7  CD66b 

AF647  CD62L 

APC-Cy7  CD14 

 

Table 2.20 Fluorophore conjugated antibodies for quantification of leucocyte-platelet 

aggregates and phenotyping neutrophils and monocytes for in vitro experiments.  

All antibodies were diluted to a final concentration of 1:100.  

 

Whole blood (20µl) was incubated with antibody cocktails for 15 minutes, in the dark at room 

temperature. After incubation 750µl of BD FACS lyse was added to the FACS tubes for 10 

minutes to lyse the erythrocytes and fix samples. Samples were diluted with 2ml PBS and 

centrifuged at 300 x g for 7 minutes at 4ºC. The supernatant was discarded and stained cells 

were resuspended in 500µl of PBS and run on the flow cytometer to collect 5,000 classic 

monocyte events. 

 

2.5 Other protocols for measurement 

2.5.1 ELISA 

Soluble markers were measured using validated DuoSet sandwich ELISA kits according to 

manufacturer’s instructions: Ang-2, IL-1β, IL-6, IL-8, IL-10, MMP-9, MPO, PF4, P-selectin, 

TNFα, TF, and VEGF. Prior to the assay, 96-well microplates were coated with 50µl of 

capture antibody diluted to the specific working concentration in PBS. Plates were washed 

with ELISA wash buffer (1X PBS + 0.05% Tween-20) three times and blocked with 200µl of 

reagent diluent (1% BSA in PBS) for 1 hour. A seven-point standard curve was made by 

diluting a reconstituted standard in reagent diluent, using 2-fold serial dilutions. Plates were 

washed again before addition of 50µl standards and samples and incubating for 2 hours at 

room temperature on an orbital shaker 450rpm. After another wash step, 50µl of detection 
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antibody was added to each well and left to incubate on the orbital shaker for a further 2 

hours. Plates were washed again and 50µl of streptavidin-conjugated horseradish 

peroxidase (HRP) was added to each well and incubated in the dark for 20 minutes. After a 

final wash step, 50µl of 3,3’,5,5’ Tetramethylbenzidine (TMB) substrate solution was added 

and incubated in the dark for 30 minutes or until there was visible colour change of the 

lowest. The reaction was stopped by addition of 50µl stop solution 2M sulphuric acid. The 

plates were read at 450nm using a microplate reader (BioTek ELx800). 

 

Neutrophil cytoplasmic enzymes and NET components can be released on activation or 

detach from the neutrophil during NETosis therefore soluble neutrophil activation, and 

NETosis markers were also measured using ELISA in addition to the flow-based assay 

described in section 2.4.4. The following commercial detection kits for neutrophil activation 

and NETosis were used: Human Myeloperoxidase (Invitrogen, BMS2038INST), Human 

Neutrophil Elastase (Invitrogen, BMS269), Citrullinated Histone 3 (Clone 11D3) (Cayman, 

501620); NuQ H3.1 (Volition). These assays were performed as per manufacturer’s 

instructions.  

 

2.5.2 Cell-free DNA  

Cell-free DNA (cfDNA) was measured using the Quant-iT PicoGreen fluorometric assay 

(Invitrogen P7589) as per manufacturer’s instructions. In brief, 100µl of EDTA plasma 

samples and standards were loaded onto black 96-well plates in duplicate. PicoGreen or 

buffer solution were added to relevant wells and the plate covered with foil and left to 

incubate for 5 minutes on a plate shaker (200RPM). The plate was read using a fluorescent 

plate reader (480nm excitation and 520nm emission) (BioTek FLx800). The sample 

autofluorescence (measured in the column with buffer solution) was subtracted from the 

sample cfDNA autofluorescence (measured in the column with PicoGreen solution) to 

calculate the cfDNA concentration against the standard curve.  

 

2.5.3 Multiplate Analyzer 

The Multiplate analyser (Roche, Switzerland) is used to determine platelet function in 

response to platelet agonists. The testing method is called multiple electrode aggregometry 

and has up to 5 channels. The analysis is based on the principle that activation of platelets 

leads to platelet aggregation and adherence onto two metal sensor wires in the Multiplate 

test cuvette. This increases the electrical impedance between the two wires and therefore 
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the electrical resistance which can be measured. The electrical software calculates the area 

under the curve (AUC) and reaction velocity. The AUC indicates the agonist induced platelet 

aggregation capacity.  

 

The common tests used for platelet function testing are the ADP, ASPI and TRAP which 

tests different pathways of platelet activation (Figure 2.17). The ADP test uses ADP 6.5μM, 

to stimulate ADP receptors on the platelet surface leading to platelet activation. This tests 

the pathway for P2Y12 antagonists such as Clopidogrel, Prasugrel or Ticagrelor. The Aspirin 

(ASPI) test uses arachidonic acid (AA) 0.5mM as the agonist, a substrate for 

cyclooxygenase (COX) which produces TXA2, a potent platelet agonist. This tests response 

to COX inhibitors such as aspirin and some non-steroidal anti-inflammatory drugs. Thrombin 

receptor activating peptide 6 (TRAP-6) mimics thrombin by activating protease activated 

receptor-1 (PAR-1) on the platelet surface leading to platelet activation. 145, 157. TRAP-6 

32μM is used for the Multiplate test. 

 

 

Figure 2.14 The Roche Multiplate analyser tests platelet response to agonists.  

Image from Roche Diagnostics 158 
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2.5.4 Thromboelastogram 

The thromboelastogram is performed in a cup where the blood sample is placed, and a 

detection pin suspended in its centre. The cup oscillates around the detection pin which 

records movement. Initially in blood with low viscosity, little pin movement is detected. As the 

blood coagulates, forming fibrin mesh with platelet aggregation on the mesh, it adheres to 

the cup and the pin, and the movement of the cup will therefore induce movement of the pin. 

The greater the viscoelasticity of the clot the higher the amplitude of pin motion. Later as 

fibrinolysis starts, and the fibrin-platelet clot dissolves, contact with the detection pin is lost 

and less motion is detected. Newer machines such as the TEG6 (Haemonetics) no longer 

uses the “pin-in-cup” technique, but resonance where the blood is exposed to a fixed 

vibration frequency range and the detector measures the vertical motion of blood meniscus 

under LED and transforms the movement in a tracing of clot dynamics.  

 

The recorded amplitude of movement over time is recorded as a Thromboelastogram 

(Figure 2.16). The R-time (or reaction time) is the time to initial fibrin formation and is 

dependent on clotting factors and represents the initiation phase of clot formation. The K-

time (or kinetics) is the time taken to achieve a certain level of clot strength (an amplitude of 

20mm), which represents the amplification phase of clot formation. The alpha angle (the 

slope of the line between the end of R and end of K) measures the speed at which fibrin 

build up and cross linking takes place i.e. the rate of clot formation, and represents thrombin 

burst or propagation phase. Both K time and alpha angle are dependent on fibrinogen. The 

maximum amplitude (MA; mm) represents the final strength of the fibrin clot. This is 

dependent on platelets (80%) and fibrin (20%). The A30 is the amplitude measured at 30 

minutes after MA. It is expressed as a % decrease of MA and represent fibrinolysis.  
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Figure 2.15 Thromboelastogram measuring the viscoelastic properties of whole blood.  

The measured amplitude is recorded as a function over time and represents different phases of clot 

formation. Each phase is dependent on clotting factors, fibrin mesh formation or platelet aggregation 

and final clot integrity. The R-time or clotting time is dependent on clotting factors. Prolongation of the 

R-time indicates need for plasma. The K-time and α-angle represent fibrin mesh formation. A longer 

K-time or shallow α-angle indicates need for cryoprecipitate. The MA of the clot indicates the clot 

strength and is dependent on platelets and fibrin and therefore indicates the need for platelets +/- 

cryoprecipitate. Reaction time, R time; Activated clotting time, ACT; Kinetics, K -time; alpha angle, α; 

Maximum Amplitude, MA; lysis at 30 minutes after MA, LY30.  Image taken from Haemonetics 

(www.teg.haemonetics.com). 

 

2.6 Statistical Analysis 

Descriptive statistics were used to summarise the data. Results are presented as mean and 

standard deviations, or medians and interquartile range, as appropriate. Categorical values 

were summarised as counts and percentages. Normality testing was carried out with 

Kolmogorov-Smirnov tests. Differences between groups were compared with the Mann-

Witney, t-test, Kolmogorov-Smirnov or Kruskal-Wallis tests as appropriate.  

Trends in variables over time and between groups were analysed using two-way ANOVA 

with repeated measures, or mixed-effects model with Geisser-Greenhouse correction as 

appropriate. 

All statistical tests were 2-sided and P<0.05 was considered statistically significant. Analyses 

were performed using Prism GraphPad Version 9.5.1.(225) Software. 

 

http://www.teg.haemonetics.com/
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Chapter 3: Clinical observations of immunothrombosis in 

ECMO patients.  

Abstract 

The most common component at risk for thrombosis in an ECMO circuit is the membrane 

oxygenator (MO), often necessitating a circuit change, a high-risk procedure in patients 

completely dependent on ECMO. Use of VV ECMO increased significantly during the 

Coronavirus Disease 2019 (COVID-19) pandemic. COVID-19 has been associated with an 

immunothrombotic phenotype with increased pulmonary angiopathy, hypercoagulability and 

thrombosis, including deep vein thrombosis, PE and limb ischaemia. The mechanisms of 

immunothrombosis in COVID-19 include a combination of endothelial dysfunction, cytokine 

production and activation of leucocytes and platelets.  

Within this chapter we evaluated whether the immunothrombotic phenotype of COVID-19 

influenced MO thrombosis in VV ECMO patients. This was a single centre retrospective 

cohort study comparing incidence and clinical indices prior to first circuit change for MO 

dysfunction, between consecutive COVID-19 and non-COVID-19 patients.  

COVID-19 patients had significantly increased incidence of circuit thrombosis requiring 

circuit change compared to non-COVID-19 patients (62.4% vs 34.0%; P<0.0001). The 

incidence of circuit change was associated with longer ECMO duration, but there was no 

difference in mortality between COVID-19 patients who required a circuit change and 

COVID-19 patients who did not. The time to first circuit change was longer in COVID-19 

patients compared to non-COVID-19 patients (13 vs 9 days; P=0.0018). In multivariate 

analyses, the main risk factor for MO thrombosis was ECMO run time (OR 1.103 [1.073 – 

1.140]; P<0.0001). 

COVID-19 patients had significantly greater increases in MO resistance in the lead up to 

circuit change compared to non-COVID-19 patients. Increase in D-dimer prior to a circuit 

change is widely regarded as a useful marker for monitoring ECMO circuit thrombosis and 

need for circuit change. However, in COVID-19 patients the rise in D-dimer in the lead up to 

circuit change was less exaggerated than in non-COVID-19 patients (Δ D-dimer: +1404 vs 

+8276 ng/ml; P=0.0067). This is likely to represent the lack of fibrinolysis seen in COVID-19.  

The altered pathophysiology in COVID-19 patients was able to highlight the impact of 

immunothrombosis in ECMO which requires further investigation.   
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3.1 Introduction 

3.1.1 Circuit change and importance to outcomes.  

The MO is the most common place for thrombosis to occur in patients on ECMO and is 

associated with increased morbidity and mortality (Murphy et al., 2015; Thiagarajan et al., 

2017). MO thrombosis necessitates the need for a circuit change, a high-risk procedure in 

patients who are completely dependent on ECMO. Occasionally patients require a circuit 

change due to other mechanical problems such as mechanical pump failure, rupture of 

tubing or circuit components or leak. Nevertheless, MO thrombosis requiring circuit change 

is associated with a longer ECMO duration 133, 134. 

 

A circuit change is a partial or complete exchange of the MO, pump head and part of the 

circuit tubing (Chapter 1.6.4). The ECMO circuit is clamped to restrict blood flow, the circuit 

is cut between the clamps, and the new circuit is connected under an underwater seal, the 

clamps removed and the new ECMO pump is started to generate blood flow through the new 

circuit. The circuit change procedure is usually competed within 10-30 seconds from time of 

clamping to running back onto the new ECMO circuit. During the time the circuit is clamped, 

the patient is not receiving any ECMO support and for patients who are completely 

dependent on ECMO this short period without ECMO support can be very high risk as 

patients can become hypoxaemic and develop the consequences of hypoxia very quickly, 

e.g. bradycardia, hypotension or cardiac arrest.   

 

Circuit change remains a common problem associated with ECMO despite advances in 

circuit component materials and anticoagulation regimes 125, 129. The initial effect of 

establishing ECMO creates an overall procoagulant effect. The artificial surfaces of the 

ECMO circuit leads to contact activation of the coagulation cascade, thrombin generation 

and fibrin deposition 124. This procoagulant state necessitates the need for anticoagulation 

whilst on ECMO. However, patients still develop circuit related thrombosis despite adequate 

anticoagulation.  

 

3.1.2 Predicting need for circuit change in VV ECMO patients is difficult. 

Because of the risks associated with a circuit change, it is important to perform this 

procedure in patients who truly require it. However, predicting the need for circuit change is 

difficult in patients who may already have coagulopathy from their underlying disease, 
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activation of various inflammatory and coagulation pathways from the initiation of ECMO and 

the need for anticoagulation whilst on ECMO 124, 159.  

 

MO dysfunction is not uncommon and the decision to change a circuit is multifaceted but 

there are no clear guidelines on this aspect of ECMO management. There are a range of 

parameters that are measured clinically which help to guide the decision for circuit change, 

which can be categorised as ECMO mechanical parameters and haemostatic markers. 

Changes in ECMO mechanical parameters include increasing transmembrane pressure 

(TMP; mmHg), reducing blood flow (L/min), with the same/increasing mechanical power 

required (revolutions per minute; RPM) to generate the same blood flow (RPM/blood flow) or 

increase in transmembrane resistance (TMR; TMP/blood flow) 137, 144. There is also reduction 

in gas exchange capacity of the MO as measured by post-oxygenator blood gases 

demonstrating a reduction in post-oxygenator PaO2 (PpostO2). Changes in laboratory 

markers include decreasing platelet count and fibrinogen count due to consumption, 

increase in D-dimers due to increased clot volume, and increasing plasma free haemoglobin 

(PFH) due to haemolysis 135, 137. There is no single marker which predicts the need for circuit 

change; some propose D-dimer as the most sensitive marker for circuit dysfunction, whilst 

others may promote reduction in PpostO2, or increases in TMP or MO resistance as the 

most useful 160, 161. These markers are used in combination along with visual inspection of 

the circuit and should be monitored daily to determine circuit health 137.  

 

There is no optimal time for circuit change and these decisions are usually dependent on the 

institution, and a multi-disciplinary discussion between the ECMO physicians and 

perfusionists.  

 

3.1.3 COVID-19, ARDS and immunothrombosis 

The coronavirus disease 2019 (COVID-19) outbreak started in Wuhan, China in December 

2019 and was declared a global pandemic by the World Health Organisation (WHO) in 

March 2020 162.  It is caused by severe acute respiratory syndrome coronavirus 2 (SAR-

CoV-2) and spreads more rapidly than its predecessors SARS-CoV-1, and Middle East 

respiratory syndrome coronavirus (MERS-CoV) 163. At the time of writing there have been 

over 750 million cases and 7 million deaths worldwide 162. Hypoxic respiratory failure was the 

dominant complication resulting from COVID-19 resulting in ARDS and ICU admission 164.  

 



105 
 

Whilst patients who had COVID-19 pneumonia and required invasive mechanical ventilation 

fulfilled the Berlin definition criteria of ARDS, they were also found have distinct features that 

were not seen in severe ARDS. Gattinoni and colleagues describe two phenotypes of 

COVID-19 pneumonia; Type L with low elastance, V/Q mismatch due to perfusion defects, 

and little pulmonary oedema, compared to the Type H which more closely resembles a 

severe ARDS patients with high elastance, increased lung weight due to oedema and high 

right-to-left shunt 165. COVID-19 also highlighted the important interplay between 

inflammation and coagulation in critically ill patients with thrombosis a dominant feature with 

increased incidence of PE, deep vein thrombosis (DVT) and arterial thromboses in COVID-

19 patients as compared to non-COVID-19 patients 93, 95, 166-168. Using dual energy CT scans, 

it was possible to show significant impairment of pulmonary perfusion, most likely as a 

consequence of combined pulmonary angiopathy, hypercoagulability, and 

immunothrombosis 95.  

 

COVID-19 patients demonstrate other biochemical signs of increased hypercoagulability with 

increased platelet count, increased fibrinogen and D-dimer concentrations compared to non-

COVID-19 patients 166, 167. D-dimer was used as a marker of severity of COVID-19 disease 

particularly in patients who also had low lung compliance 169. Furthermore, D-dimer 

concentrations are consistently higher in patients with severe COVID-19 than in general ICU 

patients and patients with severe pneumonia not related to COVID-19 170. 

 

3.1.4 ECMO use in COVID-19 associated ARDS 

As with ARDS, the most severe COVID-19 patients required invasive mechanical ventilation 

and those who were refractory to conventional therapies may be initiated on ECMO 95, 171.  

There was a substantial surge in ECMO use during the pandemic with over 16,000 patients 

requiring ECMO for COVID-19 worldwide 172, 173. ECMO is usually used as rescue therapy 

for refractory ARDS patients who can no longer be managed safely with conventional 

ventilation.  Consensus guidelines for the use of ECMO in COVID-19 patients and for ECMO 

during a pandemic were developed by ELSO 174. Most COVID-19 patients who required 

ECMO were supported on VV ECMO for ARDS. Early referral to ECMO centres was 

recommended and whilst there were no data to suggest deviation from conventional ECMO 

management, contraindications for ECMO use may have been more stringent as ECMO 

capacity diminished 28, 174.  Use of ECMO for patients with COVID-19 related ARDS has 

been reported to have similar survival outcomes compared to patients who required ECMO 

for non-COVID-19 related ARDS 175-177.  
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COVID-19 associated coagulopathy includes both thrombotic and bleeding events. The risk 

of thrombosis dominates over the risk of bleeding therefore anticoagulation was 

recommended for critically ill patients with COVID-19 with no significant increase in bleeding 

complications 178.  Specific haemostatic complications related to ECMO include circuit 

thrombosis, increased rates of PE and intracranial haemorrhage in COVID-19 patients on 

ECMO 129. Early single centre studies suggested increased MO thrombosis in COVID-19 

patients compared to non-COVID-19 patients 179, 180. Many ECMO centres adopted 

increased anticoagulation targets early in the pandemic due to the increased thrombotic risk. 

However, the ELSO guidelines (2021) recommended that bleeding was still a concern for all 

ECMO patients and that there was insufficient data to suggest deviation from conventional 

anticoagulation targets for COVID-19 patients receiving ECMO 174. Furthermore, the 

biochemical markers of hypercoagulability that are elevated in COVID-19 are the same 

markers used to monitor ECMO circuit health e.g. d-dimer.  

 

3.1.5 Oxygenator development and use in practice. 

Many factors may contribute to the ECMO induced haemostatic complications. It is 

commonly believed that the exposure of blood to ECMO circuit components (pump, 

oxygenator, cannulas and tubing) activate inflammation and the coagulation cascade 124. 

The ECMO tubing is negatively charged and can activate the coagulation cascade, 

leucocytes and platelets. The MO has the largest surface area of the ECMO circuit and 

therefore contact activation and is the most common place for thrombotic deposits to occur 

130, 132, 144. ECMO coagulopathy is described in detail in section 1.6. 

 

Over the years there have been technical developments to ECMO materials, which have 

transformed the equipment we use today. As mentioned in section 1.2.3 the ECMO tubing is 

“bio-lined”/coated with heparin, the oxygenators are made with PMP, a hydrophobic material, 

and there are developments into cannula design. The development of oxygenators to 

improve their performance has led to variations in oxygenator shape, blood inlet and outlet 

position, as well as modifications in membrane materials. Computational models suggest the 

oxygenator shape, inlet and outlet number and position influence the rheology and laminarity 

of blood flow across the oxygenator and therefore the thrombotic risks 139. The standard 

mobile ECMO device used in many ECMO centres and our own, is the Cardiohelp pump 

(Getinge, Sweden) with the HLS Advance 7L oxygenator (Maquet, Germany) which has a 

transverse flow path with a square profile, with four inlets and one outlet. Newer oxygenators 
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in use include the Nautilus™ (Medtronic, USA) which has a transverse flow path with a 

circular profile, one inlet and one outlet at the bottom edge of each side. Medtronic report 

that their design minimises surface contact area whilst achieving a low blood side pressure 

drop; and the circular profile eliminates corners were low flow and stasis are known to occur. 

These modifications aim to reduce clotting at the MO and allow for longer term performance 

181. The Royal Brompton Hospital uses both the Cardiohelp motor (Getinge, Sweden) with 

integrated HLS Advance oxygenator and the Centrimag (Abbott, USA) pump with Nautilus 

oxygenator.  

 

3.2 Aims and hypotheses 

This chapter aims to investigate whether ECMO related thrombosis, in particular circuit 

change frequency was impacted by disease aetiology or ECMO equipment.  

The primary outcome was to investigate whether the increased thrombosis risk in COVID-19 

patients would increase MO thrombosis and the need for circuit change.   

The secondary outcome was to investigate whether the markers for circuit change were 

different in COVID-19 patients compared to non-COVID 19 patients,  

 

3.3 Methods  

3.3.1 Study Design and Participants 

Data was extracted from clinical systems in accordance with the A CLUE study (Section 

2.2.1). This single centre, retrospective, observational, cohort study describes consecutive 

adult (age >18 years) patients who were admitted through a specialist severe acute 

respiratory failure (SARF) and ECMO service. Patients were transferred from referral sites to 

The Royal Brompton and Harefield Hospitals (RBHH) between 20th February 2019 and 4th 

February 2023. 

 

Patients retrieved for ECMO by the RBH team were initiated onto mobile ECMO using 

bifemoral cannulation and a Cardiohelp motor with integrated HLS Advance oxygenator. Due 

to the nature of the ECMO network in the UK, some patients admitted to RBH are retrieved 

by other teams who may use a femoral-jugular cannulation approach or CentriMag pump 

with other oxygenators e.g. A.L.ONE (Euroset, Italy) or Nautilus™. ECMO was initiated with 

a blood flow of 3-4L/min and sweep gas flow of 1-3l/min. Thereafter, ECMO blood flow was 

adjusted to PaO2, and sweep gas flow according to PaCO2 and pH. Patients are usually 
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started on a heparin infusion after arrival to the ECMO centre with target anti-Xa levels of 

0.2-0.3Units/L. Daily bloods include ECMO circuit health parameters such as platelet count, 

D-dimer, fibrinogen, PFH, and post-oxygenator blood gases where possible. 

 

Eligible patients were 1) age >16 years 2) had ARDS from any aetiology requiring VV ECMO 

and 2) supported on a Cardiohelp pump with integrated HLS Advance oxygenator. Patients 

were excluded if 1) the first circuit was a CentriMag pump 2) on any ECMO configuration 

other than VV ECMO 3) the reason for the first circuit change was for reconfiguration to/from 

VV ECMO or equipment fault (not thrombosis), or 4) there was insufficient data e.g. 

transferred to/from another centre.  

 

The study was approved by the Research Ethics Committee (A CLUE study; REC reference 

20/EM/0204). All patients lacked capacity, and the need for individual informed consent was 

waived for retrospective analysis of data collected prospectively for routine care, with no 

breach of privacy or anonymity. 

 

3.3.2 Data collection and definitions 

Demographic, clinical, laboratory, ECMO mechanical and ventilatory data were extracted 

from electronic medical records (Intellispace Critical Care and Anaesthetics Information 

Systems; Phillips, Netherlands). Clinical data were reviewed and collated by investigating 

clinicians. 

 

Start of ECMO is defined as cannulation; end of ECMO is defined as decannulation or death 

(if the patient died whilst on ECMO); circuit change is defined as a change of all components 

of the circuit (including the MO) excluding the access and return cannulae for presumed MO 

failure. Reconfiguration is defined as changing the configuration of ECMO circuit to/from VV 

ECMO to VVV ECMO, VA ECMO or VVA ECMO with or without changing the MO. 

 

Extracted data included variables that were recorded hourly (ECMO mechanical data), and 

several times a day (laboratory bloods and arterial blood gas [ABG] data). All data was 

organised into 24-hour periods for analysis and averaged over the 24-hour period. 24-hour 

periods relating to ECMO duration were calculated from ECMO cannulation. 24-hour periods 
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relating to circuit change were calculated from the time of circuit change. Baseline (BL) is 

defined as the average value over the first 24 hours of ECMO support; day of circuit change 

(D0) is the 24-hour period prior to circuit change, the days preceding circuit change (D-1, -2, 

-3 etc) describe each sequential 24-hour period prior to circuit change. Trends analyses are 

performed on average values relating to the day of ECMO initiation or day of circuit change. 

Only occurrences of circuit change for MO thrombosis were included. In patients who had 

multiple circuit changes this related to the day of the first circuit change. 

 

The lower threshold of detection for PFH is 0.3 g/L; values <0.3 g/L were assigned to be 

0.15 g/L (half the lowest value of detection). 

 

3.3.3 Missing Data 

The threshold of data missingness was set to 25% missingness for the required analyses. 

Variables exceeding this threshold were excluded from trends analysis. Patients were 

excluded from trends analysis if the circuit change occurred within 120 hours (5 days). 

Missing data were imputed by linear interpolation where appropriate (D-dimer, fibrinogen).  

 

3.3.4 Statistical Analysis 

Normality testing was carried out with Kolmogorov-Smirnov tests. Descriptive statistics were 

used to summarise the data. Results are presented as mean and standard deviations, or 

medians and interquartile range, as appropriate. Categorical values were summarised as 

counts and percentages. Differences between groups were compared with the Mann-

Whitney, t-test, Kolmogorov-Smirnov, Kruskal-Wallis or Chi-squared tests as appropriate.  

Trends in variables over time and between groups were analysed using two-way ANOVA or 

mixed effects analysis with Geisser-Greenhouse correction, and Dunnett’s multiple 

comparisons test.   

All statistical tests were two-sided and P<0.05 was considered statistically significant. 

Analyses were performed using Prism GraphPad Version 9.5.1 (733) Software.  
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3.4 Results 

3.4.1 Patient demographics and baseline characteristics 

A total of 364 patients were admitted to RBH for VV ECMO for SARF between 20th February 

2019 and 4th February 2023. After exclusions, 279 patients who were initiated on VV ECMO 

on a Cardiohelp with integrated HLS Advance oxygenator for ARDS were included for further 

analysis (See Figure 3.1 for exclusions).  

 

There were 157 COVID-19 patients and 122 non-COVID-19 patients. The COVID-19 

patients were mostly, from non-Caucasian ethnic groups (49.7 vs 37.7%; P<0.0001) and had 

 

Figure 3.1 Consort diagram of patients included in analysis. 

364 patients were eligible for inclusion. 28 patients had non-ARDS aetiologies for their respiratory 

failure, 32 patients had a Centrimag as their initial circuit, 23 patients were on other ECMO 

modalities or configurations, and 1 patient had insufficient data as they were transferred to 

another centre. A total of 279 patients were included in final analysis with 157 COVID-19 patients 

and 122 non-COVID-19 patients.  
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higher BMI (31.1 vs 26.8 kg/m2; P=0.0006) but slightly lower SOFA scores than non-COVID-

19 patients (6 vs 9; P<0.0001) (See Table 3.1).  

 All 
N=279 

COVID-19 
N=157 

Non-COVID-19 
N=122 

P-value 

Age (median, IQR) 45 (35-52) 46 (37.5-51) 43 (30.8-54.0) 0.1366 

Male (n, %) 177 (63.4) 106 (67.5) 71 (58.2) 0.1089 

SOFA Score (not incl. resp) 7 (6-10) 6 (5-8) 9 (7-12) <0.0001 

N
o

n
-C

O
V

ID
 p

a
th

o
lo

g
y

 

Known bacterial pneumonia 
(Pneumococcal, Staph, Strep, TB) 

- - 28 (23.0)  

Aspiration pneumonia - - 23 (18.9)  

Viral pneumonitis (Influenza, 

Adenovirus and MPV) 
- - 23 (18.9)  

Pneumonia (unknown 
pathogen) 

- - 19 (15.6)  

     

Extra-pulmonary ARDS (TRALI, , 

pancreatitis, polytrauma) 
- - 17 (13.9)  

Lung injury (Post-op, pulmonary 

haemorrhage, inhalational, trauma) 
- - 9 (7.4)  

Other resp pathology ( PE,) - - 3 (2.5)  

Ethnicity 
(n, %) 

Asian  72 (25.8) 51 (32.5) 21 (17.2) 

<0.0001 

Black   39 (14.0) 25 (15.9) 14 (11.5) 

Caucasian 127 (45.5) 51 (32.5) 76 (62.3) 

Mixed 6 (2.) 2 (1.3) 4 (3.3) 

Other 20 (7.2) 16 (10.2) 4 (3.3) 

Unknown 15 (5.4) 12 (7.6) 3 (2.5) 
 

BMI (kg/m2) 
(n, %) 

Weight (kg)  84 (70-100) 90 (75-107) 75 (65-95) <0.0001 

BMI (kg/m2) 28.1 (23.8-34.0) 31.1 (25.8-36.4) 26.8 (22.4-31.7) 0.0006 
 

ECMO 
cannulation 

(n, %) 

Bifemoral 265 (95.0) 153 (97.5) 112 (91.8) 

0.0682 Femoral-jugular 12 (4.3) 4 (2.5) 8 (6.5) 

Dual lumen cannula 2 (0.7) 0 2 (1.6) 
 

Survival 
(n, %) 

ECMO  219 (78.5) 117 (74.5) 102 (83.6) 0.0783 

Hospital 193 (69.2) 111 (70.7) 82 (67.2) 0.6014 
 

ECMO duration (days) 
(Median, IQR) 

17.8 (10-34) 25.8 (12.6-21.7) 12.5 (6.6-16.6) <0.0001 

 

Table 3.1 Demographics of the VV ECMO patients included in the study  

Normality was determined using Kolmogorov-Smirnov test. Differences between groups were 

compared with Mann Whitney, and unpaired t-tests as appropriate. Differences between groups with 

categorical data were compared with Chi-squared tests and duration to first circuit change with Log-

rank (Mantel-Cox test).  

Body Mass Index; BMI; Extracorporeal Membrane Oxygenation, ECMO; Sequential Organ Failure 

Assessment, SOFA; transfusion related acute lung injury, TRALI. 
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The majority of patients (95%) were initiated on ECMO via bifemoral cannulation as this was 

convention in the retrieving institution. Those canulated in a femoral-jugular approach were 

retrieved from a different centre or had patient related complications for which a bifemoral 

approach was not appropriate e.g. femoral vein thrombus. There was no difference in 

survival to ECMO decannulation or hospital discharge between COVID-19 and non-COVID-

19 patients. In patients who survived to decannulation, COVID-19 patients had significantly 

longer ECMO duration compared non-COVID-19 patients (21.7 v 12.5 days; p<0.0001).  

 

3.4.2 Baseline clinical parameters  

Routine admission bloods for all ECMO patients were compared between COVID-19 and 

non-COVID-19 ECMO patients (Table 3.2). The admission bloods served as the baseline 

bloods for further comparisons.  

 

COVID-19 patients had a higher platelet count (221 [152-298] vs 158 [84-238] x 109/L; 

P<0.0001), but lower CRP (147 [55-221] vs 189 [124-307] mg/L; P=0.0021), lower , serum 

creatinine (62 [ 46.5-97.0] vs 90 [59-147] mg/dL; P=0.0016), bilirubin (32 [22-44.5] vs 52 [34-

92] µmol/L; P<0.0001) and AST (43 [31-64] vs 81 [45-167] U/L; P=0.0003) than non-COVID-

19 patients. The lower creatinine, bilirubin and higher platelet count likely contribute to lower 

SOFA scores in COVID-19 patients. COVID-19 patients had higher heparin anti-Xa level 

(0.32 [0.21-0.46] vs 0.15 [0.05-0.26] units/ml; P<0.0001) due to the higher anticoagulation 

targets that were recommended for COVID-19 patients at the beginning of the pandemic.  

 

There were no significant differences in the baseline ECMO circuit health lab parameters 

such as D-dimer, fibrinogen or PFH. Both groups had similar inflammatory markers such as 

neutrophil, monocyte counts, and procalcitonin.  
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Blood parameters 

COVID-19 Non-COVID-19 
P-value 

N=157 N=122 

H
a
e
m

a
to

lo
g

y
 Haemoglobin (g/L) 157 96 (88-106) 122 94 (85–103) 0.8921 

Platelet Count (109/L) 157 221 (152-298) 122 158 (84–238) <0.0001 

Mean platelet volume (fL) 118 8.6 (7.9-9.1) 65 8.8 (7.8–9.3)  0.9996 

White Blood Cell Count (109/L) 157 10.6 (8.2-13.3) 122 13.0 (8.9-18.6) 0.1209 

Neutrophil Count (109/L) 157 9.3 (7.1-11.6) 122 10.9 (7.1-16.7) 0.2797 

Monocyte Count (109/L) 157 0.6 (0.3--.8) 122 0.5 (0.3-0.9) 0.9996 

C
o

a
g

u
la

ti
o

n
 

PT (seconds) 157 12.8 (11.8-14.1) 121 14.2 (12.6 – 17.0)  <0.0001 

INR 157 1.0 (1.0-1.2) 121 1.2 (1.0-1.4) <0.0001 

APTT (seconds) 157 40.8 (33.4-50.6) 121 41.7 (32.6 – 58.7)  0.9933 

Fibrinogen (g/L) 156 4.6 (3.3-6.9) 121 4.4 (3.1-6.4) 0.9302 

Heparin anti-Xa level (units/ml) 157 0.32 (0.21-0.46) 118 0.15 (0.05-0.26) <0.0001 

Antithrombin 54 64 (44.8-78.5) 16 51.5 (40.8-79) 0.9912 

D-dimer (ng/ml) 
155 2753 (1109-4586) 121 

2452 (1169–
2452) 0.9996 

B
io

c
h

e
m

is
tr

y
 

Urea (mmol/L) 157 8.6 (6.3-12.0) 122 8.6 (5.2-13.2) 0.9985 

Creatinine (mg/dL) 157 62 (46.5-97.0) 122 90 (59-147)  0.0016 

Bilirubin (μmol/L) 157 32 (22-44.5) 122 52 (34-92)  <0.0001 

Alkaline Phosphate (U/L) 157 89 (67-119) 122 90 (60-154) 0.9981 

Alanine Aminotransferase (U/L) 157 43 (28-69) 122 42 (26-86) 0.9991 

Aspartate transaminase (U/L) 78 43 (31.8-64.3) 122 81 (45-167)   0.0003 

Albumin (g/dL) 156 24 (22-27) 122 25 (22-27) 0.9512 

Corrected Calcium (mg/dL) 157 2.30 (2.20-2.38) 122 2.34 (2.26-2.42) 0.1451 

C-Reactive Protein (mg/L) 157 147 (55-221) 122 189 (124-307) 0.0021 

Lactate dehydrogenase (U/L) 140 994 (760-1219) 80 921 (656-1412) 0.9996 

Plasma Free Haemoglobin (g/L) 129 0.15 (0.15-0.3) 104 0.15 (0.15-0.3) 0.8515 

Procalcitonin (ng/ml) 85 0.9 (0.3-4.4) 17 5.5 (1.3-24.1) 0.0906 

Troponin I (ng/ml) 118 32.7 (13.1-87.2) 34 66 (20-536) 0.6247 

Im
m

u
n

o
lo

g
y

 C3 108 1.2 (1.0-1.4) 91 0.9 (0.6-1.3) 0.0563 

C4 98 0.2 (0.1-0.3) 85 0.2 (0.1-0.3) 0.9996 

IGA 106 1.9 (1.4-2.5) 92 1.8 (1.3-2.6) 0.9981 

IGG 106 7.5 (6.1-9.73) 92  7.0 (4.8-10.3) 0.9573 

IGM 106 0.8 (0.6-1.2) 91 0.5 (0.4-0.8) <0.0001 

 

Table 3.2 Baseline laboratory parameters.  

Normality was determined using Kolmogorov-Smirnov test. Some parameters have missing values as 

data was not recorded or available. Mann-Whitney and unpaired t-tests were carried out as 

appropriate. All tests were two-sided and P<0.05 was considered statistically significant.  

Activated partial thromboplastin time APTT; International normalised ratio, INR; Prothrombin time, PT. 

 

Within the first 24 hours of ECMO initiation there were no significant differences in ECMO 

requirements (RPM, blood flow, sweep gas flow) between COVID-19 and non-COVID-19 



114 
 

and no difference in MO resistance as measured by TPM, TMR or RPM:blood flow ratio 

(Table 3.3). There was also no difference in MO efficiency as demonstrated in the post-

oxygenator blood gases, specifically the PpostO2.  

 

There were significant differences in the patient’s baseline arterial blood gas parameters. 

Despite similar ECMO blood flow and sweep gas requirements, COVID-19 patients were 

more hypoxaemic with a lower arterial PaO2 (11.4 [9.8-13.7] vs 12.7 [10.5-15.3] kPa; 

P=0.0177) and had worse ventilation with higher arterial PaCO2 (7.4 [6.9-7.7] vs 6.7 [6.2-

7.4] kPa; P<0.0001). The arterial pH was also statistically different however values of both 

groups remain within normal range.  

 
 N 

COVID-19 
N=157 

N 
Non-COVID-19 

N=122 
P-Value 

E
C

M
O

 D
e
v
ic

e
 P

a
ra

m
e
te

rs
 

Blood Flow (L/minute) 157 
4.33 

(± 0.31) 
122 

4.24 
(±0.65) 

0.1993 

Revolutions per minute 
(RPM/min) 

157 
2974 

(±317) 
122 

2971 
(±3604) 

0.9446 

Sweep Gas Flow 
(L/minute) 

157 
4.0 

(3.0 – 5.0) 
122 

4.0 
(3.0 – 5.0) 

0.5459 

Transmembrane 
pressure (TMP; mmHg) 

157 
23 

(20 – 28) 
122 

22 
(18 – 26) 

0.2881 

RPM:Blood Flow 
(RPM/L/minute) 

157 
685 

(658 – 723) 
122 

687 
(663 – 732) 

0.7341 

Transmembrane 
resistance (TMR) 
(mmHg/L/minute) 

157 
5.39 

(4.96 – 6.16) 
122 

5.27 
(4.61 – 5.79) 

0.1667 

 

B
lo

o
d

 g
a
s
e

s
 

Post-oxygenator pH 118 
7.47 

(7.42 – 7.52) 
93 

7.44 
(7.39 – 7.49) 0.0177 

Post-Oxygenator PaO2 
(PpostO2; kPa) 

118 
64.7 

(57.5 – 68.0) 
93 

63.8 
(56.9 – 67.3) 0.3197 

Post-Oxygenator PaCO2 
(PpostCO2; kPa) 

118 5.5 
(4.9 – 5.8) 

93 5.2 
(4.6 – 5.9) 0.1830 

Arterial pH 
157 7.38 

(7.34 – 7.41) 
122 7.36 

(7.31 – 7.4) 0.0177 

Arterial PaO2 (kPa) 
157 11.4 

(9.8 – 13.7) 
122 12.7 

(10.5 – 15.3) 0.0177 

Arterial PaCO2 
(kPa) 

157 7.4 
(6.9 – 7.7) 

122 6.7 
(6.2 – 7.4) <0.0001 

Table 3.3 Baseline ECMO device parameters and blood gases in COVID-19 (N=157) and non-

COVID-19 (N=122) patients.  

Normality was determined using Kolmogorov-Smirnov test. ECMO blood flow and ECMO RPM are 

parametric. Some parameters have missing values as data was not recorded or available. Mann-

Whitney and unpaired t-tests were carried out as appropriate. All tests were two-sided and P<0.05 

was considered statistically significant.  

Kilopascal, kPa; Partial pressure of oxygen, PaO2; Partial pressure of carbon dioxide, PaCO2; 

Revolutions per minute, RPM; Transmembrane pressure, TMP, Transmembrane resistance, TMR. 
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3.4.3 Circuit change and ECMO duration are increased in COVID patients  

A total of 145 (52.0%) patients required circuit change for MO thrombosis. When separated 

into COVID-19 and non-COVID-19 groups, incidence of circuit change was significantly 

higher in COVID-19 patients compared to non-COVID-19 (62.4% vs 38.5%, P<0.0001) and 

at all time points (Mantel-Cox test [X2=11.46, P=0.0007]) (Figure 3.2). There was no 

difference in circuit change frequency in non-COVID-19 patients from before and during the 

COVID-19 pandemic (16th March 2020 onwards) (Table 3.4).  
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Figure 3.2 COVID-19 patients have a higher incidence of circuit change than non-COVID-19 

patients. 

Kaplan-Meir curve comparing circuit change incidence between all COVID-19 (N=157) and non-

COVID-19 (N=122) ECMO patients. 62.4% of COVID-19 patients required circuit change compared to 

38.5% of non-COVID-19 patients. Curves are significantly different when compared using Log-rank 

(Mantel-Cox) test (X2=11.46, P=0.0007). Lines represent hazard ratio ± 95% CI ratio. 

 

Of all patients who required circuit change, most patients (63.1%) required only one circuit 

change for MO failure, and there was no difference in circuit change frequency between 

COVID-19 and non-COVID-19 patients (Table 3.4). The median ECMO run time to first 

circuit change was longer in COVID-19 patients compared to non-COVID-19 patients (13.0 

[8.1-19.4] vs 9.0 [3.6-13.6] days; p=0.0047). In patients who survived their ECMO run, 

ECMO run time was significantly longer in COVID-19 patients compared to non-COVID-19 

patients (21.7 [11.5-38.0] vs 12.3 [7.4-18.5]  days; P<0.0001). When separated by circuit 

change frequency, total ECMO duration was longer in COVID-19 patients who required one 

circuit change (27.1 [17.8-43.8] vs 12.7 [11.2-19.5]; P = 0.0005). The need for multiple circuit 

changes was not associated with any difference in ECMO duration between COVID-19 
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cohorts (Table 3.4). Both COVID-19 and requirement for circuit change are associated with 

increased ECMO duration (Mantel-Cox test; X2=101.722.1, P<0.0001, P<0.0001) (Figure 

3.3).  

 

 

Table 3.4 ECMO circuit change comparisons between COVID-19 (n=157) and non-COVID-19 

(n=122) patients.Chi-squared test for categorical data and t-tests and Mann-Whitney test as 

appropriate were performed to compare between groups.  All tests were two-sided and P<0.05 was 

considered statistically significant. Pre-COVID-19 pandemic defined as before 16th March 2020, and 

post-COVID-19 pandemic defined as after 16th March 2020.  

Circuit change, CC; extracorporeal membrane oxygenation, ECMO. 

 

 

  
All 

N=307 
COVID-19 

N=157 
Non-COVID-19 

N=122 
P-value 

Circuit 
Change 
(n, %) 

All 149 (48.5) 98 (62.4) 47 (38.5) 0.0001 

Pre-COVID-19 
pandemic 

- - 27/69 (39.1) 
0.8753 

Post-COVID-19 - - 20/53 (37.7) 
 

Time to first CC (days) 
(median, IQR) 

11.5 (6.0-17.3) 13.0 (8.1-18.4) 9.0 (3.6-13.6) 0.0047 

CC 
Frequency  

(n, %) 

One CC 94 (63.1) 64 (65.3) 30 (63.8) 
0.8617  

Multiple CC 51 (34.2) 34 (34.7) 17 (36.2) 
 

ECMO 
duration 
(days) 

(Median, 
IQR) 

All patients 17.8 (10-34.) 25.8 (12.6-42.2) 12.5 (6.9-21.7) <0.0001 
 

All ECMO 
survivors 

N=219 N=117 N=102  

15.8 (9.7-28.0) 21.7 (11.5-38.0) 12.3 (7.4-18.5) <0.0001 

- No CC 9.0 (5.9-13.9) 10.5 (6.9-17.2) 9.7 (5.7-13.6) 0.0895 

- One CC 20.9 (12.7-36.7) 27.1 (17.8-43.8) 12.7 (11.2-19.5) 0.0005 

- Multiple CC 37.4 (24.6-45.4) 37.1 (24.8-53.4) 37.5 (22.9-40.6) 0.3378 
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Figure 3.3 COVID-19 and circuit change are both associated with increased ECMO duration. 

Kaplan-Meier curves demonstrating differences in ECMO duration  between COVID-19 and non-

COVID-19 patients who did and did not require a circuit change. Patients were censored for ECMO 

decannulation and death. Log-rank (Mantel-Cox) test (X2=101.7, P<0.0001). The median ECMO 

duration was 9.73 days for non-COVID-19 no circuit change [green], 19.4 days for non-COVID-19 

circuit change [blue], 13.23 days for COVID-19 no circuit change [orange] and 38.1 days for COVID-

19 circuit change [red].  

Circuit change, CC; Novel coronavirus 2019, COVID-19; Extracorporeal membrane oxygenation, 

ECMO. 

 

Multivariate logistic regression  

The association between SARF aetiology, demographics (age, BMI, ethnicity), admission 

SOFA, and ECMO duration to requirement for circuit change were analysed using 

multivariate logistic regression (Table 3.5). SARF aetiology (including COVID-19) was not an 

independent risk factor for circuit change , but longer ECMO duration was (OR 1.094 [1.068-

1.127]; P<0.0001). Since COVID-19 patients had significantly longer ECMO duration (Table 

3.4) compared to non-ECMO patients regardless of circuit change frequency, these are 

confounding factors. The increased circuit change frequency seen in COVID-19 patients is 

likely a consequence of the increased ECMO duration rather than as a risk factor in itself.   
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Variable Estimate 
Standard 

error 
Odds 
ratio 

95% CI P value 

SARF Aetiology      

  COVID 0.2670 0.7469 1.306  0.3017 to 5.905  0.7207  

  Aspiration pneumonia 0.3096 0.8800 1.363  0.2411 to 7.898  0.7250  

  Extra-pulmonary ARDS 0.3663 0.9680 1.442  0.2091 to 9.786  0.7051  

      

  Bacterial Pneumonia 0.4984 0.78661 1.646  0.3568 to 8.125  0.5263  

  Viral Pneumonitis -0.1149 0.9061 0.8914  0.1500 to 5.437  0.8991  

Age -0.0064  0.01339  0.9936  0.9677 to 1.020  0.6293  

BMI      

  18.5-24.9 -2.020 1.401 0.1327  0.0048 to 1.681  0.1493  

  25-29.9 -1.858 1.423 0.1561  0.0054 to 2.062 0.1917  

      

  >30 -0.1.089 1.400 0.3365   0.01212 to 4.260  0.4366  

Ethnicity      

  Caucasian -0.5507  0.4635  0.5765  0.2284 to 1.417   0.2348  

  Black -0.9673  0.4986  0.3801  0.1379 to 0.9860  0.0524  

  Asian -0.3954  0.40455212 0.6734  0.3006 to 1.477  0.3283  

  Other 0.5507 0.4635 1.735  0.37055 to 4.379  0.2348  

ECMO Duration (Days) 0.09013  0.01367  1.094  1.067 to 1.126  <0.0001 

Admission SOFA -0.08473  0.0559  0.9191  0.8219 to 1.024  0.1314  

 

Table 3.5. Association between baseline characteristics, ARDS pathology and ECMO duration 

with need for circuit change.  

A Multivariate logistic regression analysis was carried out to examine the relationship between need 

for circuit change and predictor variables from admission demographics (age, gender, BMI, ethnicity), 

ARDS pathology, SOFA score, and ECMO duration. P<0.05 was considered statistically significant. 

 

3.4.4 COVID-19 patients more likely to have worse severe respiratory failure and 

increased ECMO requirements   

To explore why there is a difference in circuit change frequency and duration of ECMO 

between COVID-19 and non-COVID-19 patients, trends in blood and ECMO parameters for 

the first week after ECMO initiation were compared between the two groups. Patients who 
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had an ECMO run time of less than 3 days were excluded. After exclusions comparisons 

were made between 155 COVID-19 patients and 115 non-COVID-19 patients.  

 

In the first 7 days after ECMO initiation, trends such as decreasing haemoglobin and platelet 

count, increasing d-dimer, and decreasing CRP were observed in both groups as expected 

with all ECMO patients (Figure 3.4). There were some significant haematological differences 

such as increased haemoglobin, platelet count, and lower leucocytes (both neutrophil and 

monocytes) in COVID-19 patients compared to non-COVID-19 patients which remain 

unchanged from admission. Both groups had similar D-dimers at ECMO initiation, but the D-

dimer levels were more elevated by day 7 in non-COVID-19 patients compared to COVID-19 

patients (D7: 8403 ± 8504 vs 5364 ± 5577; P=0.0009). COVID-19 patients were 

anticoagulated to a higher target as shown by the higher heparin anti-Xa levels. COVID-19 

patients continued to have lower bilirubin, creatinine, and CRP than non-COVID-19 patients 

throughout the early stages of ECMO which contribute to lower SOFA scores and 

demonstrates COVID-19 patients were more likely to have single organ failure.  

 

To eliminate the effect of potential MO thrombosis on these initial trends, patients who had a 

circuit change within 10 days of ECMO initiation were also excluded in a separate analysis. 

After exclusion of these patients, the difference in the D-dimer levels at day 7 between 

COVID-19 and non-COVID-19 patients remained (6976 [± 7066] vs 4832 [± 4680] ng/ml; 

P=0.01205). Other differences between groups remained similar (graphs not shown).  
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Figure 3.4 Trends in laboratory parameters in the first 7 days of ECMO initiation.  

Comparisons were made between 155 COVID-19 patients and 115 non-COVID-19 patients. Mixed-effects 

group analyses with Geisser-Greenhouse correction and Dunnett’s multiple comparison test were 

performed. Displayed as median, IQR. * trends over time, # comparison between COVID-19 cohorts. All 

tests were two-sided and P<0.05 was considered statistically significant * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001. Activated partial thromboplastin time, APTT; Alanine Transaminase, ALT; Alkaline 

Phosphatase, ALP; C-Reactive Protein, CRP; Haemoglobin, Hb; International normalised ratio, INR; 

Prothrombin time, PT; White Cell Count, WCC. 
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Regarding ECMO mechanical parameters, COVID-19 patients maintained higher ECMO 

blood flow and sweep gas flow in the first 7 days of ECMO whereas for non-COVID-19 

patients, both blood flow and sweep gas reduced by day 7. There was some variation in 

TMP and slight increase in TMR over the first 7 days of ECMO in all patients, but no 

difference between COVID-19 and non-COVID-19 patients (Figure 3.5). COVID-19 patients 

continued to be more hypoxic and hypercarbic than non-COVID-19 patients after ECMO 

initiation demonstrating the degree of ongoing respiratory failure and explains the need for 

increased ECMO blood flow and sweep gas flow.   

 

When patients who had a circuit change within 10 days were excluded from this analysis, 

there was no difference in ECMO device requirements (RPM, blood flow and sweep gas 

flow) in the initial stages after ECMO initiation, and no difference in MO function as 

measured by TMP and post-oxygenator blood gases. 
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Figure 3.5 Trends in ECMO parameters and blood gases in the first 7 days of ECMO initiation.  

Comparisons were made between 155 COVID-19 and 115 non-COVID-19 patients for ECMO 

mechanical parameters, 142 COVID-19 patients and 107 non-COVID-19 patients for arterial blood 

gases, and 131 COVID-19 and 94 non-COVID-19 patients for post-oxygenator blood gases. Mixed-

effects group analyses with Geisser-Greenhouse correction and Dunnett’s multiple comparison test 

were performed. Displayed as median, IQR. * trends over time, # comparison between COVID-19 

cohorts. All tests were two-sided and P<0.05 was considered statistically significant * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001. 

Extracorporeal membrane oxygenation, ECMO; post-oxygenator PaO2, PpostO2; post-oxygenator 

PaCO2, PpostCO2; revolutions per minute, RPM; transmembrane pressure, TMP; transmembrane 

resistance, TMR. 
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3.4.5 Predictors of circuit change are different in COVID-19 patients 

Trends in parameters from 5 days prior to circuit change (D-5, D-4 etc) to the day of circuit 

change (D0) were compared between COVID-19 and non-COVID-19 cohorts. After 

excluding patients who had circuit change within 5 days of ECMO initiation, and those who 

had more than 25% data missingness, comparisons were made between 85 COVID-19 

patients and 32 non-COVID-19 patients who required a circuit change (Tables 3.6 and 3.7). 

The most clinically relevant and significant results are shown in figures 3.6 and 3.7.  

 

There were significant changes in some laboratory parameters in the 5-day lead up to circuit 

change (D-5 to D0) with decreasing haemoglobin, platelet count and fibrinogen and 

increasing PFH as expected, but no difference in these trends between COVID-19 and non-

COVID-19 patients. However, the increase in D-dimer was less exaggerated in COVID-19 

patients compared to non-COVID-19 patients (Δ D-dimer: 1404 (348.0 – 7493.0) vs 8951 

(536 – 27841) ng/ml; P<0.0001 interaction) (Figure 3.6). COVID-19 patients had higher 

APTT and anti-Xa levels due to the higher anti-coagulation targets set for COVID-19 

patients. In the 2 days following circuit change, platelet count and fibrinogen levels started to 

recover and D-dimer and PFH decreased in both cohorts of patients. 

 

Regarding ECMO mechanical parameters, in the lead up to circuit change, higher ECMO 

blood flow was maintained in COVID-19 patients compared to non-COVID-19 patients. This 

is usually to maintain adequate oxygenation and may reflect the degree of hypoxia seen in 

COVID-19 patients as demonstrated by the lower arterial PaO2 seen in COVID-19 patients 

(Figure 3.7). There was no significant difference in TMP or TMR in the 5-day lead up to 

circuit change. However, the power required to generate the same blood flow (RPM:blood 

flow) was lower in COVID-19 patients (P=0.0366) which is maintained from ECMO initiation. 

 

Changes in ECMO device parameters following circuit change were not analysed as many 

patients were changed to a Centrimag pump with various MO models, as well as the 

Cardiohelp 5L or 7L for their second circuit. In the lead up to circuit change there was 

decreasing MO efficiency as expected as measured by the decrease in PpostO2 and 

increase in PpostCO2 but no differences between COVID-19 groups. There were no 

differences over time in arterial PaCO2 and PaO2 but COVID-19 patients were consistently 

more hypoxic and hypercarbic compared to non-COVID-19 patients reflecting the degree of 

respiratory failure in these patients (Figure 3.7).    
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 D-5 to D0 (Median, IQR) 

Trends in Blood 
Parameters 

COVID-19  
(N=85/98) 

Non-COVID-19 
(N=32/51) 

Trend P Value: Time 
(T), COVID (C), 

Interaction (T x C) 

Δ Haemoglobin (g/L) 85 
-3.50 

(-9.46 – 6.75) 
32 

-3.13 
(-12.06 – 0.94) 

T: 0.0018 
C: 0.0192 

T x C: 0.4400 

Δ Platelet Count (109/L) 85 
-20.4 

(-74.6 – 14.5) 
32 

-4.5 

(-76.77 – 21.63) 

T: 0.0005 
C: 0.1266 

T x C: 0.9109 

Δ White Blood Cell Count 
(109/L) 

85 
-0.65 

(-3.53 – 2.28) 
32 

-0.90 
(-5.59 – 5.13) 

T: 0.8286 
C: 0.0053 

T x C: 0.9450 

Δ Neutrophil Count (109/L) 85 
-0.58 

(-4.07 – 1.95) 
32 

-0.60 
(-5.85 – 4.13) 

T: 0.8218 
C: 0.0020 

T x C: 0.9630 

Δ Monocyte Count (109/L) 85 
0.07 

(-0.13 – 0.27) 
32 

0.075 
(-0.29 – 0.38) 

T: 0.5138 
C: 0.0111 

T x C: 0.9932 

Δ INR 85 
0.05 

(-0.03 – 0.10) 
32 

0.04 
(-0.03 – 0.10) 

T: 0.0016 
C: 0.0991 

T x C: 0.8797 

Δ APTT (seconds) 85 
1.15 

(-7.77 – 8.93) 
32 

-0.33 
(-6.41 – 6.36) 

T: 0.7869 
C: 0.0239 

T x C: 7066 

Δ Heparin anti-Xa (units/ml) 66 
-0.030 

(-0.184 – 0.051) 
20 

-0.067 
(-0.102 – -0.001) 

T: 0.00007 
C: 0.0064 

T x C: 0.8511 

Δ Fibrinogen (g/L) 85 
-1.21 

(-2.50 – -0.02) 
35 

1.86 

(-2.92 – -0.28) 

T: <0.0001 
C: 0. 1335 

T x C: 0.9166 

Δ D-dimer (ng/ml) 83 
1404 

(348.0 – 7493.0) 
35 

8951 
(536 – 27841) 

T: <0.0001 
C: 0.0077 

T x C: <0.0001 

Δ Urea (mmol/L) 85 
1.50 

(-1.16 – 3.89) 
35 

0.5 
(-1.58 – 4.96) 

T: 0.0090 
C: 0.3591 

T x C: 0.9962 

Δ Creatinine (mg/dL) 85 
-1.0 

(-7.5 – 5.5) 
35 

-1.1 
(-11.4 – 8.9) 

T: 0.0566 
C: 0.3370 

T x C: 0.8967 

Δ Bilirubin (μmol/L) 85 
1.0 

(-4.8 – 10.8) 
35 

-1.0 
(-11.5 – 15.5) 

T: 0.3198 
C: 0.0003 

T x C: 0.3150 

Δ Alkaline Phosphate (U/L) 85 
1.8 

(-19.4 – 51.0) 
35 

16.8 
(-20.9 –65.9) 

T: 0.0230 
C: 0.9223 

T x C: 0.1208 

Δ Alanine Aminotransferase 
(U/L) 

85 
-5.4 

(-26.3 – 7.5) 
35 

-1.7 
(-10.0 – 19.9) 

T: 0.1702 
C: 0.2678 

T x C: 0.0405 

Δ Albumin (g/dL) 85 
1.3 

(-0.5 – 3.0) 
35 

2.0 

(-1.3 – 4.0) 

T: <0.0001 
C: 0.5199 

T x C:0.8958 

Δ Corrected Calcium 
(mg/dL) 

85 
0.04 

(-0.04 – 0.11) 
35 

0.04 
(-0.08 – 0.11) 

T: 0.0040 
C: 0.2639 

T x C: 0.3691 

Δ CRP (mg/L) 85 
-11.8 

(-88.9 – 67.9) 
35 

-31.9 
(-111.4 – 38.0) 

T: 0.1813 
C: 0.6875 

T x C: 0.6011 

Δ Plasma Free Haemoglobin 
(g/L) 

56 
0.00 

(-0.325 – 0.323) 
23 

0.00 
(0.00 – 0.18) 

T: 0.0107 
C: 0.4366 

T x C: 0.7307 

Table 3.6 Differences in clinical parameters from 5 days prior and the day of circuit change in 

COVID-19 and non-COVID-19 patients. 
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In patients who had circuit change, the differences between parameters from five days prior to circuit 

change (D-5) and the 24 hours prior to circuit change (D0) were compared between COVID-19 and 

non-COVID-19 patients. Kolmogorov-Smirnov normality testing, RM Two-way ANOVA or mixed-effect 

group analyses with Geisser-Greenhouse correction, and Dunnett’s multiple comparison for 

hypothesis testing were performed. All data were non-parametric and presented as median 

(interquartile range). P values presented for change over time (T), between COVID-19 and non-

COVID-19 (C), and interaction between time and COVID-19 status (T x C). Statistical significance 

defined as p<0.05.  

Activated partial thromboplastin time APTT; C-reactive protein, CRP; Extracorporeal membrane 

oxygenation, ECMO; International normalized ratio, INR; prothrombin time, PT. 
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Trends in Device 
parameters (Median, IQR) 

COVID-19  
N=85 

Non-COVID-19 
N=32 

Trend 
P Value: Time (T), 

COVID (C), 
Interaction (T x C) 

Δ Blood Flow (L/minute) 85 
0.060 

(-0.237 – 0.474) 
32 

-0.209 
(-0.555 – 0.276) 

T: 0.5890 
C: 0.0924 

T x C: 0.0415 

Δ Motor pump speed 
(RPM) 

85 
105.2 

(-157.5 – 392.2) 
32 

-103.6 
(-420.5 – 216.2) 

T: 0.8104 
C:0.7954 

T x C: 0.0093 

Δ Transmembrane pressure 
(mmHg) 

85 
3.7 

(-0.1 – 8.7) 
32 

1.2 

(-2.2 – 7.2) 

T: 0.0040 
C: 0.1956 

T x C: 0.0003 

Δ Gas Flow (L/minute) 85 
1.0 

(-0.9 – 2.6) 
32 

-0.7 
(-2.0 – 0.6) 

T: 0.5196 
C: 0.3631 

T x C: <0.0001 

Δ Motor RPM to blood flow 
ratio 

85 
6.79 

(-32.21 – 48.77) 
32 

-4.96 
(-50.84 – 57.16) 

T:  0.47226 
C: 0.03660 

T x C: 0.7732 

Δ TMP to blood flow ratio 
(mmHg/L/minute) 

85 
0.93 

(0.03 – 1.73) 
32 

0.62 
(-0.18 – 1.89) 

T: <0.0001 
C: 0.5262 

T x C: 0.2165 

Trends in blood gas parameters (Median, IQR) 

Δ Arterial pH 85 
-0.009 

(-0.039 – 0.021) 
32 

0.012 
(-0.029 – 0.037) 

T: 0.4221 
C: 0.9455 

T x C: 0.8481 

Δ Arterial PaO2 (kPa) 85 
-0.823 

(-1.669 – 1.089) 
32 

0.454 
(-1.230 – 3.122) 

T: 0.2099 
C: 0.0361 

T x C: 0.2099 

Δ Arterial PaCO2 (kPa) 85 
0.116 

(-0.194 – 0.396) 
32 

-0.005 
(-0.549 – 0.230) 

T: 0.7211 
C: <0.0001 

T x C: 0.4029 

Δ Post-oxygenator pH 52 
-0.011 

(-0.065 – 0.023) 
15 

-0.020 
(-0.087 – 0.040) 

T: 0.0239 
C: 0.8200 

T x C: 0.8022 

Δ Post-oxygenator PaO2 
(kPa) 

52 
-6.34 

(-18.23 – -0.58) 
15 

-9.92 
(-22.99 – -1.025) 

T: <0.0001 
C: 0.8267 

T x C: 0.3992 

Δ Post-oxygenator PaCO2 
(kPa) 

52 
0.183 

(-0.523 – 0.801) 
15 

0.215 

(-0.495 – 0.769) 

T: 0.0592 
C: 0.0918 

T x C: 0.8327 

 

Table 3.7 Differences in ECMO mechanical parameters and blood gases from 5 days prior and 

the day of circuit change in COVID-19 and non-COVID-19 patients. 

In patients who had circuit change, the differences between ECMO mechanical parameters and blood 

gases from five days prior to circuit change (D-5) and the 24 hours prior to circuit change (D0) were 

compared between 85 COVID-19 and 32 non-COVID-19 patients. Kolmogorov-Smirnov normality 

testing, RM Two-way ANOVA or mixed-effect group analyses with Geisser-Greenhouse correction, 

and Dunnett’s multiple comparison for hypothesis testing were performed. All data were non-

parametric and presented as median (interquartile range). P values presented for change over time 

(T), between COVID-19 and non-COVID-19 (C), and interaction between time and COVID-19 status 

(T x C). Statistical significance defined as p<0.05.  

Extracorporeal membrane oxygenation, ECMO; partial pressure of carbon dioxide, PaCO2; partial 

pressure of oxygen, PaO2; revolutions per minute, RPM. 
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Figure 3.6 Trends in blood parameters in the lead up to circuit change.  

Comparisons of blood parameters from baseline i.e initiation of ECMO (BL), five days prior to circuit 

change (D-5) to circuit change day (D0) and 2 days after circuit change (D2) in COVID-19 (n=85) and 

non-COVID-19 (n=32) patients. Trends comparisons made between D-5 and D0, and D0 to D2. 

Kolmogorov-Smirnov normality testing, RM Two-way ANOVA or mixed-effect group analyses with 

Geisser-Greenhouse correction, and Dunnett’s multiple comparison for hypothesis testing were 

performed. All data were non-parametric and presented as median (interquartile range). * trends over 

time, # comparison between COVID-19 cohorts, & interaction between COVID-19 cohorts and time. * 

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

  



128 
 

X -5 -4 -3 -2 -1 0

3.5

4.0

4.5

5.0

Blood Flow

Days to Circuit Change

B
lo

o
d

 F
lo

w
  

(L
/m

in
)

& Interaction

X -5 -4 -3 -2 -1 0

2500

3000

3500

RPM

Days to Circuit Change

R
e

v
o

lu
ti

o
n

s
 p

e
r 

m
in

  
(R

P
M

)

&& Time x COVID
 Interaction

X -5 -4 -3 -2 -1 0

2

4

6

8

Sweep Gas Flow

Days to Circuit Change

S
w

e
e

p
 g

a
s

 f
lo

w
  

(L
/m

in
)

&&&& Time x COVID
Interaction

X -5 -4 -3 -2 -1 0

15

20

25

30

35

40

TMP

Days to Circuit Change

T
ra

n
s
m

e
m

b
ra

n
e

 p
re

s
s

u
re

  
(m

m
H

g
)

✱

& Time x COVID
Interaction

X -5 -4 -3 -2 -1 0

4

5

6

7

8

TMP: Blood Flow

Days to Circuit Change

T
M

P
:B

lo
o

d
 F

lo
w

 (
m

m
H

g
/L

/m
in

)

✱✱✱✱

X -5 -4 -3 -2 -1 0

650

700

750

800

850

RPM: Blood Flow

Days to Circuit Change

R
P

M
 t

o
 b

lo
o

d
 f

lo
w

 (
R

P
M

/L
/m

in
)

#

X -5 -4 -3 -2 -1 0 1 2

7.30

7.35

7.40

7.45

7.50

Arterial pH

Days to Circuit Change

A
rt

e
ri

a
l 

p
H

✱✱✱✱

X -5 -4 -3 -2 -1 0 1 2

8

10

12

14

16

Arterial PaO2

Days to Circuit Change

A
rt

e
ri

a
l 

P
a

O
2
  

(k
P

a
)

#

X -5 -4 -3 -2 -1 0 1 2

5.5

6.0

6.5

7.0

7.5

8.0

Arterial PaCO2

Days to Circuit Change

A
rt

e
ri

a
l 

P
a

C
O

2
 (

k
P

a
)

#
#

#
#

✱✱✱✱

X -5 -4 -3 -2 -1 0 1 2

7.35

7.40

7.45

7.50

7.55

Post-Oxy pH

Days to Circuit Change

P
o

s
t-

o
x
y

 p
H

✱✱ ✱✱

X -5 -4 -3 -2 -1 0 1 2

30

40

50

60

70

Post-Oxy PaO2

Days to Circuit Change

P
o

s
t-

o
x
y

 P
a

O
2

  
(k

P
a
)

✱✱✱✱ ✱✱

X -5 -4 -3 -2 -1 0 1 2

4.5

5.0

5.5

6.0

6.5

7.0

Post-Oxy PaCO2

Days to Circuit Change

P
o

s
t-

o
x
y

 P
a

C
O

2
 (

k
P

a
)

✱ ✱✱✱

COVID Non-COVID
 

Figure 3.7 Trends in ECMO device parameters and arterial and post-oxygenator blood gases in 

the lead up to circuit change.  

Comparisons of ECMO device parameters, and blood gases between COVID-19 (n=85) and non-

COVID-19 (n=32) from initiation of ECMO (Day X), five days prior to circuit change (D-5) to circuit 

change day (D0) and 2 days after circuit change (D1,2) for blood gases. Revolutions per minute, 

RPM; transmembrane pressure, TMP. Kolmogorov-Smirnov normality testing, RM Two-way ANOVA 

or mixed-effect group analyses with Geisser-Greenhouse correction, and Dunnett’s multiple 

comparison for hypothesis testing were performed. All data were non-parametric and presented as 

median (interquartile range). Trends comparisons made between D-5 and D0, and D0 to D2. * trend 

over time, # comparison between COVID-19 cohorts, & interaction between COVID-19 cohorts and 

time. * p<0.05, ** p<0.01, **** p<0.0001. 
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3.5 Discussion 

In this chapter the clinical data of ECMO patients in one UK tertiary ECMO centre were 

analysed. To the best of my knowledge, this is the largest single centre study to evaluate the 

incidence of MO dysfunction in patients on ECMO between those with COVID-19 and non-

COVID-19 ARDS. Whilst this is a retrospective data analysis, I was able to observe 

differences in blood and ECMO parameters between an immunothrombotic patient cohort 

(COVID-19) and non-immunothrombotic cohort, both during the initial week on ECMO and in 

the lead up to circuit change. This observational data helps to form the basis of further 

studies to investigate immunothrombosis in ECMO patients, or other extracorporeal circuits.  

 

3.5.1 Clinical differences are observed between COVID-19 and non-COVID-19 patients 

with severe ARDS requiring ECMO 

Aetiology of ARDS is heterogenous and even in patients with respiratory failure from viral 

pneumonitis, there are distinct clinical differences in how they present depending on the 

cause. In our centre, the majority of patients who required VV ECMO before 2020 had viral 

pneumonitis from influenza whereas between April 2020 to September 2021 viral 

pneumonitis was mostly due to COVID-19. Our data shows that there are some differences 

at presentation to the ECMO centre, between COVID-19 and non-COVID-19 patients with 

severe ARDS requiring ECMO. 

 

Demographics  

The ELSO registry report from early in the pandemic did not show any difference in 

demographics between COVID-19 and non-COVID-19 patients 175 but the demographics of 

patients in our study are comparable to many later studies comparing COVID-19 with non-

COVID-19 ECMO patients, many of which also report a higher proportion of patients of non-

Caucasian ethnic groups, and higher BMI (>25) in COVID-19 patients 164, 167, 176, 179, 182, 183. A 

meta-analysis of 59 studies showed that male patients were more likely to have higher risk 

for COVID-19 infection, increased severity of disease, and ICU admission 184, but was not 

demonstrated in this data. High BMI also increases risk of severe COVID-19 disease, ICU 

admission and death 185. Furthermore, patients with high BMI may not have been optimally 

ventilated e.g. lower PEEP for their BMI 164, and may not have been proned due to perceived 

increased risks associated with prone positioning. This could mean patients with high BMI 

may not have received optimal ventilation strategies as per ARDS guidelines and may have 

received more injurious ventilation. Overall, these risk factors for severe COVID-19 disease, 
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and therefore potential need for ECMO may explain the demographic differences between 

COVID-19 and non-COVID-19 patients. 

 

Survival to ECMO decannulation (78.5%) and hospital discharge (69.2%) in this cohort of 

patients was slightly higher than other studies (50-72%) 175, 179, 186-188. There was no 

difference between COVID-19 and non-COVID-19 patient survival rates, similar to other 

studies 174, 175, 177, 189.  

 

Laboratory tests 

Regarding baseline bloods and trends in the first week of ECMO initiation, the results in this 

study differ slightly from those observed in other studies but were overall comparable. We 

observed no difference in fibrinogen, lower WCC and lower CRP in COVID-19 patients in 

contrast to other studies who observed higher fibrinogen and higher CRP 166, 167. The lower 

creatinine, bilirubin and liver enzyme levels and higher platelet count in COVID-19 ECMO 

patients may contribute to the lower SOFA scores compared to non-COVID-19 patients as 

found in other studies 166, 167, 175. These results do not necessarily mean lower inflammation 

or less organ failure but may reflect the national ECMO referral pathway and its more 

stringent exclusion criteria, particularly during a time with reducing ECMO capacity during 

the pandemic, which excludes patients who have had more than 7 days of mechanical 

ventilation, and established multi-organ failure 28, 174. Some parameters such as increased 

platelet count, and similar D-dimer level was reported across all studies 166, 167, 175. Despite 

initial reports that D-dimer could be used as a marker of COVID-19 severity 169, 170, in our 

study, there were no differences in fibrinogen or D-dimer levels in early ECMO between the 

two cohorts.  

 

3.5.2 Thrombogenicity of COVID-19 was associated with increased MO dysfunction, 

and longer ECMO duration.  

In patients with ARDS both the use of ECMO and having COVID-19 disease are 

independent thrombogenic factors 124, 129, 168. Evidence suggests that COVID-19 is an 

immunothrombotic disease 93, 164, 190 therefore I hypothesised that the thrombogenic nature of 

COVID-19 would increase risk of thrombosis related ECMO circuit failure resulting in need 

for circuit change.  
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COVID-19 patients were twice as likely to require a circuit change than non-COVID-19 

patients despite being adequately anticoagulated to higher heparin anti-Xa level (0.3-

0.5U/ml). This study supports early findings by Bemtgen et al., (2020), who compared 11 

COVID-19 patients to 55 non-COVID-19 patients on ECMO in their single centre study and 

found circuit related thrombosis leading to circuit change was more frequent in COVID-19 

patients (63.6% vs 18.2%, P=0.03) with no difference in demographics or time to circuit 

change 179. Similar results were found by other single centre studies 186, 191. However, early 

results from the international ELSO registry showed that mechanical complications such as 

circuit change or MO failure occurred in only 230/983 (23%) COVID-19 patients 175 and later 

the ECMO-SURGES study found that only 449/1345 (33%) of COVID-19 patients required a 

circuit change, with increased frequency of circuit change observed in later COVID-19 

variants (wild type 30%, alpha 37% and delta 46% ; P<0.0001) 192. The ELSO studies show 

lower circuit change rates compared to our single centre study, but they did not compare 

their patients to a non-COVID-19 cohort, and participating centres were self-selected during 

a time of global pandemic with a higher number of small volume centres. Prior to the COVID-

19 pandemic, the ELSO registry in 2016 reported oxygenator failure in 9.1% respiratory 

ECMO patients and 6.6% cardiac ECMO patients 125, and in 2022 reported circuit change in 

25.8% respiratory ECMO patients and 17.7% cardiac ECMO patients but did not separate 

COVID-19 cohorts 193. Of note, our centre has higher incidence of circuit change (38.5%) 

compared to the ELSO data.  

 

COVID-19, and circuit change are both associated with longer ECMO duration (Figure 3.3). 

Using multivariate logistic regression, it was found that risk of circuit change was associated 

with increased duration of ECMO, and there was no association with COVID-19 status.  The 

Kaplan Meier curves for incidence of circuit change (Figure 3.2), diverge after 11 days with 

COVID-19 patients more likely to require circuit change and have increased risk of circuit 

related thrombosis with longer ECMO duration. This suggests that there is another process 

in COVID-19 ARDS which impacts on ECMO health and ECMO duration. It can be 

speculated that COVID-19 is a thrombogenic condition, which increases the risk for MO 

dysfunction due to thrombosis and need for circuit change, which may increase the duration 

of the ECMO run 133. Alternatively, COVID-19 patients had more severe respiratory failure 

with increased hypoxia and hypercarbia 164 which required increased ECMO flows and 

higher RPM to provide adequate oxygenation which can cause increased shear and 

activation of neutrophils and platelets and subsequent thrombus formation 194, 195. In addition, 

the increased severity of COVID-19 respiratory failure takes longer to resolve due to 
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increased pulmonary angiopathy 93, 95 and therefore patients remained dependent on ECMO 

for longer which increases the risk of MO dysfunction.  

 

Although there were differences in circuit change frequency and ECMO duration, between 

COVID-19 and non-COVID-19 patients, there were no differences in mortality across 

COVID-19 and circuit change cohorts. The non-COVID-19 circuit change frequency, ECMO 

duration and ECMO survival rates are comparable to another high-volume UK ECMO centre 

with similar practice 160. Nevertheless, requirement for circuit change is associated with 

increased ECMO duration, and therefore increased ICU LOS and increased ECMO and 

hospital mortality 125, 133, 160. It is therefore important to monitor MO dysfunction to decide 

which patients truly require circuit change for MO dysfunction.  

 

3.5.3 Monitoring membrane oxygenator dysfunction is more difficult in COVID-19.  

The initial management of patients on ECMO, and their circuit health parameters did not 

differ between COVID-19, and non-COVID-19 patients as previously mentioned. However, 

there were some differences in bloods early in the ECMO run and differences became more 

apparent in the days preceding circuit change in patients who did require circuit change for 

MO thrombosis suggesting altered pathophysiology of circuit failure in COVID-19.  

 

COVID-19 patients had lower inflammatory markers such as CRP and total leucocyte count 

at ECMO initiation, lower bilirubin, creatinine and higher platelet counts which likely 

contribute to the lower SOFA score. COVID-19 patients were more likely to have single 

organ failure – lung; but had a higher degree of respiratory failure (increased hypoxia and 

hypercarbia) than non-COVID-19 patients and maintained higher ECMO flows and sweep 

gas flows compared to non-COVID-19 patients who had reducing ECMO requirements after 

3-4 days of ECMO support (Section 3.4.4), however, this did not impact on TMP or TMR 

early in the ECMO run. Regarding ECMO circuit health parameters there were no 

differences in fibrinogen or PFH between the two cohorts, and the higher platelet count in 

COVID-19 patients was maintained early in the ECMO run which shows that despite 

increased ECMO blood flow settings, COVID-19 did not impact most measures of circuit 

health early in ECMO. The only deviation from conventional ECMO management in the 

COVID-19 cohort was the higher anticoagulation target which was common practice in many 

ECMO centres during the pandemic 167, 179, 196.  
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Many differences were observed in the 5-day lead up to circuit change. COVID-19 patients 

continued to maintain higher blood flow rates whereas the non-COVID-19 patients had 

reducing blood flow rates by the time of circuit change. This resulted in a rise in TMP in 

COVID-19 patients compared to a lower TMP in non-COVID-19 patients. The need for 

higher blood flow in COVID-19 patients is likely due to the higher degree of hypoxia, or 

higher inflammatory response in COVID-19 patients 171, 197. It has been suggested by some 

groups that the change in TMR is more sensitive than TMP in predicting MO dysfunction 160. 

TMR increased in the lead up to circuit change in both groups, but whilst there was also a 

trend for higher TMR in COVID-19 patients compared to non-COVID-19 patients, this was 

not statistically significant. Interestingly the RPM/blood flow is lower in COVID-19 patients at 

ECMO initiation and remained so in the lead up to circuit change but with no increase 

despite increasing blood flow requirements and TMP. This may be due to the higher 

anticoagulation target set for COVID-19 patients or other differences in COVID-19 

pathophysiology, which are yet to be determined. Lower RPM would reduce the shear on 

blood and therefore lower PFH and higher haemoglobin 152. Whilst we did not observe lower 

PFH, the haemoglobin was higher in COVID-19 patients compared to non-COVID-19 

patients, throughout the ECMO run.  

 

Regarding blood parameters, the expected trend for decreasing fibrinogen, platelets and 

increasing PFH in the lead up to circuit change is observed in all ECMO patients with no 

difference between COVID-19 groups, although the levels of thrombocytopenia were not as 

low in COVID-19 patients.  The main difference between the groups was a much less 

exaggerated increase in D-dimer in the COVID-19 cohort despite similar baseline levels. 

This difference in D-dimer is also seen early in the ECMO run. D-dimer levels remained the 

same in both cohorts in the early ECMO run (up to day 4), however, by day 7, D-dimer was 

more elevated in non-COVID-19 patients compared to COVID-19 patients. When patients 

who required circuit change in the first 10 days of ECMO were excluded from this analysis, 

this difference was less apparent, highlighting the value of D-dimer in monitoring circuit 

health. Many centres use increasing D-dimer to monitor for need for circuit change in ECMO 

patients 131, 135. However, the less exaggerated D-dimer increase, and the higher platelet 

counts in COVID-19 patients made monitoring for MO dysfunction difficult in this group of 

patients and suggests a different mechanism of MO thrombosis in COVID-19. 
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3.5.4 Increased thrombogenicity in COVID-19 due to lack of fibrinolysis 

D-dimer is a fibrin degradation product and is often used as a marker for thromboembolic 

disease. Early COVID-19 risk stratification models used D-dimer as a marker for disease 

severity and mortality risk 198-200. There is increased pulmonary vascular angiogenesis and 

thrombosis in COVID-19 93, 95 and it has been suggested that the raised D-dimer levels in 

severe COVID-19 related ARDS is due local fibrinolysis within the lung 201. In ECMO patients 

D-dimer is a marker of clot burden within the MO and is often used as a marker for predicting 

need for circuit change 130, 135.  However, the data presented here contradicts both theories 

that D-dimer will be elevated in COVID-19 and in the lead up to circuit change in these 

patients. We and Doyle et al. and found no difference in admission D-dimer levels between 

COVID-19 and non-COVID-19 patients who required ECMO 167. Furthermore, the D-dimer 

did not increase as expected in COVID-19 patients.  

 

 

The lower D-dimer levels seen in COVID-19 ECMO patients in the lead up to circuit change 

is likely due to fibrinolytic shutdown which has been observed in COVID-19 patients 95, 202. 

There is increasing evidence that COVID-19 patients remain in a hypercoagulable state with 

increased clot integrity, reduced fibrinolysis and increased functional fibrinogen measured 

using function coagulation assays such as Thromboelastogram (TEG) 95, 202-204, with less 

thrombocytopenia and higher fibrinogen levels than other viral causes of ARDS requiring VV 

ECMO 95, 166, 167. This suggests that there is increased thrombogenicity in COVID-19 disease 

and possibly altered pathogenesis of thrombogenesis.  

 

 

The difference in D-dimer levels and potential increased thrombogenicity in COVID-19 

disease further highlights the challenge of accurately predicting need for circuit change in a 

clinical setting particularly in the context of different aetiologies for ARDS and need for 

ECMO. Rising D-dimer is one of the most commonly used markers correlating with 

increased clot volume 130, 131 and is one of the first markers to change with impending circuit 

thrombosis 135, along with reducing fibrinogen, platelet count and increasing PFH; in 

combination with reduction in ECMO gas exchange and increased MO resistance. The 

reduced fibrinolysis associated with COVID-19 can lead to impaired thrombus dissolution 

and increased thrombotic phenomena seen in COVID-19, including DVT, PE, 

cerebrovascular accidents, myocardial infarction, and other circuit thromboses (ECMO and 

renal replacement therapy) 167, 168. Over a third of COVID patients have evidence on PE on 

their CT scan on admission to the ECMO centres compared to only 8% in patients with 
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Influenza requiring ECMO 95, 167. This contributes to the degree of respiratory failure in 

COVID-19 and may lead to increased risk of thrombus formation within the ECMO circuit.  

 

Thrombocytopenia is common in ECMO patients 205. However, we and other groups found 

that COVID-19 ECMO patients tend to have less thrombocytopenia than non-COVID-19 

ECMO patients 166, 167, 179. Both thrombocytopenia and thrombocytosis are seen in severe 

COVID-19 disease 206 and the increased inflammation seen in COVID-19 patients could lead 

to increased thrombocytosis 166 and platelet activation in COVID-19 patients 207.  

 

The data presented here demonstrates that currently clinically used markers of ECMO circuit 

health are not enough on their own for monitoring for MO thrombosis. COVID-19 further 

highlighted how a disease aetiology can increase thrombosis risk, as well as alter clinically 

measured parameters as part of the disease process highlighting the need for better 

biomarkers of ECMO health or thrombosis. Whilst reduced fibrinolysis is the likely cause for 

reduced clot breakdown and therefore increased clot integrity, the cellular mechanisms 

leading up to this have not been investigated.  

 

3.5.5 ECMO is immunothrombotic 

The thrombogenicity of COVID-19 leads to a more severe respiratory failure with increased 

hypoxia and hypercarbia than non-COVID-19 ARDS 164, and therefore longer resolution time 

and longer duration on ECMO. Whilst there were differences between the two cohorts with 

regards to incidence of MO thrombosis and the changes in the lead up to circuit change, the 

multivariate logistic regression shows that ECMO duration is the greater risk factor for circuit 

change rather than disease aetiology. Indeed, the time to first circuit change in COVID-19 

patients was longer than non-COVID-19 patients. Other centres also found ECMO related 

thrombosis is associated with longer ECMO duration 208, 209. Exposure of blood to the 

synthetic surfaces of the ECMO circuit and large surface area of the MO leads to activation 

of the coagulation system and allows platelets and leucocytes to adhere to the tubing and 

MO surfaces, increasing thrombin generation 124. There is evidence of immunothrombosis on 

the MO surface as NETs have been found on MO clots 141, 210, 211. 

 

The impact of thrombosis on MO function has led to advances in ECMO materials including 

heparin bound tubing, and PMP oxygenators, and the ELSO guidelines recommend 

anticoagulation in patients on ECMO if there is no bleeding complication 37, 126, 212. There is 

recent work using computational models investigating the impact of MO structure specifically 
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shape and blood inlet and outlet position on the haemodynamic features within the MO 139. 

Fu and colleagues found that a round oxygenator with multiple inlets and outlets creates a 

more even distribution of blood flow, thereby reducing areas of low flow or dead zones and 

reducing thrombosis risk 139. In their computational model the HLS Advance oxygenator with 

four inlets and one outlet would have a lower thrombosis risk compared to the Nautilus 

oxygenator which only has one inlet and one outlet. Other in vitro models of ECMO circuits 

suggest that the impact of the MO surface area on activating blood and platelets was 

insignificant but the high mechanical shear stress from the pump is a large contributing 

factor 194.    

 

To date, there are no studies comparing the MO efficacy of different ECMO pump and 

oxygenator configurations. To fully elucidate the effect of different oxygenator/pump 

configurations on blood and platelet activation, larger studies comparing the Centrimag with 

different oxygenators such as Nautilus (Medtronic), A.L.One (Euroset), HiLITE 7000 (Medos) 

or the Cardiohelp pump with Quadrox (Getinge, Sweden) and HLS Advance (Maquet, 

Germany) oxygenators could be conducted to see what the effects the shape, inlet and 

outlet position and number have in vivo.  

 

Whilst there are different aetiologies of ARDS necessitating ECMO use, and therefore 

varying levels of immunothrombosis, ECMO is the common facet, and the variable that can 

be modulated when investigating immunothrombosis in ECMO patients. However, it must 

also be noted that initiation of ECMO has various effects on physiology, firstly it allows the 

use of lung protective ventilation reducing lung injury and associated inflammation; secondly 

the improved oxygenated blood flow through the pulmonary vasculature reduces the effects 

of hypoxic pulmonary vasoconstriction, improving right ventricular afterload and therefore 

relief of right heart failure and associated shock 213. Any conclusions regarding the effect of 

ECMO on immunothrombosis must take these factors into account. 

3.5.6 Limitations 

This study’s main limitations are its retrospective, single centre, observational design. Whilst 

the single centre nature reduces inter-centre variability in practice, it may account for the 

variations in results when compared to larger multi-centre ELSO registry data 125, 175, 189. Only 

data from patients on a Cardiohelp system was analysed. Comparisons with other UK 

centres where the primary ECMO configuration is with a Centrimag pump would be valuable. 

There is however a large range of oxygenators which can be used with the Centrimag pump 

and as such this study is the largest single centre study with one type of ECMO pump and 
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oxygenator, ensuring meaningful comparisons between the COVID-19 and non-COVID-19 

groups.  

 

Larger studies which include data from multiple centres to investigate the impact of 

equipment on the frequency of circuit thromboses and differences in circuit health 

parameters would be helpful. Whilst there are computational models of oxygenators being 

developed 139, these do not account for the patient factors such as disease aetiology, 

variations in coagulation, and cannot predict the change in laboratory parameters.  

 

Missing data was a large issue resulting in numerous patients being excluded from the 

bloods trends analyses. LDH was routinely measured during the COVID-19 pandemic but 

was not for the non-COVID-19 patients prior. Comparing LDH trends may shed some further 

light into the level of haemolysis in conjunction with the PFH. In evaluating the 

hypercoagulability of COVID-19 and the interplay with ECMO there would have been merit in 

analyses of thromboelastography or platelet function assays to assess functional 

coagulopathy. There are small studies that have included the analysis of TEG in COVID-19 

patients 214, 215. Future work could include a prospective study, with concurrent TEG, platelet 

function tests and thrombin generation assays around times of circuit change to assess 

further biomarkers of hypercoagulability, as well as biomechanistic studies into neutrophil 

platelet interaction and the role in ECMO patients.  

Whilst circuit change is an intervention usually due to ECMO circuit thrombosis and therefore 

a tangible end point to measure, it is also a weak endpoint as the decision to perform a 

circuit change is highly subjective between centres and clinicians, and not all parameters are 

measured in every centre 135, 137. Predicting when there is a significant MO thrombosis 

requiring a circuit change can be difficult as there are no set guidelines nor a set single 

threshold or parameter for when a circuit change should be performed. The clinical variables 

used to monitor circuit health such as D-dimer, and platelet count can be affected by the 

underlying critical illness and disease process and should be considered in the context of the 

patient’s clinical condition; for example, D-dimer is often used as a marker for MO 

thrombosis but early in the COVID-19 pandemic, it was thought to be a marker for disease 

severity 198, 199 and could have impacted the decision making for circuit change; and 

conditions such as HIT limit the use of platelet count as a marker for MO thrombosis 205. 

Furthermore, treatments for the underlying condition could affect the thrombogenicity and 

immunothrombotic profile. COVID-19 induces a cytokine storm priming neutrophils to 

release NETs which can form aggregates with platelets leading to increased thrombosis as 

well as vascular endotheliopathy 94. The RECOVERY trial found steroid treatment 

(dexamethasone 6mg) reduced mortality in hospitalised patients with COVID-19 216 and 
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following publication of these results (July 2020), dexamethasone 6mg or equivalent dose 

was standard of care for hospitalised patients with COVID-19 in subsequent waves. Steroids 

reduce the hyperinflammation caused by the cytokine storm and therefore the potential 

immunothrombotic consequences such as neutrophil activation and NETosis 217, and 

activation of coagulation cascade 206, 218. Unfortunately, data regarding steroids or other 

immunosuppressive agents was not extracted and therefore not analysed.  

 

3.6 Concluding remarks 

Development of thrombosis on the MO is common 130, 132 and we demonstrate it is more 

common in COVID-19 patients due to the degree of respiratory failure and need for longer 

duration on ECMO. There is a clinical and economic impact of this complication, particularly 

during the height of the pandemic where ECMO resources and intensive care beds are in 

demand. Predicting circuit thromboses is difficult and is even less clear in COVID-19 

patients, and there are no new therapies to reduce circuit thrombosis. Simply increasing 

anticoagulation to prevent circuit thromboses is not a viable option as circuit thromboses 

developed despite higher anticoagulation targets in COVID-19 patients, and increased 

anticoagulation increases the risk of bleeding which is associated with poor outcomes 166, 167, 

219. The differences in blood and ECMO parameters prior to circuit change between COVID-

19 and non-COVID-19 patients suggests that the mechanism underlying thrombosis in 

COVID-19 differs to non-COVID-19 patients.  

 

COVID-19 has highlighted the important interplay between inflammation and coagulation in 

critically ill patients with increased angiogenesis and thrombosis in these patients 95, 220. The 

ECMO-coagulation interaction is complex and differs in the nature and magnitude to the 

responses produced by other extracorporeal circuits. For example, thrombocytopaenia is 

particularly common in ECMO patients and the incidence of heparin-

induced thrombocytopenia is far more frequent in ECMO compared with CPB 205. These 

differences are a result of the more activated and dysfunctional inflammatory and coagulant 

conditions prevailing in ECMO patients. Neutrophils and platelets both have key roles in 

inflammation and coagulation. Of increasing interest is the role of NETs and their role in 

sepsis, ARDS and in COVID-19 leading to increased thrombosis 85, 90, 102, 220. Other 

mechanisms in the pathophysiology of COVID-19 related thrombosis that necessitate further 

investigation include increased platelet numbers and activation, and fibrinolytic shutdown 202.  
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Moreover, the aetiology of severe ARDS is heterogenous and perhaps the same 

conventional principles of ECMO management cannot be applied to all patients. These 

putative drivers of ECMO failure vary considerable between patients and over time with 

COVID-19 being one example of a thrombogenic cohort demonstrating differences in 

thrombosis. We have demonstrated that ECMO thrombosis particularly in the context of 

COVID-19 disease is a significant problem which impacts on patient outcomes. A more 

comprehensive understanding of the basic processes involved is required.  Being able to 

accurately predict future circuit change by finding novel biomarkers, and/or therapies, may 

help in early initiation of preventative therapies, or development of new equipment. 
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Chapter 4: Immune and platelet responses in ECMO 

patients 

Abstract 

An emerging area of interest in immunothrombosis is the production of NETS. Neutrophils 

and NETs play key roles in the pathophysiology of ARDS and are found in patients on other 

extracorporeal circuits such as cardiopulmonary bypass and haemodialysis, but there is little 

data into the role of NETs in ECMO patients.  

 

In this chapter, I examined soluble markers of inflammation, neutrophil activation, NETosis, 

and platelet activation in patient plasma samples using ELISA and fluorometric assays. This 

was a single centre retrospective cohort study in a tertiary ECMO centre. There were high 

levels of neutrophil activation as measured by release of neutrophil cytoplasmic proteins 

neutrophil elastase (NE) and myeloperoxidase (MPO) in patients with SARF on ECMO. After 

ECMO initiation there were several changes: firstly, there was increased NETosis as 

measured by Citrullinated Histone H3 (CitH3) and nucleosomes (NuQH3.1); secondly, there 

was a reduction in inflammatory mediators such as vascular endothelial growth factor, 

angiopoietin-2, metalloproteinase-9, and tumour necrosis factor alpha, and also NE; and 

thirdly there was reduction in platelet activation markers platelet factor 4 and P-selectin as 

well as reduced platelet aggregation.  

 

In summary, patients with SARF had high levels of neutrophil activation and NETosis. The 

initiation of ECMO in these patients, led to further increased NETosis despite reduction in 

inflammatory cytokines. It could be speculated that ultra-lung protective ventilation, which is 

usually initiated after transition to ECMO support, leads to the reduction of inflammatory 

cytokines from the alveolar epithelium and endothelium and also reduction of some 

neutrophil activation such as reduced NE. However, the increase in NETosis may reflect a 

different mode of neutrophil activation, for example as a result of shear stress from ECMO. I 

propose that the shear from the ECMO circuit leads to increased activation of platelets, and 

neutrophils. The increased NETosis may be due to increased neutrophil-platelet interactions 

which warrants further investigation. In addition, the increased NETosis may be a target for 

therapeutic intervention in patients on ECMO who have increased thrombosis or membrane 

lung dysfunction, for example, with histone scavengers such as Clusterin.  
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4.1 Introduction 

4.1.1 Neutrophil activation, degranulation and NETosis 

Neutrophils are among of the first cells to arrive at sites of infection and inflammation and 

have key roles in the host response to infection. Neutrophils are activated by ligands 

(antibodies, pathogens, cytokines, activated platelets etc.) binding to neutrophil receptors 

(TLR4, PSGL-1, HMGB1 and Fc-γ receptors) 47 leading to an influx of calcium into the cells 

activating NADPH oxidase and generation of ROS 48.  

 

Generation of ROS is essential to neutrophil degranulation and release of bactericidal 

enzymes such as MPO and NE from the azurophilic granules. Both MPO and NE are 

required for NET formation. And they have been shown to regulate the formation of NETs by 

disrupting the charge of intracellular chromatin, and degrade specific histones 52. ROS 

production also triggers activation of the calcium dependent enzyme PAD4 which leads to 

citrullination of histones, and subsequently NETosis (See Section 1.4.4). Histone 

citrullination by PAD4 is essential for NET production and CitH3 is seen as an early NET-

specific biomarker 59 with many studies using this as an early biomarker for NETosis 60, 62. 

The unravelling of chromatin material exposes intracellular DNA and nucleosomes hence 

nucleosomes are used as a surrogate marker for NETosis 64. 

 

4.1.2 Neutrophil activation in ARDS 

In ARDS, the lung injury is due to a combination of alveolar epithelial and capillary 

endothelial damage which leads to release of cytokines and chemokines, causing capillary 

leak, interstitial and alveolar oedema, and hypoxia (See section 1.1.4). The cytokines also 

recruit and activate neutrophils and macrophages into the alveolar space 7. The activated 

neutrophils release ROS, granular enzymes and NETs to defend against the invading 

pathogens and interact with the epithelium causing further cytokine release 18, 19. 

NETosis markers are found in bronchoalveolar lavage fluid (BALF) 85, 89 and plasma of 

patients with pneumonia and ARDS are found to correlate with disease severity and 

mortality 64, 87, 88. NETs were increased in patients with COVID-19 related ARDS 90-92 and 

many hypothesised that NETs were involved in the immunothrombosis of COVID-19.  
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4.1.3 NETosis in extracorporeal circuits 

Whilst NETs have been shown to be increased in patients with ARDS and COVID 92, 220-222, 

there is limited evidence regarding NETs in ECMO or other extracorporeal circuits. There are 

some reports of increased neutrophil activation, NET formation or presence of NET 

components after initiation of CPB 105-107 and haemodialysis 108, 110, 223 and is associated with 

increased risk of thrombosis. Some studies have found that NETs and NET components 

such as nucleosomes, MPO or cfDNA were associated with higher rate of haemodialysis 

vascular access thrombosis of both arterio-venous fistulas and grafts 109 and central venous 

catheters 224. NETs and their components can interact with coagulation cascade, platelet 

activation and pathways that modulate thrombin formation (Section 1.5.3 and Figure 1.9). 

Both CPB and haemodialysis exposes blood to an extracorporeal circuit for a short period of 

time (only a few hours), whereas duration of ECMO is much longer: for days, often weeks 

and in very rare cases for months; and often in patients with established severe neutrophil 

activation. Therefore, the potential for NET production is higher, and the effect of NETs on 

inflammation and thrombosis within the patient and the ECMO circuit are much greater. 

Indeed, it has been found that levels of cfDNA are increased with longer CPB times 

(>100minutes) compared to shorter runs 106. 

 

There are only a limited number of small studies investigating NETs in ECMO and the 

reports in the literature are conflicting. Haus et al. found ECMO patients have higher rates of 

NETs and NET precursors compared to healthy volunteers 225. Another study examined NET 

markers in 12 COVID-19 ECMO patients using ELISA but did not show any difference in 

NET markers (cfDNA, MPO-DNA complexes) or inflammation (as measured by IL-8) before 

or after ECMO initiation 226.  

 

NETS are an emerging area of interest in many fields but knowledge regarding NETs in 

ECMO is lacking. Given that NETs are a prominent feature of ARDS and are found in 

thrombi from many vascular thrombotic conditions, it stands to reason that NETs may play a 

role in accelerated immunothrombosis in patients supported on ECMO. 

 

4.1.4 Platelet activation in ECMO 

Platelets are primarily known for their role in haemostasis and coagulation and are also 

involved in the host immune response. Platelet activation causes the release of many pro- 

and anti-inflammatory mediators that can modulate the immune system. For example, P-
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selectin is found on endothelial cells and platelets and help recruit neutrophils to sites of 

injury by facilitate their “rolling” across the endothelium (Figure 1.1). In addition, platelets 

contain several proteins/chemokines (such as PF4/CXCL4, CXCL5 and coagulation factors), 

stored in the alpha granules which are released on activation. PF4 may have bactericidal 

properties and in general many of the platelet mediated immune effects are proinflammatory 

227. 

 

The development of thrombocytopenia during ECMO is widely reported and is also 

demonstrated in the data presented in chapter 3. Patients on ECMO also have reduced 

platelet function as measured by platelet aggregometry and thromboelastography 124, 145. 

Other markers of platelet function include surface expression of proteins and receptors such 

as fibrinogen, GPIba and GPVI receptors and P-selectin which is decreased over the course 

of the ECMO run due to shear-induced shedding of surface receptors 149, 228.  

 

Upon activation, platelets degranulate and release granule proteins such as P-selectin and 

PF4. P-selectin is found in Weibel-Palade bodies of endothelial cells as well as in platelet α-

granules and is expressed on the surface of activated platelets and endothelium. Platelets 

are the main sources of plasma P-selectin and therefore are representative of platelet 

activity and platelet count 229. P-selectin binds to PSGL-1 on leucocytes, mediating leucocyte 

adhesion, leucocyte rolling and inflammation. These pathways lead to proteolytic shedding 

of P-selectin from platelets releasing soluble P-selectin, a monomer. Binding of P-selectin 

and PSGL-1 appears to occur best when both are dimers 230. Results from murine studies 

suggest monomeric P-selectin does not promote inflammation or promote coagulation 231. 

However, soluble P-selectin is found in platelet extracellular vesicles and is released from 

platelet granules and endothelial cells after activation. Furthermore, P-selectin increases the 

expression of tissue factor on monocytes 232, therefore, soluble P-selectin has been 

proposed as a potential biomarker for sepsis 233, 234 but the interconnecting role of P-selectin 

between inflammation and coagulation is not fully understood.  

 

PF4 is stored in alpha granules during platelet formation and in quiescence. The 

concentration of PF4 within a platelet is around 20ug/109 platelets 235. PF4 is released from 

activated platelets and can increase the plasma levels from 5-25ng/ml at rest to over 

600ng/ml when activated 236. PF4 released from platelets plays a role in leucocyte 

recruitment to sites of injury and thrombus formation 237. Platelets are activated by shear 
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stress caused by the ECMO pump, cannulae and connectors 238. There are reports that 

compared to healthy controls, PF4 levels are increased in patients on ECMO 239 and there 

are increased levels of PF4 antibodies in ECMO patients 240. The PF4-heparin ratio is 

important in the development of heparin induced thrombocytopenia (HIT) and the HIT 

immune complex (PF4-heparin-antibody complex). Since most patients on ECMO are 

anticoagulated with heparin infusions, the incidence of HIT is higher in this patient population 

205, 241. Despite this, there is little in the literature regarding PF4 and CD62P levels in ECMO 

patients.  

 

Platelet and neutrophil interactions are increased in inflammatory states and can increase 

activation of both cell types. Regarding platelet activation and NETosis, mouse models show 

P-selectin is required for platelet induced NETosis and increased P-selectin increases 

neutrophil activation and NETosis 242. Furthermore, the HIT immune complex has a high 

affinity for cfDNA, a key component of NETs, and levels were associated with increased risk 

of vascular access failure in HD patients 243. Perdomo et al also report that neutrophil 

activation and NETosis are the major drivers for thrombosis in HIT 244 which may suggest a 

role for PF4 in neutrophil activation or modulation.  

 

Platelet dysfunction is commonly associated with ECMO use due to the constant exposure 

to a foreign surface and contact activation, high mechanical shear stress from the ECMO 

pump, endothelial damage, and exposure to continuous heparin infusions. There are only a 

limited number of published studies investigating platelet function and soluble platelet 

activation markers in patients during ECMO. 

 

4.2 Aims and hypothesis 

This chapter aimed to investigate whether there is increased neutrophil activation, NETosis 

and platelet activation in patients who are managed on VV ECMO for severe ARDS.  

I hypothesise: 

1)  Exposure of blood to the extracorporeal circuit promotes inflammatory activation 

leading to: 

a. increased neutrophil activation and NETosis (both soluble NET markers and 

cell-associated NETs) 

b. increased levels of circulating inflammatory cytokines 
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2) ECMO promotes platelet activation and results in increased plasma levels of the 

platelet activation markers PF4 and CD62P 

3) ECMO affects platelet function which can be measured using clinical platelet function 

assays 

In addition, by comparing the levels of neutrophil activation markers and NETs in an 

immunothrombotic condition such as COVID-19, I hoped to see if there were any biological 

markers of increased immunothrombosis.  

 

4.3 Methods  

4.3.1 Study design and participants 

Plasma samples were collected from patients enrolled into the DeVENT and HITEC studies 

(Section 2.2.2 and 2.2.3). Both studies enrolled adult (age >18years) patients who were 

admitted to the Royal Brompton Hospital through a specialist SARF and ECMO service. 

DeVENT recruitment was open during the COVID-19 pandemic from March 2020 – April 

2021 and the majority of patients enrolled had COVID-19. HITEC recruitment was open from 

June 2022 – May 2024 and most patients did not have COVID-19.  

Sample collection schedule is described in sections 2.2.2 and 2.2.3. In brief, blood samples 

were collected before ECMO initiation, and shortly after enrolment to the study. Samples 

were collected at regular time points according to the study protocols. All samples were 

taken from an already indwelling arterial line or central venous catheter.  DeVENT sample 

collection was every 3-5 days in the first 2 weeks and weekly thereafter until the patient was 

liberated from ventilation or were transferred out of our institution. HITEC sample collection 

was every 5-7 days whilst on ECMO, as well as before and after circuit change (if required) 

and before and after ECMO decannulation. If clinical experience allowed, for some HITEC 

time points, samples were collected pre-oxygenator and post-oxygenator rather than from an 

indwelling line, to investigate if there were any differences pre- and post-membrane.  

 

4.3.2 Data collection and definitions 

Demographic, clinical, laboratory, ECMO mechanical data were extracted from electronic 

medical records (Intellispace Critical Care and Anaesthetics Information Systems; Phillips, 

Netherlands). Clinical data were reviewed and collated by investigating clinicians. 

Start of ECMO is defined as cannulation; end of ECMO is defined as decannulation (DC) or 

death (if the patient died whilst on ECMO). 
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All data was organised into 24-hour periods for analysis and averaged over the 24-hour 

period. 24-hour periods relating to ECMO duration were calculated from ECMO cannulation.  

 

4.3.3 Sample collection 

Blood sample processing from patients in the DeVENT and HITEC studies are described in 

Section 2.2.5. In short, SST tubes were left to stand for 30 minutes at room temperature 

before centrifugation. SST, EDTA, and heparin tubes were then centrifuged at 2000 x g for 

10minutes, 4°C to obtain serum and plasma respectively. The samples were aliquoted into 

Eppendorfs and stored at -80°C until assays were run.  

 

4.3.4 ELISA 

EDTA plasma from adult patients and HV were analysed by ELISA for neutrophil activation 

and NETosis markers: CitH3 (Clone 11D3, Cayman), MPO (Invitrogen), NE (Invitrogen), 

nucleosomes (NuQ-H3.1, Volition), and fluorometric assay for cfDNA (Quant-iT PicoGreen 

dsDNA, Invitrogen). EDTA plasma was used for analysis of the following inflammation 

markers: IL-1b, IL-6, IL-8, IL-10, MCP-1, MMP9, TNFα, VEGF and Ang2 (all Duoset, 

BioTechne). Serum from adult patients and HV were analysed by ELISA for platelet 

activation markers: PF4 and CD62P (both Duoset, BioTechne). There are missing values for 

some samples that were not within the detection range of the assay. Markers were 

quantified pre-ECMO, and 24-36 hours post-ECMO initiation for ECMO patients (D0 or D1), 

before and after decannulation (pre-DC and post-DC) and at study enrolment for HV.  

 

4.3.5 Flow cytometry for cell-associated NETs 

EDTA anticoagulated blood was stained with antibody cocktail as described in Section 2.4.4 

and table 2.13. In brief, neutrophils were identified as CD66b+, SSchigh events. Neutrophils 

that were double positive for Sytox Green and MPO were labelled MPO-DNA NETs, and 

neutrophils that were double positive for Sytox Green and Histone H3 were labelled HisH3-

DNA NETs (Figure 2.10). Spectroflow and FlowJo were used for flow cytometry analysis.  

 

4.3.6 Clinical platelet function and viscoelastic assays 

Platelet aggregation in patient samples was investigated by whole blood impedance 

aggregometry using the Multiplate Analyzer (Roche, Switzerland) (Section 2.5.3). In short, 

hirudin whole blood was diluted 1:1 with preheated (37◦C) isotonic saline followed by 3 

minutes incubation with platelet agonists at 37°C. The agonists tested were ADP 6.5μM, 

TRAP-6 32μM, and AA 0.5mM (ASPI test) (all Roche, Switzerland). 
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The viscoelastic assay used was the TEG6 Thromboelastogram (Haemonetics, USA) 

(Section 2.5.4). Citrated blood (1ml) was placed into a TEG 6 cartridge for analysis. 

 

4.3.7 Statistical Analysis 

Normality testing was carried out with Kolmogorov-Smirnov tests. Descriptive statistics were 

used to summarise the data. Results are presented as mean and standard deviations, or 

medians and interquartile range, as appropriate. Categorical values were summarised as 

counts and percentages. Differences between groups were compared with the Mann-

Whitney, t-test, Kolmogorov-Smirnov, Kruskal-Wallis or Chi-squared tests as appropriate.  

Trends in variables over time and between groups were analysed using two-way ANOVA or 

mixed effects analysis with Geisser-Greenhouse correction, and Dunn’s multiple 

comparisons test.  Paired comparisons were analysed using paired t-test or Wilcoxon 

matched pairs analysis as appropriate. All statistical tests were two-sided and P<0.05 was 

considered statistically significant. Analyses were performed using Prism GraphPad Version 

9.5.1 (733) Software.  

 

4.4 Results 

4.4.1 Patient demographics and baseline characteristic of patients with ECMO 

initiation comparisons 

The DeVENT study recruited a total of 55 patients from the Royal Brompton Hospital site. 

The HITEC study remains open for recruitment and at the time of writing has successfully 

recruited 69 patients to the study (Figure 4.1).  
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Figure 4.1 Consort diagram showing HITEC study recruitment to date. 

 

Daily clinical data for the DeVENT and HITEC studies was electronically extracted from the 

electronical patient record system and pseudoanonymised for analysis.  

For the purposes of this paper only HITEC patients up to and including RBH043 will be 

discussed. All were on ECMO (2 on VA ECMO, 39 on VV ECMO and 1 on VAV ECMO) 

(Table 4.1).  

  

Eligible:

- 102 ECMO patients 

88 patients 
approached

Enrolled 69 patients (78%)

- 46 pre-ECMO samples

Exclusions :

- 13 patients died/predicted to die within 24-48 hours

- 18 NOK declined consent

- 1 patient under MHA Section and no NOK
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    DeVENT 
(n=55) 

HITEC 
(n=43) 

D
e

m
o

g
ra

p
h

ic
s

 (
n

, 
%

) 

Age 50 (37-58) 46 (40-51) 

Male 39 (71%) 28 (65%) 

SOFA Score (median, IQR) 10 (8-11) 7 (6-11) 

ECMO 43 (78%) 43 (100%) 

- VV ECMO 55 (100%) 40 (93%) 

- VA ECMO 0 2 (4.6% 

- VAV ECMO 0 1 (2.3%) 

S
A

R
F

 A
e
ti

o
lo

g
y
 

COVID-19 44 (80%) 2 (5%) 

Bacterial Pneumonia (Strep A, 
Staph) 

3 (5.5%) 9 (21%) 

Viral Pneumonia (Influenza, 
Adenovirus) 

0 6 (14%) 

Opportunistic infection   
(PJP, TB, other fungal) 

0 4 (9%) 

Aspiration pneumonia 1 (1.8%) 5 (12%) 

Pulmonary embolus 1 (1.8%) 3 (7%) 

Obstructive Airways (Asthma, 
COPD) 

0 7 (16%) 

Other Respiratory  
(e.g CF, Lung Cancer) 

2 (3.6%) 4 (9%) 

Non-Respiratory (e.g. 
pancreatitis, trauma) 

4 (7.3%) 3 (7%) 

 

Table 4.1 Demographics of patients from the DeVENT and HITEC studies included in this 

thesis.  

Novel Coronavirus disease 2019, COVID-19; chronic obstructive pulmonary disease, COPD; cystic 

fibrosis, CF; Extracorporeal membrane oxygenation, ECMO; pneumocystis jirovici pneumonia, PJP; 

severe acute respiratory failure, SARF; sequential organ failure assessment, SOFA; tuberculosis, TB; 

veno-arterial, VA; veno-arterial-venous, VAV; veno-venous, VV. 

 

Samples from a total 52 ECMO patients and 8 HV were included for analysis. Due to the 

nature of sampling from a clinical cohort, not all patients had samples taken at both ECMO 

initiation and ECMO decannulation. Of the 52 ECMO patients, 44 had paired pre- and post-

ECMO initiation samples, and 20 had paired pre- and post-ECMO decannulation samples.  

The baseline demographics and admission bloods for HV, and ECMO patients who had pre- 

and post-ECMO initiation samples are presented in Table 4.2. Of the 44 patients, 15 (34.1%) 

had COVID-19 and 29 (65.9%) were non-COVID-19. When comparing baseline parameters 

between COVID-19 cohorts, there was no difference in age or gender. The non-COVID-19 

patients had a higher SOFA score on admission (8.2 vs 6.1; P=0.0088). The COVID-19 

patients had higher platelet count and lower CRP than non-COVID-19 patients in keeping 

with results presented in chapter 3. 
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Comparisons between bloods before and after ECMO initiation were not able to be made as 

the data for pre-ECMO bloods were not complete because of data missing from other 

hospitals, or data on the referral forms were out of date.  

     HV 
(n=8) 

All ECMO 
Patients 
(n=44) 

COVID-19 
(n=15) 

Non-COVID-19 
(n=29) 

P-Value 

D
e

m
o

g
ra

p
h

ic
s

 

(n
, 

%
) 

Age 
27  

(24 – 40) 
44.5  

(32.5 – 51) 
45  

(34 – 52) 
43  

(26 – 49.5) 
0.1690 

Male 3 (37.5%) 28 (63.6%) 10 (66.7%) 18 (62.1%) 0.7638 

SOFA Score - 7.5 ± 2.8 6.1 ± 2.2 8.2 ± 2.8 0.0088 
 

A
R

D
S

 A
e

ti
o

lo
g

y
 

COVID-19 15 (34.1%) 

Bacterial Pneumonia 
(Strep A, Staph, PCP) 

8 (18.2%) 

Viral Pneumonia 
(Influenza, Adenovirus) 

5 (11.4%) 

Aspiration pneumonia 5 (11.4%) 

Pulmonary embolus 3 (6.8%) 

Other Respiratory (e.g 
Asthma, CF, Lung Ca) 

5 (11.4%) 

Non-Respiratory 3 (6.8%) 
 

B
a
s

e
li

n
e
 b

lo
o

d
s

 (
m

e
d

ia
n

, 
IQ

R
) 

Hb (g/dL) - 
97  

(89 - 106) 
103  

(89 - 113) 
94  

(87.5 - 104) 
0.2251 

WCC (x 
109/L) 

- 
11.7  

(7.7 - 20.8) 
9.5  

(7.2 – 12.2) 
12.3  

(7.9 – 23.7) 
0.0987 

Neutrophils 
(x 109/L) 

- 
10.0  

(6.7 - 18.0) 
8.2  

(6.5 – 10.3) 
10.6  

(6.8 – 21.4) 
0.1272 

Platelets (x 
109/L) 

- 
193  

(100 - 262) 
228  

(195 - 300) 
121  

(84 - 243) 
0.0098 

INR - 
1.1  

(1.0 - 1.3) 
1.0  

(1.0 - 1.1) 
1.2  

(1.0 - 1.3) 
0.1282 

APTT (s) - 
41.7  

(32.4 - 59.2) 
41.7  

(32.4 – 59.2) 
42.5  

(32.5 – 60.2) 
0.9849 

Fibrinogen 
(g/dL) 

- 
4.6  

(3.4 - 6.5) 
4.2  

(2.6 – 5.6) 
4.9  

(3.5 - 6.8) 
0.1322 

D-dimer 
(g/dL) 

- 
2386  

(806 – 4145) 
963  

(656 – 2906) 
2369  

(804 – 4274) 
0.1193 

CRP (mg/L) - 
168  

(110 - 281) 
124  

(32 - 184) 
180  

(140 - 347) 
0.0081 

PCT (µg/l) - 0.8 (0.3 - 5.2) 
0.4  

(0.3 – 1.3) 
1.7  

(0.6 – 17.7) 
0.1690 

Table 4.2 Demographics and admission bloods of healthy volunteers and ECMO patients 

included for pre- and post- ECMO initiation comparisons. 

Samples from 8 healthy volunteers and 44 ECMO patients were analysed. Comparisons were made 

between the 15 COVID-19 and 29 non-COVID-19 patients.  Normality testing carried out using 

Kolmogorov-Smirnov test. Chi-squared test used to compare categorical data between groups. T-test 

and Mann-Whitney test used to compare age and bloods between groups. All statistical tests were 2-

sided and P<0.05 was considered statistically significant. 

Activated partial thromboplastin time, APTT; cystic fibrosis, CF; C-reactive protein, CRP; 

haemoglobin, Hb; extracorporeal membrane oxygenation, ECMO; international normalised ratio; INR, 

Pneumocystis jirovicii pneumonia, PJP; white cell count, WCC. 
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4.4.2 Markers of neutrophil activation and NETosis are increased in SARF and 

undergo a further increase after VV ECMO initiation. 

Comparison of markers at baseline 

Comparisons of NETs and neutrophil activation markers were made between HV, and 

patient admission samples (pre-ECMO). All samples were within the detection ranges of the 

assays used. Levels of all markers were low in HV. Levels of neutrophil activation as 

measured by cfDNA (389.2 [272.9 – 469.9] vs 211.1 [178.5 – 233.5]; P=0.0231), MPO 

(157.9 [103.0 – 343.1] vs 12.1 [9.2 – 14.8]; P<0.0001), and NE (147.9 [83.2 – 285.8] vs 16.9 

[15 – 22.9]; P<0.0001) were elevated in patients at baseline compared to HV. However, 

CitH3 was not significantly elevated in patient samples (p=0.0705) (Table 4.3 and Figure 

4.2). 

 

Comparison of markers across ECMO initiation 

Paired analysis of samples before and 24-36 hours after ECMO initiation showed CitH3, a 

specific marker of NETosis increased significantly after ECMO initiation (2.50 [1.16 – 5.45] 

vs 6.41 [2.95 – 13.64] ng/ml; P <0.0001). Levels of nucleosomes H3.1 (NuQ H3.1), a 

surrogate marker for NETs were measured in 18 patients, and levels also increased after 

ECMO initiation (1498 [257 – 4128] vs 4016 [757 – 7836] ng/ml; P = 0.0159). Interestingly, 

NE decreased after ECMO initiation (147.9 [83.2 – 285.8] vs 129.6 [92.3 – 213.1] ng/ml; 

P<0.0067) (Table 4.3 and Figure 4.2). There were no differences in the other neutrophil 

activation markers (MPO, and cfDNA) across ECMO initiation. 
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Healthy 
volunteers 

(n=8) 

ECMO Initiation 
(n=41-43) 

ECMO Decannulation 
(n=20) 

Pre-ECMO 
initiation 

Post-ECMO 
initiation 

Pre-
decannulation 

Post- 
decannulation 

NET 
markers 
(ng/ml) 
(Median, 
IQR) 

Cit H3 
0.83 

(0.41 – 2.83) 
2.50 

(1.16 – 5.45) 
6.41  #### 

(2.95 – 13.64) 
3.09 § 

(1.36 – 4.89) 
1.46 ### 

(0.72 – 2.71) 

cfDNA 
211.1 

(178.5 – 233.5) 
389.2 * 

(272.9 – 469.9) 
356.5 

(242.6 – 507.2) 
341.6 

(255.5 – 412.4) 
293.1 

(250.6 – 387.2) 

MPO 
12.1 

(9.2 – 14.8) 
157.9 **** 

(103.0 – 343.1) 
168.9 

(90.2 – 283.6) 
37.1 §§§§ 

(28.9 – 63.5) 
45.8 

(38.5 – 58.5) 

NE 
16.9 

(15.0 – 22.9) 
147.9 **** † 

(83.2 – 285.8) 
129.6 ## 

(92.3 – 213.1) 
69.2 §§ 

(42.0 – 92.1) 
40.1 # 

(33.1 – 60.1) 

NuQ H3.1 
(n=18) 

- 
1498 

(257 – 4128) 
4016 # 

(757 – 7836) 
- - 

Table 4.3 Markers of neutrophil activation and NETosis in healthy volunteers (n=8) and ECMO patients (n=44 across 
ECMO initiation, n=20 across ECMO decannulation).  
The number of samples for matched pairs comparisons are: Cit H3 (n=42), cfDNA (n=41), MPO (n=43), and NE (n=41). 
Note for NuQ H 3.1 comparisons n=18; and for pre-decannulation comparisons n=20. 
* denotes differences in baseline samples compared to HV 
§ denotes differences between post-ECMO initiation and pre-decannulation (Kruskal-Wallis test with Dunn’s multiple 
comparisons).  
# denotes differences between pre-ECMO and post-ECMO initiation, and pre-decannulation and post-decannulation 
(Wilcoxon matched-pairs test)  
* P <0.05, ** P<0.01 *** P< 0.001, **** P<0.0001. 
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Figure 4.2 Markers of neutrophil activation and NETosis in healthy volunteers, and ECMO 

patients.  

Plasma Citrullinated Histone H3 (CitH3), cfDNA, myeloperoxidase (MPO), neutrophil elastase (NE) 

and nucleosome NuQ H3.1 (NuQ H3.1) levels in healthy volunteers (HV; n=8), and ECMO patients 

(n=41-43) measured before ECMO initiation and 24-36 hours after ECMO initiation. Note for NuQ 

H 3.1 comparisons: n=18. 

* denotes differences between groups (Kruskal-Wallis test with Dunn’s multiple comparisons); # 

denotes differences between pre-ECMO and post-ECMO initiation (Wilcoxon matched-pairs test). 

P<0.05 was considered statistically significant. * P <0.05, ** P<0.01 *** P< 0.001, **** P<0.0001. 
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4.4.3 Circulating markers of inflammation decrease after ECMO initiation  

To investigate whether the increased NETosis was related to increased inflammation, 

plasma markers of inflammation were compared in matched pre-and post-ECMO samples. 

32 patients were included in this analysis. Of these 20 (71%) were male, 17 (60%) were 

Caucasian, mean age 43.0±12.1 years, and 30 (94%) had non-COVID-19 aetiology. Due to 

some samples being out of detection range and increased dilution factors required in some 

samples, outliers were excluded using the ROUT method.  

 

There was a decrease in the proinflammatory cytokines Ang-2 (1760 [816.9 – 2581] vs 2389 

[1131 – 3951] pg/ml; P=0.0003), MCP-1 (66.9 [45.8 – 200.2] vs 118.3 [31.5 – 300] pg/ml; 

P=0.0497), MMP-9 (322.4 [169.6 – 673.9] vs 995.8 [416.1 – 1670] pg/ml; P<0.0001), sRAGE 

(362.6 [204.5 – 626.3] vs 711.5 [321.9 – 1673] pg/ml; P=0.0172), TNFα (34.2 [14.0 – 57.9] 

vs 46.3 [10.6 – 89.9] pg/ml; P=0.0272) and VEGF (32.9 [5.3 – 62] vs 77.4 [26.7 – 185.6] 

pg/ml; P<0.0001) after initiation of ECMO (Table 4.4 and Figure 4.3). There were no 

differences in other measured analytes IL-1β, IL-6, IL-10 or TGF-β. 
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  Pre-ECMO initiation Post-ECMO initiation P-Value 
In

fl
a
m
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a
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ry
 m

a
rk
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(p
g
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l)

 

M
e
d

ia
n

, 
IQ

R
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Ang-2 (n=31) 2389 (1131 – 3951) 1760 (816.9 – 2581) 0.0003 

IL-1β (n=22) 0.97 (0.23 – 11.7) 0.69 (0.23 – 11.9) 0.0574 

IL-6 (n=26) 174.8 (69.1 – 387.2) 114.6 (34.5 – 420.2) 0.7078 

IL-8 (n=24) 30.0 (5.7 – 191.2) 21.4 (5.7 – 78.7) 0.0448 

IL-10 (n=20) 55.2 (27.1 – 193.1) 47.3 (15.1 – 213.1) 0.3683 

MCP-1 (n=30) 118.3 (31.5 – 300.0) 66.9 (45.8 – 200.2) 0.0497 

MMP-9 (n=23) 995.8 (416.1 – 1670) 322.4 (169.6 – 673.9) <0.0001 

sRAGE (n=22) 711.5 (321.9 – 1673) 362.6 (204.5 – 626.3) 0.0172 

TGFβ (n=27) 961.1 (395.5 – 1465) 1363 (797.8 – 2422) 0.1937 

TNFα (n=26) 46.3 (10.6 – 89.9) 34.2 (14.0 – 57.9) 0.0272 

VEGF (n=23) 59.8 (21.2 – 110.8) 23.7 (5.0 – 49.0) 0.0005 
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Table 4.4 and Figure 4.3 Inflammatory markers before and after ECMO initiation.  

32 paired samples had inflammatory analytes measured before and after ECMO initiation. Figure 

4.2 shows significant results. Outliers were excluded using the ROUT method.  Wilcoxon 

matched-pairs test was used to compare between pre- and post-ECMO initiation. P<0.05 was 

considered statistically significant. * P <0.05, ** P<0.01 *** P< 0.001, **** P<0.0001 

Angiopoietin-2, Ang-2; Interleukin 6, IL6; Interleukin 8, IL8; monocyte chemoattractant protein-1, 

MCP-1; metalloproteinase 9, MMP9; soluble receptor for advanced glycation end products, 

sRAGE; tumour necrosis factor alpha, TNFα; vascular endothelial growth factor, VEGF. 

. 
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4.4.4 Markers of neutrophil activation and NETosis vary over the ECMO run 

Trends across the ECMO run up to week 3 (days 20-22) were compared using mixed-effects 

analysis. Only patients with values for 3 or more timepoints were included in analysis. 

Missing values were not interpolated. After exclusions, there were 50 ECMO patients 

included for analysis. There was significant variance in MPO (P<0.0001), NE (P<0.0001), 

and CitH3 (P=0.0002) levels across the ECMO run but no change in cfDNA (P=0.2772) (see 

Figure 4.4).   

Levels of CitH3 continue to increase after ECMO initiation with a trend to peak at days 3-5 

(P=0.0600). Thereafter the CitH3 levels decrease for the remainder of the ECMO run. In 

contrast, levels of MPO and NE decrease after ECMO initiation and there was no change in 

cfDNA levels. 
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Figure 4.4 Trends in neutrophil activation and NETosis markers over the ECMO run  

50 patients were included for analysis. Data is presented as median, IQR.  Kruskall-Wallis test with 

Dunn’s multiple comparisons test was used to analyse trends over time. P<0.05 was considered 

statistically significant. Cell-free DNA, cfDNA; citrullinated histone H3, CitH3, myeloperoxidase, MPO, 

neutrophil elastase, NE. 



157 
 

4.4.5 Markers of neutrophil activation and NETosis decreased after ECMO 

decannulation. 

There were 20 patients who had paired samples taken on the day of decannulation (pre-DC) 

and the day after decannulation (post-DC). None of these patients had COVID-19. Other 

demographics and bloods before and after decannulation are presented in Table 4.5.  

    ECMO patients with decannulation samples 
(n=20) 

D
e

m
o

g
ra

p
h

ic
s

 (
n

, 
%

) 

Age (Median, IQR) 47.5 (38.5 – 53) 

Male 13 (65%) 

Bacterial Pneumonia 
(Strep A, Staph, PCP) 

3 (15) 

Viral Pneumonia 
(Influenza, Adenovirus) 

5 (25) 

Aspiration pneumonia 2 (10) 

Asthma/Bronchospasm 6 (30) 

Other Respiratory (e.g 
Asthma, CF, Lung Ca) 

2 (10) 

Non-Respiratory 2 (10) 

Duration of ECMO 
(days) (Median, IQR) 

9.0 (5.2 – 14.2) 

 

  
Baseline  

(ECMO initiation) 
Pre-decannulation 

Post-
decannulation 

DC vs DC+1 
P-value 

B
a

s
e

li
n

e
 b

lo
o

d
s

 (
m

e
d

ia
n

, 
IQ

R
) 

Hb (g/dL) 98 (91 – 105) 81.5 (79.3 – 92.3) *** 88.5 (78.3 - 101) # 0.0323 

WCC (x 109/L) 11.7 (7.9 – 15.2) 11.3 (7.8 -15.5) 11.8 (7.4 – 9.1) 0.1528 

Neutrophils (x 109/L) 9.9 (6.4 – 12.8) 8.0 (5.4 – 11.8) 10.0 (5.2 – 13.1) 0.2384 

Monocytes (x 109/L) 0.5 (0.2 – 0.8) 1.1 (0.6 – 1.2) * 1.1 (0.7 – 1.4) 0.1852 

Platelets (x 109/L) 177 (89 – 253) 130 (93 - 213) 139 (109 - 249) 0.0854 

INR 1.0 (0.9 – 1.2) 1.0 (0.9 - 1.1) 1.0 (0.9 - 1.1) 0.3635 

APTT (s) 36 (29.9 – 56.2) 37.8 (33.2 – 48.2) 32.7 (29.7 – 35.9) 0.0598 

Fibrinogen (g/dL) 4.5 (3.9 – 6.3) 4.5 (1.9 - 4.7) 4.2 (3.0 – 5.4) 0.3825 

D-dimer (g/dL) 2146 (731 – 3710) 3476 (1577 – 9681) * - N/A 

CRP (mg/L) 177 (134 – 257) 51 (28 – 106) ** 53 (19 – 155) 0.7602 

 

Table 4.5 Demographics and bloods of ECMO patients (n=20) with paired pre- and post-

decannulation samples.  

Normality testing carried out using Kolmogorov-Smirnov test. Differences between groups compared 

using paired Wilcoxon tests. All statistical tests were 2-sided and P<0.05 was considered statistically 

significant. * denotes comparisons between ECMO initiation and day of decannulation. # denotes 

comparisons between the day of decannulation (DC) and the day after decannulation (DC+1).  
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Compared to admission, by ECMO decannulation, patients had a lower haemoglobin (81.5 

[79.3 – 92.3] vs 98 [91 – 105] g/dL; P=0.0001), and CRP (51 [28 – 106] vs 177 [134 – 257] 

mg/L; P=0.0039), higher monocyte count (1.1 [0.6 – 1.2] vs 0.5 [0.2 – 0.8] x 109/L; 

P=0.0328) and D-dimer (3476 [1577 – 9681] vs 2146 [731 – 3710] g/dL; P=0.0327).  There 

were no differences in clinically measured ECMO health parameters before and after 

decannulation from ECMO. D-dimer was not routinely measured in patients after ECMO 

decannulation.   

 

Levels of CitH3 (3.09 vs 6.41ng/ml; P=0.0319), MPO (37.1 vs 168.9ng/ml; P <0.0001) and 

NE (69.2 vs 129.6 ng/ml; P=0.0035) were significantly lower by ECMO decannulation 

compared to ECMO initiation (Table 4.3). Matched pairs analysis of samples before and 

after ECMO decannulation demonstrated further reduction in levels of Cit H3 (3.09 [1.36 – 

4.89] vs 1.46 [0.72 – 2.71] ng/ml; P< 0.001) and NE (69.2 [42.0 – 92.1] vs 40.1 [33.1 – 60.1] 

ng/ml; P=0.0181). There were no significant changes in cfDNA or MPO (Figure 4.5). 

Nucleosome levels were not measured for these samples.  
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Figure 4.5 Markers of neutrophil activation and NETosis after ECMO decannulation.  

Plasma Citrullinated Histone H3 (CitH3), cfDNA, myeloperoxidase (MPO) and neutrophil elastase 

(NE) levels in ECMO patients (n=20) measured before ECMO decannulation (Pre-DC) and 

24hours after ECMO decannulation (Post-DC). Wilcoxon matched-pairs test was used to compare 

between groups. P<0.05 was considered statistically significant. * P <0.05, *** P< 0.001. 
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4.4.6 Sub-cohort analysis of neutrophil activation markers between COVID-19 and 

non-COVID-19 aetiologies of SARF 

Comparisons across ECMO initiation were made between COVID-19 and non-COVID-19 

patients. There were 29 non-COVID-19 patients and 12 COVID-19 patients who had 

matched pre- and post-ECMO initiation samples. The increase in CitH3 after ECMO initiation 

was seen in both COVID-19 and non-COVID-19 patients, but the decrease in NE was only 

seen in non-COVID-19 patients (Figure 4.6). When comparing markers between COVID-19 

and non-COVID 19, the post-ECMO initiation CitH3 levels were higher in COVID-19 patients 

compared to non-COVID-19 patients. There were no other differences between COVID-19 

and non-COVID-19 patients. 

 

Pre
-E

C
M

O

D
0 

P
ost

-E
C
M

O

Pre
-E

C
M

O

D
0 

P
ost

-E
C
M

O

0

10

20

30

40

50

CitH3

C
it

H
3

 (
n

g
/m

l)

✱✱✱✱

##

Pre
-E

C
M

O

D
0 

P
ost

-E
C
M

O

Pre
-E

C
M

O

D
0 

P
ost

-E
C
M

O

0

200

400

600

800

1000

MPO
M

P
O

 (
n

g
/m

l)

ns ns

Pre
-E

C
M

O

D
0 

P
ost

-E
C
M

O

Pre
-E

C
M

O

D
0 

P
ost

-E
C
M

O

0

500

1000

1500

NE

N
E

 (
n

g
/m

l)

✱ ns

Pre
-E

C
M

O

D
0 

P
ost

-E
C
M

O

Pre
-E

C
M

O

D
0 

P
ost

-E
C
M

O

0

500

1000

1500

2000

cfDNA

d
s

D
N

A
 (

n
g

/m
l)

nsns

Non-COVID

COVID

 

Figure 4.6 Markers of neutrophil activation on ECMO initiation separated by COVID-19 

status.  

Plasma Citrullinated Histone H3 (CitH3), cfDNA, myeloperoxidase (MPO) and neutrophil elastase 

(NE) levels in 29 non-COVID-19 patients and 12 COVID-19 patients measured before and after 

ECMO initiation. Kruskal Wallis with Dunn’s multiple comparisons test (denoted by #) was used to 

compare between COVID-19 groups, and Wilcoxon matched-pairs test (denoted by *) was used to 

compare between pre-and post-ECMO initiation samples.  P<0.05 was considered statistically 

significant.  * P <0.05, ** P<0.01, *** P< 0.001.  
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4.4.7 Sub-cohort analysis of neutrophil activation markers pre- and post- membrane 

oxygenator 

Part of the HITEC sampling protocol included taking blood samples from before and after the 

ECMO oxygenator where clinical experience allowed, to examine if there were differences in 

levels before and after the MO since clots form more readily on the venous (pre-oxygenator) 

side of the MO. A total of 34 pre-oxy and post-oxy samples from 12 ECMO patients were 

taken. Of these, there were 26 matched samples from 11 patients for all neutrophil activation 

assays.  There were no differences in neutrophil activation or NETosis markers across the 

MO (Figure 4.6). 

 

4.4.8 Measuring cell-associated NETs  

Using flow cytometry, cell-associated NETs were measured in whole blood samples from 

patients enrolled onto the HITEC study. The data presented in this section is preliminary 

data. Due to time optimising these protocols (Section 2.4.4), and with the nature of patient 

sampling (out of hours events, and staff availability), there were not enough data to draw 

significant correlations regarding changes over the ECMO run. However, some interesting 

trends can be observed.  

 

After optimising the protocols, there were 5 HV and 76 samples from a total of 30 patients at 

various time points that had cell-associated NETs quantified in whole blood using flow 

cytometry. The samples were grouped into initiation, week 1 (days 6-8), week 2 (days 13-
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Figure 4.7 Markers of neutrophil activation before and after the membrane oxygenator 

Plasma Citrullinated Histone H3 (CitH3), cfDNA, myeloperoxidase (MPO) and neutrophil elastase 

(NE) levels in 26 samples from 11 ECMO patients measured before (pre-oxy) and after (post-oxy) 

the membrane oxygenator. Wilcoxon matched-pairs test was used to compare between groups. 

P<0.05 was considered statistically significant. 
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15), decannulation or post-decannulation. There were no pre-ECMO samples due to the 

requirement for sample processing soon after bloods were taken.  

 

Neutrophils were identified as CD66b positive events and the proportion of neutrophils that 

were double positive for MPO and dsDNA, or histone H3 and dsDNA were labelled as cell-

associated NETs. Matched-pairs analysis between 15 ECMO initiation and week 1 samples, 

and 5 pre- and post-decannulation samples were performed. After a week on ECMO 

compared to at ECMO initiation, there was a reduction in cell-associated NETs as measured 

by MPO-DNA positive neutrophils (6.6 [2.7 – 17.4] vs 3.8 [2.3 – 6.6] %; P=0.0333) and 

histone H3-DNA positive neutrophils (4.8 [1.4 – 10.5] vs 2.1 [0.7 – 4.2] % P=0.0305) (Figure 

4.8). There was corresponding decrease in MPO and Histone H3 expression but not in the 

dsDNA (Sytox Green). There was no change in neutrophil expression of CD66b from ECMO 

initiation to 1 week but there was a reduction in the CD66b MFI by the time ECMO was no 

longer required (pre-DC) compared to ECMO initiation (25,822 [ 20,114 – 30,542] vs 43,251 

[30,826 – 62,485]; P=0.0194). 
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I hypothesised that the levels of cell-associated NETs would be similar to the soluble NETs 

measured using ELISA, therefore the levels of NETosis measured by flow cytometry was 

correlated with the soluble ELISA data for the same samples. There were 84 samples that 

had matched flow cytometry data and ELISA data. The correlation between the flow 

cytometry cellular data and the relevant soluble ELISA components was weak (Figure 4.9). 

MPO-DNA NETs had a weak correlation with soluble MPO (R=0.2776; P=0.0106), but better 

correlation with soluble NE (R=0.4946; P<0.0001). There was corresponding correlation of 

neutrophil MPO expression with soluble MPO (R=0.3744; P=0.0005) and soluble NE 
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Figure 4.8 Neutrophils undergoing NETosis in patient samples.  

Whole blood from patients were stained with antibody cocktail and using flow cytometry, the 

proportion of cell-associated NETs were quantified, as well as neutrophil activation (CD66b) and 

expression of neutrophil MPO, Histone H3, and extracellular DNA (Sytox Green). Samples form 

healthy volunteers (HV; n=5), and ECMO patients (n=15) were analysed after ECMO initiation 

and weekly whilst on ECMO. Samples were also taken before (pre-DC) and after decannulation 

(post-DC). Comparisons between groups analysed using Kruskal-Wallis test with Dunn’s multiple 

comparisons (denoted by #). Comparisons between Initiation and days 6-8, and pre-

decannulation and post-decannulation analysed using Paired t-test and Wilcoxon matched pairs 

test as appropriate (denoted by *). P<0.05 was considered statistically significant. * P <0.05, ** 

P<0.01 ***. 
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(R=0.4251; P<0.0001). NETs as measured by HistoneH3-DNA did not correlate with soluble 

CitH3 (R=-0.1226; P=0.2666) or cfDNA (R=0.02524), and neutrophil-associated dsDNA 

(Sytox Green MFI) correlated weakly with soluble cfDNA (R=0.2577; P=0.0228). 

 

 

4.4.9 Platelet activation markers: PF4 and CD62P decreased after ECMO initiation 

To assess the effect of ECMO on platelet activation, platelet count and serum levels of the 

intracellular granule proteins, PF4 and CD62P, were compared. Samples from 34 ECMO 

patients matched across ECMO initiation and 4 HV were analysed. There were also 15 

matched pre- and post-decannulation samples.  

 

Since PF4 and CD62P are both released from platelets, it is reasonable that levels would be 

related to platelet count. The pre-ECMO blood results were taken when in other hospitals, 

and the information provided on the ECMO referral forms were often not from the day of 
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Figure 4.9 Correlation matrix between cell-associated NETs and soluble NETosis markers 

The proportions of cell-associated NETs (both NPO-DNA and HistoneH3-DNA) were correlated 

with the soluble markers of NETosis using Spearman correlation. There were 84 patient samples 

with matched values. P<0.05 considered statistically significant.  
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ECMO initiation, therefore comparisons of platelet count before and after ECMO initiation 

were not able to be made. To assess whether the PF4 and CD62P levels were related to 

platelet count, samples taken whilst in RBH (n=348) were compared with platelet count. The 

PF4 and CD62P levels correlated with platelet count (PF4 R= 0.5905, P<0.0001 and CD62P 

R=0.3770; P<0.0001) (Figure 4.9). 

 

There was no difference in PF4 levels between HV and patients’ baseline levels but there 

were higher baseline levels of CD62P in patients compared to HV (165.9 [110.6 – 257.3] vs 

61.1 [ 31.5 – 100.7] ng/ml; P=0.0020). There was a decrease in both PF4 (872 [384 – 1617] 

vs 2369 [1705 - 3259] ng/ml; P<0.0001) and CD62P (88.9 [64.9 – 129.8] vs 165.9 [110.6 - 

257.3] ng/ml; P<0.0001) after ECMO initiation, but no change after ECMO decannulation 

(Figure 4.11). The changes across ECMO initiation in PF4 and CD62P were the same when 

split into COVID-19 and non-COVID-19 cohorts.  
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Figure 4.10 Correlation between platelet count and PF4 and CD62P levels whilst on ECMO.  

Platelet count was correlated with 348 PF4 and 347 CD62P samples. Correlation computed using 

Spearman’s correlation test. P<0.05 was considered statistically significant. 

Platelet factor 4, PF4; P-selectin, CD62P. 
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Trends in platelet activation markers across the ECMO run up to week 3 were analysed. 

Only patients with values for 3 or more timepoints were included in analysis. After 

exclusions, there were 50 ECMO patients included for analysis. There was variance in 

platelet count (P=0.0397), PF4 (P=0.0009) and CD62P (P=0.0077) over the ECMO run. 

Specifically, there was a decrease in platelet count from ECMO initiation to 1 week on 

ECMO (199.6 [109.3 – 267.8] vs 124.3 [87.2 – 173]; P=0.0256). There was a decrease in 

PF4 and CD62P levels from ECMO initiation which remained low during the ECMO run 

(Figure 4.12).  
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Figure 4.11 Markers of platelet activation in healthy volunteers and ECMO patients.  

Serum platelet factor 4 (PF4) and P-Selectin (CD62P) levels in healthy volunteers (HV; n=4), and 

ECMO patients (n=34) measured before ECMO initiation and 24-36 hours after ECMO initiation. 

15 ECMO patients had levels measured before and after decannulation. Comparisons between 

groups analysed using Kruskal-Wallis test with Dunn’s multiple comparisons (denoted by *). 

Comparisons between pre-ECMO and post-ECMO initiation, and pre-decannulation and post-

decannulation analysed using Wilcoxon Matched pairs test (denoted by #). P<0.05 was 

considered statistically significant. * P <0.05, ** P<0.01 *** P< 0.001, **** P<0.0001. 

Extracorporeal membrane oxygenation, ECMO; Decannulation, DC; Healthy volunteer, HV; 

Platelet factor 4, PF4; P-selectin, CD62P. 
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4.4.10 Clinical coagulation assays 

To further assess platelet activation whilst on ECMO, platelet function tests using Multiplate 

aggregometry and viscoelastic assays using thromboelastogram and were run on patient 

samples collected from the HITEC study.  

 

Multiplate – platelet aggregometry  

In general, Multiplate tests were only run in patients who had platelet counts >100 x 109/L. In 

some cases, the platelet count was unknown at the time of sample collection (e.g. results not 

back from clinical lab), and the count is <100 x 109/L.  In total 94 samples from 29 patients 

were analysed using the Multiplate analyser. 78 samples were taken when on ECMO and 16 

samples were taken after decannulation from ECMO. There were no pre-ECMO samples as 

patients are initiated on ECMO outside of our hospital. 

 

There was no difference in platelet count between samples taken on ECMO and off ECMO. 

Whilst on ECMO only a small proportion of samples had a response to agonists within the 

normal range (ADP, 28.1%; ASP, 29.5% and TRAP, 20.5%). Most samples taken whilst on 

ECMO had platelet dysfunction, with most samples having a reduced response to ADP 

(64.1%), ASP (44.9%) and TRAP (42.3%). The reduced platelet aggregation decreases after 
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Figure 4.12 Trends in platelet count and platelet activation markers over the ECMO run  

50 patients were included for analysis. Data is presented as median, IQR. Kruskall-Wallis test with 

Dunn’s multiple comparisons test was used to analyse trends over time. P<0.05 was considered 

statistically significant. 

Platelet factor 4, PF4; P-selectin, CD62P. 
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ECMO decannulation, where most samples had a normal or increased response to agonists 

(Figure 4.13 and Table 4.6). These results suggest that whilst on ECMO the ability for 

platelet aggregation in response to simulation with ADP, AA and TRAP is impaired for most 

patients, but this phenomenon is reversed as soon as 24 hours after discontinuation of 

ECMO.  

When samples taken on ECMO were compared to those off ECMO, the median response to 

ADP was lower whilst on ECMO compared to after ECMO decannulation (43 [25 – 70.5] vs 

69 [42 – 113]; P = 0.0167). There were no differences in the ASP and TRAP tests whilst on 

ECMO and off ECMO (Figure 4.13). 

 

  Proportion of results (%) 

 Test (normal AUC) Under In Range Over 

On ECMO 

(n=74) 

ADP (51-113U) 64.1 28.1 7.7 

ASP (71-115U) 44.9 29.5 25.6 

TRAP (87-128U) 42.3 20.5 37.2 

     

Off ECMO 

(n=15) (after 

decannulation) 

ADP (51-113U) 31.2 50 18.8 

ASP (71-115U) 18.8 43.7 37.5 

TRAP (87-128U) 25 25 50 
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Table 4.6 and Figure 4.13 Proportion of platelet aggregation results that were within, under 

or over the normal range in response to three different agonists.  

Platelet aggregation was measured during the ECMO run (n=74) and after decannulation (i.e. off 

ECMO) (Post-DC, n=15). Agonists used to stimulate platelet aggregation: Adenosine diphosphate 

(ADP), Thrombin receptor activating peptide (TRAP), Arachidonic acid (ASPItest). The normal 

limits for ADPtest are 57-113 U, ASPItest 71-115 U, and TRAPtest 87-128 U, and is represented 

by the green section on the graphs. Data displayed as median, IQR.  Mann-Witney U test was 

used to compare between samples taken whilst on ECMO and off-ECMO. P<0.05 was considered 

statistically significant. 

 



168 
 

There was a wide variation in platelet aggregation response to agonists measured whilst on 

ECMO.  Therefore, samples taken on ECMO were separated by duration on ECMO: D0-1 

(ECMO initiation) (n=22), D6/7 (week 1) (n=17) (Figure 4.14). There were only 7 Multiplate 

samples for D13/14 on ECMO, therefore not included for this analysis. Due to the shorter 

duration of ECMO in these non-COVID-19 patients, availability of clinical expertise to run the 

Multiplate assay, and the sporadic nature of clinical samples, there were not enough data to 

complete a matched-pairs analysis or for analysis of further time points.  

 

The effect of ECMO on reducing platelet aggregation responses seemed to be most marked 

in the first 1-2 days after ECMO initiation where most samples had lower than the normal 

response to ADP (16/22; 72.7%), AA (14/22; 63.6%) and TRAP (11/22; 50%) and median 

AUC for all agonists below the lower limit of normal (Figure 4.14).  Whilst there was no 

significant change in platelet count, there was improvement in platelet function after 1 week 

on ECMO (D6/7) in particular the response to AA (ASPItest) (89 [71-129] vs 55 [24.5-89.5] 

U; P=0.0158) and TRAP-6 (122 [81-138] vs 86 [45-107] U; P=0.0286) (Figure 4.14).    
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Figure 4.14 Proportion of platelet aggregation results that were within, under or over the 

normal range in response to three different agonists separated by duration on ECMO. 

Platelet aggregation was measured during the ECMO run on D0/1 (N=20) and D6/7 (n=17) on 

ECMO. Agonists used to stimulate platelet aggregation: Adenosine diphosphate (ADP), Thrombin 

receptor activating peptide (TRAP), Arachidonic acid (ASPI). The measured electrical impedance 

is expressed as area under the curve (AUC). The normal limits for ADPtest are 57-113 AUC, 

ASPItest 71-115 AUC, and TRAPtest 87-128 AUC, and is represented by the green section on the 

graphs. Data displayed as median, IQR. Comparisons between groups analysed using Mann 

Whitney test. All tests were two-sided and P<0.05 considered statistically significant; * P<0.05.   

 



169 
 

Thromboelastography 

Thromboelastography (TEG) was run on 198 samples from 42 patients. The majority of 

measured TEG parameters were within the normal ranges during ECMO and after 

decannulation from ECMO (Figure 4.15). There was no variation over time in any of the TEG 

parameters over the ECMO run and after ECMO decannulation.  

 

To assess the reliability of TEG in patients on ECMO with traditional coagulation tests, the 

TEG parameters were correlated with their respective coagulation parameter. There were 

137 matched clinical coagulation results with TEG samples (Figure 4.16). The APTT, a 

measure of plasma coagulation factors correlated with the TEG’s measure of clot formation: 
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Figure 4.15 Proportion of Thromboelastogram results that were within, under or over the 

normal range in ECMO patients.  

Thromboelastogram (TEG) was measured during the ECMO run on D0-1 (n=31), D6/7 (n=29) and 

D13/14 (n=14) and after decannulation (Off ECMO). The normal limits for each parameter are 

represented by the green section on the graphs. Data displayed as median, IQR. Comparisons 

between groups analysed using Kruskal-Wallis test with Dunn’s multiple comparisons. All tests 

were two-sided and P<0.05 considered statistically significant. 
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R-time (R=0.5, P<0.0001), and K-time (R=0.36, P=0.001) The platelet count correlated with 

the TEG’s measure of time to form a stable clot: α-angle (R=0.5; P<0.0001) and the clot 

stability: MA (R=0.39; P<0.0001). The clinically measured fibrinogen had good correlation 

with the TEG measured functional fibrinogen, FF A10 (R0.76; P<0.0001), FF MA (R=0.78; 

P<0.0001) and MA (R=0.61, P<0.0001). In summary in ECMO patients the TEG correlated 

well with the clinical parameters each component represents.  

With regards to the initial question of whether Multiplate and TEG could help predict circuit 

thrombosis and need for circuit change I was not able to analyse this as there were only a 

few patients who required circuit change and due to limitations on sampling out of hours, 

only 4 patients had samples taken on the day before circuit change.   
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Figure 4.16 Correlation matrix of clinically measured coagulation parameters and the 

corresponding TEG.  

137 samples from 39 patients had matched coagulation results and TEG samples from the same 

day. Normality testing using Shapiro-Wilk test showed all parameters were not normally distributed. 

Correlation between values were calculated using Spearman correlation coefficient. All tests were 

two-sided and P<0.05 deemed as significant.  

Activated partial thromboplastin time, APTT; Functional fibrinogen, FF; kinetic time, K-time; 

maximum amplitude, MA; Reaction time, R-time. 
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4.5 Discussion 

In this chapter I evaluated changes in soluble markers of inflammation, neutrophil activation, 

NETosis and platelet activation across ECMO initiation and decannulation.  To the best of 

my knowledge this is the largest single cohort of ECMO patients where the markers have 

been quantified with up to 44 paired pre- and post ECMO initiation samples and up to 20 

paired pre- and post- ECMO decannulation samples. The baseline clinical parameters match 

the demographic data presented in chapter 3 and other studies, where the COVID-19 

patients had higher baseline platelet count, higher fibrinogen and lower CRP compared to 

non-COVID-19 patients 166, 167.   

 

The data presented here has highlighted some interesting findings across ECMO initiation. 

Firstly, despite high levels of neutrophil activation prior to ECMO initiation, there is increased 

NETosis after ECMO initiation. In contrast, circulating levels of many inflammatory cytokines 

decrease after ECMO initiation. Secondly, levels of neutrophil activation and NETosis 

decrease during the ECMO run but there is further decrease in NETosis after ECMO 

decannulation. This suggests that ECMO may activate neutrophils via a different pathway 

driving NETosis and warrants further investigation into the pathways involved and could be 

potential therapeutic targets in this complex cohort of patients.  

In addition, regarding platelet function, there are reduced numbers of platelets during the 

ECMO run, and evidence of platelet dysfunction as measured by clinically used platelet 

function assays. Levels of serum PF4 and CD62P are reduced during ECMO but it is unclear 

whether this represents increased platelet activation or platelet dysfunction.  

 

4.5.1 Reductions in inflammatory cytokines after ECMO initiation are likely due to 

lung rest   

In ARDS, the initial lung insult from the infective pathogen, lung trauma (inhalation injury, 

contusion, etc) or systemic inflammation leads to damage of the alveolar epithelium, release 

of inflammatory cytokines and recruitment of leucocytes to the alveolar space. In addition, in 

patients with severe ARDS, there is often secondary hit in the form of VILI which is aften due 

to injurious mechanical ventilation which can result in high tidal volumes (volutrauma), high 

airway pressures (barotrauma), increased respiratory rate (atelectotrauma), and even 

hyperoxia. It has been shown in many experimental animal models that VILI leads to 

increased inflammation and further release of inflammatory cytokines 245-247. There are high 

baseline levels of inflammatory cytokines and neutrophil activation markers in severe ARDS 
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patients. However, against my initial hypothesis, after ECMO initiation, there is a decrease in 

most inflammatory cytokines, specifically TNFα, IL-6, sRAGE, VEGF, Ang-2, and monocyte 

chemoattractant protein 1 (MCP-1) (Figure 4.2).  

 

At the time of ECMO initiation two interventions happen. Firstly, ECMO is initiated and 

secondly patients are usually put onto ultra-lung protective ventilation (UPV), a strategy to 

achieve lower airway pressures, tidal volumes and alveolar pressures than standard lung 

protective ventilation settings. The decrease in circulating inflammatory cytokines across 

ECMO initiation could be explained by lung rest. The aim of UPV is to reduce VILI and 

reduce the second hit lung injury from the endothelial and epithelial damage, thereby 

reducing the production of inflammatory cytokines and chemokines. There is good evidence 

that low volume ventilation and high PEEP strategies to reduce VILI improves survival 6, 248 

and evidence that UPV whilst on ECMO can reduce biotrauma corresponding to our results. 

In a small single-centre study Rozenwajg and colleagues found lower levels of plasma 

sRAGE, IL-6, and MCP-1 after initiation of UPV 249. Similarly, Wang and colleagues found 

when ventilation was guided by transpulmonary pressure monitoring whilst on ECMO, there 

was less injurious ventilation and also lower levels of IL-1β, IL-6 and IL-8 250. However, the 

evidence is mixed; Guervilly conducted a prospective RCT to compare UPV with 

conventional ventilation strategies whilst on ECMO, but found no differences in biomarkers 

(IL-1β, IL-6 and IL-8, surfactant protein D) and the study was stopped for futility 251; and 

Guldner found that whilst UPV reduced histological damage, inflammation was not always 

ameliorated 252. 

 

Being able to apply UPV to patients with severe ARDS is an attractive ventilation strategy 

but is not feasible in all patients on conventional mechanical ventilation due to loss of minute 

volume leading to hypercapnia, requirement for increased respiratory rate which may 

increase atelectotrauma, inability to achieve adequate oxygenation due to the lower 

pressures or loss of open lung ventilation. UPV can be achieved by using ECLS (including 

ECMO and ECCO2R), and the reduced biotrauma may have added benefit of reducing the 

cytokine storm, systemic inflammation, and immune system activation. The current limit to 

this is that ECMO is associated with complications (bleeding, procedural, expert 

management required) which usually exceed the associated benefits 253. If we can minimise 

the haematological and inflammatory complications of ECMO, then ECMO for ARDS could 

become standard management rather than a rescue strategy.  
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Although not demonstrated in this data, exposure of blood to the ECMO circuit is also 

associated with an inflammatory response similar to that seen in SIRS 159. In a rat 

experimental model of extracorporeal circulation, Rungatscher and colleagues found 

increased neutrophil and monocyte activation and increased plasma levels of TNFα, NE and 

IL-6 after exposure to an extracorporeal circuit which was further increased when an 

oxygenator was incorporated in the circuit 254. Other in vitro ECMO models found increased 

levels of IL-1β, IL-6, IL-8, and TNFα after short periods of 8-24 hours of perfusion 255, 256. 

One study suggested that the increased cytokines may have resulted from increased mast 

cell degranulation 256. In addition, exposure of blood to ECMO leads to activation of the 

complement cascade, activation of the endothelium which in turn secrete proinflammatory 

cytokines and increase expression of adhesion molecules leading to increased 

transmigration of leucocytes 159.  

 

Many studies into inflammation and extracorporeal circuits looked at patients on CPB which 

are more inflammatory than modern ECMO circuits and the role of inflammation from ECMO 

in patients is poorly defined. There is a limit to plasma-based measurements on determining 

immune status due to compartmentalised immune responses, e.g. localised inflammation 

within the lung in ARDS, and in ECMO the plasma levels of some may be altered as blood 

proteins and cells are absorbed onto the MO. Identified plasma proteins in the literature 

include fibrin 130, 144, vWF 257, 258, albumin, fibrinogen and IgG 142 and some inflammatory 

markers 259.  Steigel et al also found presence of LPA on membrane oxygenators 

independent of vWF 257. Indeed there has been much interest recently into the addition of 

haemoadsorption devices such as Cytosorb to the ECMO circuit to help reduce the SIRS 

response 260. More work needs to be done to separate the effects of ECMO and patient 

interventions such as UPV in this critically ill cohort of patients.  

 

4.5.2 ECMO initiation leads to increased NETosis and contributes to 

immunothrombosis in ECMO  

Many of the inflammatory cytokines implicated in ARDS have roles in macrophage and 

neutrophil recruitment to the alveolar space. Since there is a reduction in many cytokines 

after ECMO initiation, it would be reasonable to expect a similar reduction in neutrophil 

activation markers also. However, neutrophil activation markers (MPO, NE, cfDNA) remain 

elevated after ECMO initiation and NETosis markers (CitH3 and nucleosomes) increase 

further supporting the hypothesis that exposure of blood to ECMO leads to increase in 

inflammation and NETosis. In addition, markers were measured after ECMO decannulation, 
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and whilst all markers of neutrophil activation had decreased by the time ECMO was no 

longer required, removing the ECMO circuit further reduced NETosis as measured by CitH3 

providing further evidence that ECMO induces NETosis. The lifespan of neutrophils is short 

(6-20hours) 46 which could help to explain the reduction in NETosis markers within 24 hours 

of ECMO decannulation.  

 

Whilst there are some studies that have found increased NETosis markers in extracorporeal 

circuits such as CPB 105, 107, and haemodialysis 108-110, little is known about ECMO mediated 

soluble NET release.  An animal model using sheep on both VA and VV ECMO found 

neutrophils and NET markers (cfDNA and CitH3) were elevated after 6 hours on ECMO 

compared to baseline, and that the thrombi from the blood vessels and the MO contained 

NETs 211. There are only two other studies examining NETs in ECMO patients in the 

literature, and neither showed increase NETosis 225, 226. Haus et al. used 

immunofluorescence to stain blood smears from 10 ECMO patients and found ECMO 

patients have higher rates of NETs and NET precursors compared to HV. They also report 

that a high NET rate prior to initiation of ECMO was associated with increased inflammation 

as measured by TNF-α, and IL-6 levels; and more prominent thrombocytopenia and 

antithrombin 3 activity 225. Another study examined NET markers in 12 COVID-19 ECMO 

patients using ELISA but did not show any difference in NET markers (cfDNA, MPO-DNA 

complexes) or inflammation (as measured by IL-8) before or after ECMO initiation 226. 

Furthermore, both are small single centre studies with only 10-12 patients and used generic 

markers of neutrophil activation (cfDNA and MPO). The data presented in this chapter 

comes from over 50 ECMO patients and examined specific NETosis markers such as CitH3 

and nucleosomes as well as the generic markers (MPO, NE and cfDNA) used in many other 

studies.  

 

CitH3 is seen as a NET specific biomarker 60, 61, and nucleosomes appear to be a good 

surrogate marker for NETosis 64, 222, 261, which my data supports. Some groups have 

developed assays combining markers to increase specificity for NETosis such as MPO-DNA 

complex or NE-DNA complex ELISAs 262-264 but there are varying reports of their usefulness 

in detecting NETs 265. During this research period I also tried to develop an MPO-DNA 

complex ELISA using these protocols, but the sensitivity was highly variable when used with 

ECMO patient samples and therefore this work was not pursued.  
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One of the initial aims of the HITEC study was to investigate whether there was increased 

NETosis in patients who required circuit change with sampling before and after circuit 

change where possible. Many of the plasma samples were previously collected during the 

DeVENT study which followed a different sampling protocol and did not include additional 

samples around circuit change or decannulation. For patients recruited to the HITEC study, 

there was also difficulty obtaining samples at the time of circuit change. Of the11 patients 

who had a circuit change only 4 patients had samples taken prior to circuit change despite 

all 11 having samples taken after circuit change. This is because the circuit changes 

occurred out of hours (evenings or weekends) or were emergent and research samples were 

not prioritised. The HITEC study is still recruiting and analysis of NETosis and inflammation 

across circuit change will be of interest in future work.  

 

4.5.3 Comparison of cell-associated and soluble NETs 

Many studies have used only one method to quantify NETosis. A novel aspect of this 

chapter is the measurement and comparison of cell-associated NETs as well as soluble 

NETs. The NET components measured using ELISA are detached from the neutrophils and 

do not give a true indication of the proportion of neutrophils that are undergoing NETosis. 

Flow cytometry allows measurement of the proportion of neutrophils that are actively 

undergoing NETosis and is an increasing area of interest used by many other groups but 

with varying levels in similar patient cohorts: Schneck found low levels of NETs in control 

samples (1.6 [1-2] %), patients in septic shock (2.7 [1.9-3.9] %) and after cardiac surgery 

(2.7 [2.1-3.7] %) 266, whereas Gavillet found low levels in control samples (7.3 ± 1.4%) and 

increased levels in septic patients (65.7 ± 31.4%) 267. Lee et al quantified NETotic 

neutrophils as the number of MPO/CitH3 double positive neutrophils per ul/blood and found 

an increase in patients with sepsis (281.8 ±77.1/µl) and thrombosis (258.2 ± 52.9/µl) 

compared to controls (63.6 ± 12.0/µl) 63.  

 

I was able to develop a protocol for measuring cell-associated NETs in whole blood using 

flow cytometry. I adapted the protocol already used in the lab for measuring NETs in isolated 

neutrophils, by incorporating aspects from the aforementioned studies 63, 267. However, the 

levels of cell-associated NETs did not correlate with the soluble NETosis markers in this 

cohort of ECMO patients. This could be a limitation of a new flow cytometry protocol or a 

true representation of NETs in vivo, representing lytic and vital NETosis. The cell-associated 

NETs measured by flow cytometry likely represent neutrophils that have gone through lytic 

NETosis whereby the NETs are released from lysed cells and the NETs remain attached to 
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the cell body 48, 66. This contrasts with vital NETosis, where the NETs and individual NET 

components such as the granule proteins are expelled from the cell via degranulation or in 

extracellular vesicles, and are not attached the parent neutrophil 66, 67, which is likely 

represented by the soluble NETosis markers. The triggers for the two forms of NETosis 

differ, for example, PMA, fungal and bacterial infections activate NADPH oxidase dependent 

pathways and trigger lytic NETosis, whereas calcium ionophore, LPS and platelets induce 

vital NETosis via NADPH oxidase independent pathways 66, 67, 268.  

 

There is still debate regarding whether NETs are beneficial or harmful. NETs are part of the 

defensive strategy against invading pathogens as they entrap and bind microorganisms, 

preventing their spread and ensuring a high local concentration of antimicrobial proteins and 

enzymes, assisting in phagocytosis and clearance 58 45, 87. However, overactivation of 

neutrophils and NETosis contributes to increased inflammation and multi-organ dysfunction. 

In ALI, increase in neutrophil recruitment to the alveolar space leads to increased ROS 

production, and release of neutrophil granule proteins and NETs within the alveolar space 

contributes to inflammation and dysregulation of the lung injury 18, 19, 87. They also have a 

bidirectional role in immunothrombosis with activation of the coagulation system, and which 

can lead to the thrombotic complications of sepsis such as disseminated intravascular 

coagulation, venous thromboembolism, or microangiopathy of COVID-19 57, 112, 269. In 

inflammatory states neutrophils are more likely to be pushed into lytic cell death such as 

NETosis, and necroptosis rather than apoptosis (non-lytic cell death) 54. Whilst beneficial 

initially, if dysregulated for example in hyperinflammatory states, NETosis may become 

harmful to the host and therefore understanding the roles of cell-associated NETs, their 

soluble components and their pathways of activation are key to mediating the harmful effects 

of NETs.   

 

Limitations 

Whilst we can measure soluble NETs and cell-associated NETs, there are limitations to both 

these methods. Many groups have used flow cytometry to measure NETs from whole blood 

with varying protocol deviations including red cell lysis, addition of fixative, use of different 

centrifugation speeds (100 – 1000 x g) for washing steps, and use of conjugated and 

primary and secondary antibodies 63, 266, 267, 270, 271. NETs are very fragile, and fixation may 

help to stabilise them. It is thought that low concentrations of paraformaldehyde fixation (1-

4%) fix but do not permeate the cell 272. During the development of my protocol, I trialled 

paraformaldehyde 2-4% fixation with variable effects on antibody staining after fixing as well 
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as loss of NETs during the additional wash steps. I also trialled use of an unconjugated 

primary Citrullinated Histone H3 antibody (ab5103, Abcam) following methods as described 

by Lee et al 63 and Shneck et al 266. However, following the additional washing and fixative 

steps I could not detect many neutrophils and therefore this two-stage staining was not 

pursued. It must be noted that there is no flow cytometry protocol that has been consistently 

replicated in the literature highlighting the difficulty in handling NETs from whole blood 

samples with potential neutrophil activation and loss of NETs during the centrifugation and 

washing steps 271, 273. There may also be operator variability between the protocols 

described in the literature and lack of reproducibility. Fluorescent microscopy protocols also 

require fixation and multiple washing steps, as well as 2-day staining protocols and therefore 

was not used for the clinical samples in this study.  

 

ELISA is a commonly used assay used in many laboratories and is reproducible. However, it 

measures only the NET components which remain in the plasma after processing and are a 

surrogate marker for NETosis. Measuring the individual components of cfDNA, MPO and NE 

is not specific to NETosis. MPO and NE can be released from activated neutrophils during 

degranulation 51, 52 and although most cfDNA originates from leucocytes, it can come from a 

number of other sources (erythrocyte progenitors, vascular endothelial cells and 

hepatocytes) 274. Whilst CitH3 has been reported as a specific marker for NETosis it does 

not tell us the proportion of neutrophils undergoing NETosis. It would be useful to determine 

which neutrophil phenotypes are likely to undergo NETosis and how these pathways are 

activated. Use of flow cytometry allows identification of neutrophil phenotypes and 

immunofluorescent microscopy visualisation of neutrophils with attached NETs. Due to 

difficulties of quantifying NETs and the lack of an established gold standard marker, ideally 

two approaches should be used to validate results particularly in patient samples, and 

therefore the use of flow cytometry and ELISA in this study, however the results do not 

correlate making it difficult to interpret these results without further validation of the NETosis. 

 

4.5.4 Platelet activation and dysfunction in ECMO patients 

Soluble markers of platelet activation 

In the absence of the inflammatory cytokines released from the alveolar epithelium due to 

lung rest, there must be an alternative pathway by which neutrophils continue to be activated 

and pushed into NETosis in patients on ECMO. One pathway could be the interaction 

between platelets and neutrophils and the link to immunothrombosis particularly whilst on 

ECMO. To determine whether platelets were related to NETosis in ECMO patients I first 
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needed to measure platelet activity across ECMO by measuring serum levels of platelet 

granule proteins CD62P and PF4. Against my initial hypothesis, both CD62P and PF4 levels 

decreased after ECMO initiation, with no change whilst remaining on ECMO, or after ECMO 

decannulation. These results are in contrast the other studies who found either increase in 

plasma CD62P 146 or no significant differences in PF4 levels 239, 275 after ECMO initiation.  

 

Thrombocytopenia and platelet dysfunction is widely reported in ECMO patients 205, 241, 

through a combination of consumption due to adsorption to the ECMO artificial surfaces, 

formation of microthrombi, increased platelet surface receptor shedding due to shear or 

activation, or increased platelet extracellular vesicle formation 82, 124, 146, 276. The decrease in 

PF4 and CD62P levels after ECMO initiation could be due to thrombocytopenia that 

develops whilst patients are on ECMO as the PF4 and CD62P levels correlate with the 

platelet counts. It is known that thrombocytopenia is associated with reduced platelet 

degranulation 277. It could also be related to these proteins being bound to NETs themselves 

which leads to stabilisation of NETs and increased thrombogenicity 278. Whilst I did not 

measure platelet extracellular vesicles, they are increased in patients on extracorporeal 

circuits due to shear which can contribute to thrombocytopenia and contain PF4 or CD62P 

within their cargo 279, 280.     

 

The relevance of soluble PF4 and CD62P levels remains to be determined. Firstly, P-

selectin is found on endothelial cells as well as platelets and therefore is not just a marker for 

platelet activation. Secondly, P-selectin is involved in many cell-cell interactions which 

involve binding to PSGL-1 on leucocytes. It has been suggested that there are two roles by 

which P-selectin contributes to thromboinflammation: 1) the membrane bound P-selectin 

promotes leucocyte adhesion to the endothelium, facilitating leucocyte migration to sites of 

tissue injury and inflammation, and leucocyte-platelet interactions and leading to increased 

platelet activation and thrombosis 2) the soluble form of P-selectin promotes extracellular 

vesicle formation and activation of the coagulation cascade 18, 281, 282. Conversely, it has also 

been suggested that soluble P-selectin binding to leucocytes prevents leucocyte adhesion to 

the vessel wall reducing inflammation 283, and that monomeric soluble P-selectin might have 

use as a biomarker, but it is unlikely to directly contribute to disease; whereas dimeric P-

selectin might have a role in the coagulation-inflammation pathway 231, 240, 284. Furthermore, 

the levels of soluble P-selectin may be inversely proportional to cell-bound P-selectin, if it is 

involved in cell-cell interactions promoting inflammation 231. If activated platelets are bound to 

endothelial cells and leucocytes via the P-selectin-PSGL-1 pathway, this may explain the 
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decrease in levels of P-selectin and increase in neutrophil activation and NETosis across 

ECMO initiation.  

 

There are not many studies that investigate PF4 levels alone, and most measure the HIT 

immune complex. Mazzeffi and colleagues investigated whether PF4 levels would be related 

to development of the HIT immune complex by measuring PF4-heparin complexes but did 

not find a difference in their small study 239. The development of HIT is related to PF4-

heparin complexes and development of the HIT immune complex therefore correlation of 

PF4 with heparin levels or dose may be useful as HIT formation is dependent on the ratio of 

PF4 to heparin. In addition, PF4 combines to form large multimers and forms ultra-large 

PF4-heparin complexes which contribute to HIT 285. However, the relevance still remains to 

be determined, as the presence of the HIT immune complex is common in ECMO but most 

are non-pathogenic 240.  

 

Clinical platelet function tests 

I also assessed platelet function using the Multiplate analyser and found reduced platelet 

aggregation in response to ADP, AA and TRAP-6 from samples taken whilst on ECMO with 

recovery of platelet function after ECMO decannulation. These results suggest there is 

platelet dysfunction whilst on ECMO which recovers as early as 24 hours off ECMO. This is 

in keeping with other studies who found thrombocytopenia and reduced platelet aggregation 

in response to ADP, AA, TRAP, ristocetin, collagen, and adrenaline in patients whilst on 

ECMO 145, 148, 286. It has been reported that the reduced response to platelet agonists can 

occur as early as after 6 hours on ECMO initiation 287 and continues during ECMO but 

appears to recover after ECMO decannulation 148, 288. In my data, platelet aggregation in 

response to ADP, AA and TRAP was improved 1 day after ECMO decannulation, similar to 

Tauber and colleagues 288, whereas Kalbhenn found recovery in platelet function may take 

up to 3 days after ECMO decannulation 148. 

 

Many reviews regarding platelet function in ECMO report reduced platelet function 

(adhesion, activation and aggregation) and appears to be correlated with thrombocytopenia 

82, 276, which is often found in ECMO patients 145, 286, 287.  This is supported by Winnersbach et 

al who found reduced platelet activation in platelet poor blood perfused within an in vitro 

model of ECMO, compared to platelet rich blood, and also resulted in reduced NET 

formation 84. 
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Whilst platelet counts drop after initiation of ECMO, there is not always further decrease with 

increased duration of ECMO, a finding seen in other studies 149, 289. It has been suggested 

that the measured platelet dysfunction and reduced ability to respond to agonists is due to 

hyperactivation of platelets in the ECMO circuit 82. During ECMO initiation there is contact 

activation via coagulation factor XII when blood comes into contact with the large surface 

area of the ECMO circuit and oxygenator, leading to increased platelet activation and clot 

deposition 290. In addition, the increased shear stress of blood through the MO, leads to loss 

of platelet surface receptors GPIbα and GPVI which are important for platelet adhesion 149, 

194, 291. Others found that although there was increased platelet surface expression of P-

selectin in ECMO patients, there was reduced response to ADP and TRAP-6 stimulation and 

lower fibrinogen binding 291, 292. Excessive platelet activation, adhesion and aggregation of 

platelets may leave the circulating platelets partially degranulated, and in an exhausted state 

and therefore having a reduced response to exogenous agonist stimulation 82. The increased 

expression of P-selectin may have a role to play in leucocyte-platelet interactions and 

formation of LPA. Platelet adhesion to leucocytes may have a role to play in the excess 

platelet activation or the thrombocytopenia that develops whilst on ECMO.  

 

Thromboelastography 

Regarding thromboelastography, in our samples the TEG R-time, K-time, MA, and α-angle 

corresponded to the measured APTT, fibrinogen and platelet counts in ECMO patients 

similar to results in other studies 293, 294. There was no correlation of TEG results to 

thrombotic events or bleeding events in ECMO in the few patients where this was measured 

as with other groups 286. In one paediatric study a short R-time was an independent predictor 

of significant thrombotic events on ECMO, but no parameters were related to bleeding 

events 295, and another found TEG based monitoring result in lower anti-xa levels but not 

related to clinical events 296.  Overall, there is limited data regarding use of viscoelastic 

assays in ECMO patients. There does not seem to be a benefit of using viscoelastic assays 

in ECMO unless there is a particular clinical bleeding concern where results are required 

sooner than clinical lab assays allow, but larger multi-centre trials may be helpful to validate 

these findings. 
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4.5.5 What is the impact of increased NETosis on platelet activation? 

It has been reported that the presence of NETs and their components in patients on 

extracorporeal circuits is related to thrombosis 63, 109, 110, 211, 243, post-op complications 105, 106, 

thrombocytopenia 84, 225, and may be involved in the development of HIT 244. Many groups 

have investigated the mechanisms of how NETS lead to thrombosis and the evidence is 

conflicting. Intact NETs increase thrombin generation and clot formation via platelet 

dependent and independent mechanisms 114, as well as through NET-bound von Willebrand 

factor 112. Noubouossie and colleagues compared individual NET components (cfDNA and 

histones) and cell-associated NETs on coagulation in vitro. They found purified DNA 

triggered contact pathway and amplified contact dependent factor XI activation; and that 

individual histones H3 and H4 triggered thrombin generation in human plasma but intact 

NETs and nucleosomes did not produce any of these procoagulant effects 113. In addition, 

NE has modulating effects on tissue factor pathway inhibitor leading to increased thrombin 

generation 117. The difference in measured cell-associated NETs and soluble NET 

components may impact the immunothrombotic potential of NETs but mechanisms need to 

be better understood.  

 

HIT is a common complication in ECMO patients due to the requirement of continuous 

heparin infusions, and the risk of HIT is increased with longer ECMO durations 205, 241. The 

HIT immune complex activates platelets causing both thrombocytopenia and thrombosis 244. 

NETs may contribute to the development and pathophysiology of HIT and therefore platelet 

activation and thrombocytopenia in ECMO patients. Some patient data has revealed an 

association of nucleosomes with HIT immune complexes in dialysis patients with vascular 

access thrombosis 63, presence of NETs in patients with HIT 244 and it has been suggested 

that NETs may be the trigger for thrombocytopaenia in ECMO patients 225. Perdomo found 

that neutrophil activation and NETosis appeared to be the major drivers of thrombosis in 

HIT. They demonstrated that the HIT immune complex can induce NETosis by interacting 

with the FcγRIIa on neutrophils and increase neutrophil-platelet interactions 244. Furthermore 

NETs, form a scaffold for platelets to adhere to increasing thrombosis, and 

thrombocytopenia 112, 297. NETs also increase platelet activation and increase thrombosis by 

releasing prothrombotic molecules 111, 298. 

 

The finding that NETosis is increased whilst patients are on ECMO, highlights a potential 

therapeutic target to reduce thrombotic complications in a population with high risk of 

haemostatic complications. More specifically, the increase in NET specific markers CitH3, 



182 
 

and nucleosomes in our data highlight a potential pathway for intervention. Augusto and 

colleagues found Clusterin (CLU), a scavenger protein that binds to circulating histones, can 

reduce the proinflammatory, cytotoxic and platelet aggregating effects of histones in a dose 

dependent manner in vitro. Furthermore, in septic patients, CLU-histone complexes 

correlated with disease severity, and low levels of CLU in patients were associated with 

increased mortality 299. As CLU binds to all histone compositions including CitH3, it has 

potential to neutralise the deleterious effects of Cit H3 and nucleosomes released from 

NETosis 65. Another pathway for potential therapeutic intervention is inhibition of PAD4. 

PAD4 inhibition of neutrophils in vitro reduces NETosis 244, and in animal models of disease 

has been shown to reduce inflammation and disease progression 300-302. 

 

4.5.6 The role of platelets in neutrophil activation and NETosis  

Conversely, activated platelets could be the driver for increased neutrophil activation and 

NETosis in ECMO. In a pre-clinical model of ECMO, platelet poor and platelet rich 

heparinised blood was perfused in test circuits. The platelet poor group showed less platelet 

activation and lower levels of NET formation compared to the platelet rich group 84. There 

are many pathways by which activated platelets induce NETosis. Platelet CD62P binding to 

neutrophil PSGL-1 242, platelets interacting with TLR4 on neutrophils 83, and presentation of 

HMGB1 by activated platelets to neutrophils 303 have all been shown to increase NETosis. In 

addition, platelets can increase stability of NETS contributing to their thrombogenicity. It has 

previously been found that PF4 binds to NETs, making them more compact and DNase 

resistant thereby increasing thrombogenicity 278. However, others found that PF4 stabilises 

NETs and reduces thrombogenicity and endothelial cell injury by interfering with the contact 

activation pathway 304.  

 

There are two forms of NETosis described: lytic or suicidal NETosis which is NADPH 

oxidase dependent often resulting in neutrophil cell death, and vital NETosis which is 

NADPH oxidase independent and does not result in cell death 48, 67. Of particular interest to 

NETosis in ECMO is induced vital NETosis which is mediated by TLR2, TLR4, PSGL1 and 

HMGB1 67, 83, 242 and the release of soluble NET components from the neutrophil cytoplasm. 

This platelet mediated pathway of NETosis may explain the difference in cell-associated 

NETs and soluble NETosis markers measured in my data. In addition, not all neutrophils in 

circulation enter NETosis. It is estimated that only 20-25% of neutrophils release NETs, and 

these may be a certain subset of neutrophils 66.  
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4.6 Concluding remarks 

In this chapter I have discussed the observation there are distinct changes that happen after 

initiation of ECMO. Firstly, there is increased NETosis as measured by CitH3 and 

nucleosomes, secondly the initiation of lung rest after ECMO initiation leads to a reduction in 

inflammatory cytokines, and lastly there is likely platelet dysfunction on ECMO manifested by 

thrombocytopenia and reduction in soluble PF4 and CD62P, as well as reduced platelet 

aggregation measured by clinical coagulation assays.   

 

Immunothrombosis is the recruitment and interaction of platelets and neutrophils at sites of 

tissue injury, regulated by the coagulation cascade and inflammatory mediators. There are 

many factors that may contribute; exposure of blood to the ECMO circuit and its components 

may lead to lead to platelet and neutrophil activation separately and activation of platelets 

from ECMO shear may further increase neutrophil activation and therefore NETosis. We 

know that NETs are involved in conditions where there is increased thrombosis and platelet 

dysfunction such as HIT. 

 

The interplay between neutrophils and platelets is complex. To further understand the 

mechanisms of platelet activation and NETosis in vivo, we must investigate the direct 

neutrophil-platelet interactions. Neutrophils and platelets are often studied in isolation but 

there is increasing understanding into the interactions of platelets and leucocytes, and the 

importance of neutrophil-platelet aggregates (NPA) as markers of sepsis, thrombosis and 

their role in immunothrombosis 123, 282, 305. Exposure of blood to the extracorporeal circuit 

leads to increased platelet activation, with subsequent increased platelet-neutrophil cross 

talk and NETosis. There may also be differences in NETosis between different subsets or 

phenotypes which may affect neutrophil activation and NET markers through different 

phases of the patient’s illness and ECMO run. Exploring neutrophil phenotypes and direct 

neutrophil-platelet interactions during ECMO and their correlation to NETosis may provide 

more insight into the pathways involved in immunothrombosis, thrombocytopenia, and 

NETosis in this complex cohort of patients. As experience and understanding for managing 

patients on ECMO increases, knowledge about the cell-cell interactions, and relationship 

between machine and biology is paramount in delivering effective therapies and reducing 

complications that arise from ECMO use.  
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Chapter 5: Measuring leucocyte platelet aggregates – 

challenges of quantification 

Abstract 

Leucocyte-platelet aggregates (LPA) have recently been used as a marker of sepsis severity 

and have been associated with thrombotic conditions such as PE and DVT, and in 

atherosclerotic disease. There are very few studies characterising leucocyte phenotypes and 

LPA in critically ill patients supported on ECMO. ECMO is associated with haemostatic 

complications, both thrombotic and bleeding related. This is likely due to increased activation 

of neutrophils, monocytes and platelets, from the underlying critical illness, and through 

contact with the foreign surfaces of the ECMO circuit, as well as the increased shear to 

blood due to the ECMO pump. This chapter aims to investigate LPA formation in SARF 

patients who require VV ECMO.  

 

Firstly, I describe the critical variables affecting measurement of measuring LPA in whole 

blood and validate a protocol to measure LPA and leucocyte phenotypes in heparinised 

whole blood. I demonstrate that LPA formation is calcium dependent and is reversible. 

Secondly using this protocol, I was able to quantify LPA and phenotype leucocytes in ECMO 

patient blood samples. There were increased neutrophil-platelet aggregates at ECMO 

initiation which decreased with duration on ECMO. There was also increased immune 

activation in patients on ECMO: neutrophils from ECMO patients had increased expression 

of activation markers CD66b, and shedding of CD62L, whereas monocytes had reduced 

expression of HLA-DR.  

 

This chapter describes changes seen in ECMO patients with regards to LPA and immune 

dysregulation, highlighting the need for more work into leucocyte platelet interactions in this 

cohort of patients.   
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5.1 Introduction 

5.1.1 Relationship between neutrophils and platelets in ECMO 

Neutrophils and platelets are the first cells to arrive to sites of tissue injury or infection. Both 

have key roles in inflammation and the host response to infection with complex cross talk 

through contact-dependent interactions and soluble mediator release, leading to activation of 

signalling pathways in both cell types. ECMO is associated with an increased risk of 

complications such as increased SIRS, infection, bleeding, and thrombosis. This may be due 

to increased activation of neutrophils, monocytes and platelets by contact with the foreign 

and non-endothelialised surfaces of the ECMO circuit 159. There are very few studies 

characterising leucocyte phenotypes and leucocyte-platelet interactions specifically 

heterotypic aggregates in ECMO patients. Furthermore, distinguishing ECMO-related 

changes from the underlying pathophysiology of the primary insult is challenging. ECMO 

may be a second hit to leucocytes and platelets that are already activated by the primary 

pathology.  

 

NETs are increased in ECMO and other extracorporeal circuits as found in data presented in 

Chapter 4 as well as in the literature 105, 107, 108, 110, 211, 258, and thrombocytopenia is common in 

ECMO patients 205, 241. The relationship between these two clinical phenomena requires 

more investigation as they are likely to be related. NETs may contribute to thrombocytopenia 

as they activate and increase aggregation of platelets 111, 112, 297, 298. Conversely, activated 

platelets by the ECMO circuit could be the driver for the increased NETosis in ECMO 83, 242.  

 

Binding of neutrophils to platelets to facilitate direct crosstalk between these two cell 

populations may lead to pseudothrombcytopenia particularly in ECMO patients 306. 

Pseudothrombocytopenia is a phenomenon of falsely low platelet counts usually seen due to 

platelet agglutination to leucocytes (commonly neutrophils) usually in EDTA blood samples 

307-309. Automated analysers do not identify platelets bound to leucocytes resulting in 

pseudothrombocytopenia 309.  

 

5.1.2 Leucocyte platelet aggregates 

An emerging area of interest in sepsis and inflammatory states is in heterotypic leucocyte-

platelet aggregates (LPA), where we stop thinking of the cell populations acting 

independently, but working co-operatively in line with the cell-based coagulation model 

(Section 1.3.2). Activated platelet interactions with leucocytes play an essential role in 



186 
 

leucocyte recruitment, adhesion, release of inflammatory mediators, oxidative burst and 

release of NETs 297. Leucocyte-platelet interactions can be contact-independent through 

release of mediators, and extracellular vesicles, or direct through cell-cell interactions via 

surface proteins and receptors. Formation of LPAs facilitates direct intercellular crosstalk 

and triggers mutual activation and release of granular content by both leucocytes and 

platelets to initiate and propagate or modulate vascular inflammation 119.  

 

An LPA is a complex of one leucocyte with one or more platelets formed during immune or 

thrombotic reactions, particularly during conditions where there is shear stress or vascular 

injury 119. LPAs are formed through specific receptors such as platelet P-selectin (CD62P), 

CD40L and glycoprotein IIb/IIIa (GPIIb/IIIa) with PSGL-1 and Mac-1 (CD11b; integrinαMβ2) 

on leucocytes 119-121. Platelets can bind various leucocyte subpopulations: neutrophils (NPA), 

monocytes (MPA), lymphocytes (LyPA) and eosinophils (EPA) (Figure 5.1). Different 

leucocyte subsets interact with platelets to different degrees; monocytes show the highest 

affinity for P-selectin, followed by neutrophils, and then lymphocytes 121. The proportions of 

LPA subtypes may be determined by the proportion of leucocyte subtypes in circulation, with 

neutrophils the most abundant, followed by lymphocytes and then monocytes.  
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Increased LPA levels are associated with a range of thrombo-inflammatory conditions 

including cardiovascular disease 120, 310, venous thromboembolic disease 311, acute 

ischaemic stroke 312, acute lung injury 313, sickle cell disease 314, and acute kidney injury 119, 

315. There are only a handful of studies to date investigating LPA in ECMO patients 276, 292, 

but given the increased platelet activation, leucocyte activation and inflammation that occurs 

after ECMO initiation it is logical that LPA and their interactions also play a role in this patient 

group. Leucocyte-platelet interactions could play a key role for increased neutrophil 

activation and NETosis, and increased immunothrombosis whilst on ECMO, and in COVID-

19. 

 

Figure 5.1 Platelets bind to leucocytes through specific receptors-ligand interactions to 

form leucocyte-platelet aggregates.  

Activated platelets express P-selectin which binds to PSGL-1 on leucocytes, and GPIIb/IIIa which 

bind to Mac-1 on leucocytes via intermediary proteins such as CD40L, or fibrinogen. This leads to 

formation of leucocyte-platelet aggregates. Image created on Biorender. 

Glycoprotein IIb/IIIa, GPIIb/IIIa; Macrophage-1 antigen, Mac-1; P-selectin glycoprotein ligand-1, 

PSGL-1; soluble CD40 ligand, sCD40L 
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5.1.3 Leucocyte phenotypes 

Changes in leucocytes numbers, phenotypes and functions have been reported in critically ill 

and septic patients. Activated neutrophils express increased CD66b and CD11b, and shed 

CD62L 71, and there are increased proportions of immature granulocytes and neutrophil 

CD64 expression in septic patients due to increased neutrophil turnover 72. Neutrophil CD64 

expression is upregulated in response to proinflammatory cytokines due to infection within 4-

6 hours and is used as an early marker for predicting the severity and course of sepsis 316. 

 

Monocyte subtypes are characterised based on their CD14 and CD16 expression into 

classic (CD14++, CD16-), intermediate (CD14++, CD16+) and non-classic (CD14+, CD16++). 

CD16 positive monocytes (non-classic) are increased in sepsis 72, and changes in 

monocytes counts contribute to morbidity and mortality in some fibrotic lung diseases 317, 318. 

Further subdivision of intermediate and non-classic monocytes is dependent on HLA-DR 

expression 78. HLA-DR is a class II major histocompatibility complex, crucial for antigen 

presentation by antigen-presenting cells like monocytes and macrophages. Presentation of 

antigens to the immune system leads to activation or suppression of T-cell responses and 

modification of the adaptive immune system. Usually when monocytes are activated there is 

increased expression of HLA-DR, but decreased monocyte HLA-DR has been widely studied 

in trauma, sepsis and SIRS 79-81, and is one key feature of sepsis-induced immunoparesis. In 

conditions where there is a massive inflammatory response, the shedding of monocyte HLA-

DR leads to reduced immune activation and is associated with poor prognosis 80. 

 

There are many ways in which neutrophils die, by apoptosis, necroptosis and NETosis and 

therefore exploring the phenotypes that are associated with the mode of cell death may be 

useful 55. The inflammatory response associated with ARDS and with ECMO can lead to 

increased leucocyte activation and recruitment 159. However, the effects of ECMO on 

leucocytes has not been widely reported and different phenotypes could be related to 

leucocyte platelet interactions and LPA formation and may contribute to morbidity and 

mortality.  

 

5.2 Aims and hypothesis 

The aim of this chapter was to validate a method for measuring LPA and phenotyping 

neutrophils and monocytes and applying this protocol to patient samples.    
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Using these protocols, I investigated leucocyte activation profiles and leucocyte-platelet 

aggregate formation in SARF patients who require VV ECMO. 

I hypothesise: 

1) There would be increased neutrophil and platelet interactions in patients on ECMO 

and throughout their ECMO run. 

2) Different neutrophil or monocyte phenotypes are more likely to form leucocyte-

platelet aggregates. 

 

5.3 Methods 

5.3.1 Blood sample processing  

Blood was taken from HV and patients enrolled into the HITEC study as described in section 

2.2.4.  For patient samples, 200ul whole blood aliquots were taken from each vacutainer 

before processing for plasma storage. Aliquots were taken from EDTA, lithium-heparin, 

ACD, citrate and hirudin tubes as required and kept in a cool box with ice for transport 

between the hospital and the laboratory. Whole blood was stained within 90 minutes of 

sample collection using the whole blood staining protocol as described in section 2.4.5. 

 

5.3.2 Whole blood stimulation/in vitro controls 

In early patient LPA measurements, only EDTA blood samples were used for LPA 

quantification, however very low levels of LPA were measured. To validate the protocol for 

measuring LPA, the protocol was tested on in vitro stimulated blood samples using the 

whole blood stimulation protocol described in Section 2.3.4. The whole blood stimulation 

protocol used in our lab uses heparin blood, but many whole blood flow cytometric 

phenotyping protocols use EDTA blood, therefore both heparin and EDTA blood were used 

for evaluating LPA formation in vitro.  

In summary, EDTA or heparin blood (1ml) was stimulated with PMA 100nM, LPS 100ng/ml 

or left untreated (UT) in 5ml Eppendorfs, in a rotator, at 37ºC for 1 hour. Whole blood (1ml) 

was also left static on ice for 1 hour as a control. After stimulation, aliquots of whole blood 

were taken to quantify LPA, and leucocyte and platelet activation markers using flow 

cytometry.  
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5.3.3 Flow cytometry for leucocyte phenotyping and leucocyte-platelet aggregates in 

patient samples 

Neutrophil phenotyping and activation markers include CD66b, CD10, CD16, CD62L, and 

CD64. Monocyte markers include CD45, CD11b, CD14, CD16 and HLA-DR. Samples were 

also stained for CD41 to identify bound platelets and for tissue factor (CD142) as a marker of 

thrombogenicity. The two panels used for patient samples is shown in Table 5.1. 

Fluorophore  Neutrophil-Platelet 
aggregates 

Monocyte-Platelet 
aggregates 

BV421  CD66b CD45 

BV605  CD10 CD11b 

FITC  CD16 CD16 

PE  CD142 CD142 

PE-Cy7  CD41 CD41 

AF647  CD62L HLA-DR 

APC-Fire 750  CD64 - 

APC-Cy7  - CD14 
 

Table 5.1 Fluorophore conjugated antibody panels for quantification of leucocyte-platelet 

aggregates and phenotyping neutrophils and monocytes.  

 

In brief, whole blood (10µl for neutrophils and 20µl for monocytes) was incubated with LPA 

antibody cocktail(s) at room temperature for 15 minutes, BD FACS lysis buffer (500μl for 

neutrophil panel and 750ul for monocyte panel) was added for 10 minutes to lyse 

erythrocytes and fix samples. Samples were washed with 2ml PBS and centrifuged at 300 x 

g for 7 minutes at 4°C and resuspended in 500μl of PBS. Samples were acquired on the 

spectral flow cytometer. For neutrophils, the stopping trigger was acquisition of 10,000 

CD66b+, SSchigh neutrophils, and for monocytes, the stopping trigger was acquisition of 

5,000 CD45+, CD14++, CD16- monocytes. 

 

5.4 Results 

5.4.1 Anticoagulant type affects LPA formation and measurement in vitro.  

Prior to examining patient samples, the effects of anticoagulants on spontaneous and 

stimulated LPA formation in vitro as well as their measurement needed to be determined. 

The antibody panel was firstly tested on EDTA and heparin HV whole blood. Whole blood 

left on ice was the control, and whole blood in the rotator at 37°C, without stimulation, with 

LPS 100ng/ml or PMA 100nM stimulation for 1 hour were the experimental conditions. There 

were 4 repeats for NPA panels and 3 repeats for MPA panels as there were not enough 

monocytes acquired for statistical analysis for one set of experiments.  
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There were differences in NPA levels between the two anticoagulants (ANOVA P=0.0019) 

and the different stimulation conditions (ANOVA P=0.0079) (Figure 5.2). When differences 

were compared between ETDA and heparin without stimulation in the rotator, there were 

higher levels of NPA in heparin blood in the rotator (78.6 [± 24.5] vs 3.0 [± 1.2]; P=0.0096) 

suggesting there is spontaneous NPA formation at body temperature with mixing. This is not 

seen when blood was kept static on ice. With stimulation, there were much higher levels of 

NPA in heparin blood compared to EDTA blood in the rotator with both LPS (87.6 [± 16.8] vs 

16.3 [± 12.4] %; P=0.0074) and PMA (92.5 [± 8.1] vs 17.3 [± 10.1] %; P=0.0002). The levels 

of NPA remain unchanged in EDTA blood regardless of stimulation which suggests EDTA 

inhibits NPA formation.  

The proportions of MPA were higher in heparin blood compared to EDTA for all conditions 

(ANOVA P=0.0008). There was also a difference in MPA levels between blood left on ice 

compared to unstimulated blood in the rotator (ANOVA P=0.0262). The proportions of MPA 

were maximal (>99.5%) for all conditions in the rotator in heparin blood compared to EDTA 

suggesting spontaneous formation of MPA in heparin blood which is not enhanced by further 

stimulation. 

 

The leucocyte CD41 expression is a measure of number of platelets adhered to the 

leucocyte cell surface. There were differences between neutrophils and monocytes. There is 

a trend for increased neutrophil CD41 expression with increased stimulation, but these were 

not significant between anticoagulants or stimulation despite higher proportions of NPA in 

heparin blood compared to EDTA.  In contrast, the monocyte CD41 signal was increased in 

heparin blood in the rotator at 37°C compared to EDTA regardless of stimulation (ANOVA 

P=0.0048) corresponding with the MPA proportions. The monocyte CD41 expression is low 

in blood kept static on ice. The increased monocyte CD41 expression may be related to the 

increased affinity that monocytes have for platelets compared to neutrophils and therefore 

more platelets are bound to each monocyte than neutrophil.  
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Figure 5.2 Neutrophil-platelet aggregate and monocyte-platelet aggregate formation in vitro.  

Whole blood was left on ice, or in the rotator at 37°C untreated, with LPS 100ng/ml or PMA 100nM 

for 1 hour. N=4 for neutrophil and N=3 for monocytes. Whole blood was stained with antibodies. 

NPA and MPA % were quantified, as well as neutrophil (CD66b, CD62L) and monocyte (CD14, 

HLA-DR) activation markers and platelets (CD41) on each leucocyte determined using flow 

cytometry. Gating for NPA and MPA in EDTA and Heparin unstimulated and LPS stimulated blood 

shown in 5.2A. Summary plots for all repeats shown in 5.2B. Two-way ANOVA or mixed-effect group 

analyses (#) with Holm-Sidak’s multiple comparisons tests (*) were performed to compare trends 

between anticoagulants and stimulation. Paired t-tests were used to compare between EDTA and 

heparin. All tests were two-sided and P<0.05 was considered statistically significant. p<0.05 *, 

p<0.01 **, p<0.001 ***, p<0.0001 ****. 

Lipopolysaccharide, LPS; Mean fluorescent intensity, MFI; Monocyte-platelet aggregate, MPA, 

Neutrophil-platelet aggregate, NPA; Phorbol myristate acetate, PMA; Unstimulated, UT. 
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Neutrophil activation was increased in blood in the rotator (PMA > LPS > untreated) as 

measured by CD62L shedding (ANOVA P=0.0004). The neutrophil CD66b expression 

increased with stimulation but the difference was not significant. There was some variation in 

monocyte activation as measured by monocyte CD14 (ANOVA P=0.0064) and HLA-DR 

(ANOVA P=0.0009) expression. There was no difference between the two anticoagulants in 

neutrophil or monocyte activation. 

 

5.4.2 Leucocyte-platelet aggregate formation is calcium dependent and reversible.  

Since platelet binding is calcium dependent, I hypothesised that cation chelation from EDTA 

may interfere with or reverse LPA formation. Firstly, I compared LPA quantification from 

patient blood in EDTA and heparin blood and to investigate the effect of EDTA on LPA 

measurement. In addition, 1.25mM EDTA was added to patient heparin blood samples for 

10 minutes at room temperature before staining with NPA and MPA antibody cocktails. 

 

There were 27 matched EDTA, heparin and heparin+EDTA samples from 16 patients at 

various time points. The proportion of measured NPA (45.8 [± 26.4] vs 1.1 [± 1.7] %; 

P<0.0001) and MPA (83.1 [± 21.0] vs 10.5 [± 12.8] %; P<0.0001) were higher in heparin 

blood samples compared to EDTA blood (Figure 5.3). Secondly, after the addition of EDTA 

1.25mM to heparin blood, the proportions of NPA (6.9 [± 9.0] vs 45.8 [± 26.4] %; P<0.0001) 

and MPA (22.7 [± 23.1] vs 83.1 [± 21.0] %; P<0.0001) were significantly diminished 

compared to the heparin samples. This provides evidence that LPA formation is not fixed 

and that EDTA or strong calcium chelation can reverse LPA formation. These differences in 

NPA and MPA measured are also reflected in reduction of both neutrophil and monocyte 

CD41 expression after addition of EDTA to heparin blood (Figure 5.3). 
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Figure 5.3 Neutrophil-platelet aggregate and monocyte-platelet aggregate measurement in patient 

samples in EDTA, heparin and heparin+EDTA samples. EDTA and heparin anticoagulated whole blood 

from patients was stained with antibody cocktails and using flow cytometry, NPA % and MPA % were 

quantified, as well as neutrophil (CD66b, CD62L) and monocyte (CD14, HLA-DR) activation markers and 

platelet marker (CD41) on each leucocyte. EDTA (1.25mM) was added to heparin samples and stained using 

the same protocol. (A) and (B) shows gating for NPA and MPA respectively, (C) and (D) show summary data 

for NPA and MPA respectively. 27 matched samples from 16 patients were analysed. RM One-way ANOVA 

with Holm-Sidak’s multiple comparison’s test was performed to compare between groups. All tests were two-

sided and P<0.05 was considered statistically significant. p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 **** 
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In contrast to platelet binding, EDTA and heparin had no effect on leucocyte phenotyping, as 

demonstrated by the lack of difference in neutrophil (CD66b) or monocyte (CD11b, HLA-DR) 

activation markers (Figure 5.3). There was also no effect in heparin samples after the 

addition of EDTA. There was slightly lower neutrophil CD62L in heparin and heparin+EDTA 

compared to EDTA only samples suggesting some spontaneous neutrophil activation in 

heparin blood. 

 

5.4.3 Measurement of LPA is affected by anticoagulation 

To investigate the effect of different anticoagulants on LPA measurement I compared the 

proportions of LPA formed in critically ill patients from blood samples in different 

anticoagulants. 

 

Calcium chelation  

EDTA is a very potent calcium chelator and appears to completely inhibit LPA formation in 

vitro and reverse LPA formation in vivo in heparinised blood. To investigate if the degree of 

calcium chelation influenced LPA quantification and leucocyte phenotype measurement, 

patient samples collected in EDTA, citrate, and ACD vacutainers were compared with 

heparin blood. There were 11 matched samples from 5 patients who had LPA measured in 

all four anticoagulants.  There were differences in the levels of NPA and MPA measured 

between the different calcium chelators and heparin. Regarding NPA, EDTA had the lowest 

levels (1.37 ± 0.74%), compared to ACD (9.4 ± 7.2%) and citrate (31.0 ± 15.6%) which is in 

line with EDTA’s chelating strength compared to citrate-based anticoagulants. This was the 

same for MPA with levels in the order of EDTA (15.7 ± 9.3%), ACD (55.2 ± 32.6%) and 

citrate (84.1± 25.4%) (Figure 5.4). Similar trends were seen in neutrophil CD41 expression 

but in monocytes, there was no difference in CD41 expression between heparin, ACD and 

citrate blood suggesting MPA are less susceptible to the effects of citrate calcium chelation. 

The levels of NPA and MPA were comparable between heparin and citrate anticoagulation. 

There were no significant differences in measured neutrophil activation markers between the 

anticoagulants but there were some differences in monocyte activation markers with 

increased expression of CD11b and HLA-DR in heparin blood compared to ACD and citrate 

anticoagulation again suggesting some spontaneous activation in heparin blood (Figure 5.4).  
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Direct thrombin inhibitors 

Some patients had Multiplate tests done as part of the HITEC study protocol, which requires 

blood to be collected in hirudin anticoagulant, a DTI. Where available the remaining hirudin 

blood was analysed and compared to EDTA and heparin blood (Figure 5.5). There were 15 

matched samples from 8 patients who had LPA quantified in EDTA, heparin and hirudin 

blood. The hirudin samples had significantly higher proportions of NPA, MPA and neutrophil 

and monocyte CD41 expression than EDTA and heparin. There was also increased 

expression of neutrophil activation markers compared to both EDTA and heparin as 

demonstrated by increased CD66b and lower CD62L but no difference in monocyte 
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Figure 5.4 Effect of different calcium chelators on leucocyte-platelet aggregate 

measurement and leucocyte phenotyping.  

11 matched samples from 5 patients who had measurements from EDTA, heparin, ACD, and 

citrate blood were analysed. RM one-way ANOVA with Holm-Sidak’s multiple comparisons test 

was used to compare anticoagulants. All tests were two-sided and P<0.05 was considered 

statistically significant. p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 **** 
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activation markers. This may suggest spontaneous activation in hirudin blood or could be 

artefact. 

 

5.4.4 NPA kinetics and neutrophil phenotypes in ECMO patients 

Following the comparisons of different anticoagulants, heparin blood was used for the 

quantification of LPA and leucocyte phenotyping in the patient samples (See Figure 2.12 for 

gating strategy) as 1) this blood tube was collected at all time points for all patients enrolled 

on the HITEC study, 2) it eliminated the possible effect of calcium chelation on reversing 

LPA formation and therefore its measurement, and 3) the differences in leucocyte activation 

E
D
TA

H
ep

ar
in

H
ir
ud

in

0

20

40

60

80

100

% Neutrophil-Platelet
Aggregates

%

✱✱✱✱

✱✱✱✱

✱✱✱✱

E
D
TA

H
ep

ar
in

H
ir
ud

in

102

103

104

105

Neutrophil CD66b

M
F

I

✱

✱✱

E
D
TA

H
ep

ar
in

H
ir
ud

in

103

104

105

106

Neutrophil CD62L

M
F

I

✱✱

✱✱

E
D
TA

H
ep

ar
in

H
ir
ud

in

102

103

104

105

Neutrophil CD41

M
F

I
✱✱

✱✱

✱

 

E
D
TA

H
ep

ar
in

H
iru

din

0

25

50

75

100

% Monocyte-Platelet
Aggregates

%

✱✱✱✱

✱✱✱✱

E
D
TA

H
ep

ar
in

H
iru

din

103

104

105

Monocyte HLA-DR
M

F
I

E
D
TA

H
ep

ar
in

H
iru

din

102

103

104

105

106

Monocyte CD41

M
F

I

✱✱

✱✱

E
D
TA

H
ep

ar
in

H
iru

din

101

102

103

104

105

106

Monocyte CD11b

M
F

I

 

Figure 5.5 Effect of direct thrombin inhibitor on leucocyte-platelet aggregate 

measurement and leucocyte phenotyping.  

15 matched samples from 8 patients who had measurements from EDTA, heparin, and Hirudin 

blood were analysed. RM one-way ANOVA with Holm-Sidak’s multiple comparisons test was 

used to compare anticoagulants. All tests were two-sided and P<0.05 was considered 

statistically significant. p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 **** 

0 
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markers were minimal when compared with calcium chelators, unlike with hirudin 

anticoagulation.   

 

Samples from HV (n=4), and ECMO patients (n=20) were analysed after ECMO initiation 

(D0-1) and weekly whilst on ECMO. Samples were also taken before and after 

decannulation (Pre-DC and Post-DC). The median duration of ECMO in patients enrolled in 

the HITEC study was 13.1 (8.4 – 25.2) days therefore trends were examined from ECMO 

initiation (n=20), week 1 (n=18) and week 2 (n=13). Due to the sporadic nature of clinical 

sampling, matched analyses could only be performed for 14 samples between initiation and 

week 1 and 5 pre- and post-decannulation samples.  

 

Compared to HV, at ECMO initiation, although there was no difference in NPA proportions, 

patients had higher neutrophil CD66b (10,859 [8,017 – 13,628] vs 3,930 [3,488 – 5,008]; 

P=0.0309), lower neutrophil CD62L (84,582 [37,262 – 118,961] vs 245,436 [187,895 – 

279,995]; P =0.0256), CD10 (3,803 [1,300 – 7,491] vs 10,100 [7,784 – 13,145]; P=0.0380) 

and CD16 (190,881 [114,895 – 329,123] vs 624,000 [349,341 – 671,750]; P=0.0179) 

expression demonstrating increased activation and neutrophil turnover (Figure 5.6). There 

was no change in CD66b during the ECMO run, and the CD62L expression remained lower 

than that of HV after 1 week on ECMO. Compared to HV, the proportion of immature 

granulocytes (CD66+; CD16-, CD10-) was higher in patients at ECMO initiation (4.9 [2.9 – 

11.8] vs 0.09 [0.06 – 0.14] %; P=0.0054) and after a week on ECMO (5.5 [1.9 – 10.2] vs 

0.09 [0.06 – 0.14] %; P=0.0127). There were no other differences in neutrophil cell surface 

markers whilst on ECMO (Figure 5.6).  

 

Matched pairs analysis between ECMO initiation and 1 week on ECMO showed a decrease 

in the proportions of NPA (51.0 ± 29.4 vs 37.7 ± 25.4 %; P=0.0339) with corresponding 

decrease in neutrophil expression of CD41 (2,835 [1,153 – 9,434] vs 1,503 [1,011 – 3,742]; 

P=0.0353). Neutrophil CD16 expression also increased (373,188 [289,979 – 453,125] vs 

177,192 [118,354 – 342,228]; P=0.0052) suggesting more mature granulocytes and there 

was a trend to decreasing neutrophil CD64 expression after 1 week on ECMO (P=0.0581) 

indicating lower levels of sepsis. There were no significant differences in NPA or neutrophil 

surface markers across ECMO decannulation, but there were trends towards increase in 

NPA and neutrophil CD41 (P=0.0625 for both) (Figure 5.6).  
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Figure 5.6 Neutrophil-platelet aggregates, and neutrophil phenotypes in ECMO patients 

Blood from patients were stained with antibody cocktail and using flow cytometry, the proportion of 

neutrophil platelet aggregates were quantified as well as surface expression of neutrophil 

activation markers, CD41 expression and immature granulocyte proportions. Samples from 

volunteers (HV; n=4), and ECMO patients (n=20) were analysed after ECMO initiation and weekly 

whilst on ECMO. Normality was determined by Kolmogorov-Smirnov test. NPA % was parametric, 

all other variables were non-parametric. Data presented as mean ± SD or median (IQR) as 

appropriate. Matched-pairs analysis between 14 ECMO initiation and week 1 samples, and 5 pre- 

and post-decannulation samples were performed using paired t-test or Wilcoxon matched pairs 

test as appropriate (denoted by *). Comparisons between groups analysed using One-way ANOVA 

with Holm-Sidak’s multiple comparisons or Kruskal-Wallis test with Dunn’s multiple comparisons 

as appropriate (denoted by #). P<0.05 was considered statistically significant. * P <0.05, ** P<0.01 
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5.4.5 Relationship between neutrophil phenotypes, NPA and NETosis  

To investigate whether different neutrophil phenotypes were more likely to form aggregates 

with platelets, NPA proportions were compared between immature granulocytes (CD16-, 

CD10-) and mature granulocytes (CD16+, CD10+); and activated (CD62Llow) and non-

activated (CD62high) neutrophils (See figure 2.12 for gating). Compared to ECMO initiation, 

NPA formed on immature granulocytes decreased after 1 week on ECMO (29.6 ± 22.4 vs 

10.8 ± 10.1%; P=0.0010) (Figure 5.7).  NPA on immature granulocytes also increased after 

ECMO decannulation (20 ± 20 vs 13.8 ± 18.3 %; P=0.0255). There were no differences in 

NPA formed on mature granulocytes. Comparisons were made between immature and 

mature granulocytes within the same sample. There were fewer NPA formed on immature 

granulocytes compared to mature granulocytes (23.3 ± 24.4 vs 46.2 ± 28%, P<0.0001). 

 

There was a decrease in NPA in non-activated neutrophils (CD62Lhigh) after 1 week on 

ECMO compared to initiation (29.6 ± 23.8 vs 44.9 ± 31.9; P=0.0309). There were no 

differences in NPA over time in activated (CD62Llow) neutrophils. There were more NPA 

formed in non-activated neutrophils compared to activated neutrophils within the same 

sample (46.2 ± 28.0 vs 23.4 ± 24.4%; P< 0.0001) (Figure 5.7). 
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Comparisons in neutrophil cell surface markers were made between CD41+ neutrophils 

(NPA) and CD41- neutrophils within the same sample (see Figure 2.12 for gating strategy). 

There were 89 samples from 26 patients in total which had NPA quantified. CD41+ 

neutrophils had higher expression of all neutrophil cell surface markers CD66b (8894 [6293 

– 14140] vs 8607 [5991 – 13600]; P=0.0032), CD10 (6,255 [4,195 – 8,350] vs 4,715 [3,045 – 

6,199]; P<0.0001) and CD16 (326,312 [210,864 – 408,500] vs 269,965 [174,157 – 349,765]; 

P<0.0001). There was no difference in CD64 expression or CD62L expression (Figure 5.7).  
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Figure 5.7 NPA proportions over time in different neutrophil sub populations.  

NPA proportions in immature granulocytes (CD10-, CD16-), mature granulocytes (CD10 +, 

CD16+), activated neutrophils (CD62L low) and non-activated neutrophils (CD62L high) were 

quantified. Samples from volunteers (HV; n=4), and ECMO patients (n=20) were analysed after 

ECMO initiation and weekly whilst on ECMO. Matched-pairs analysis between 13 ECMO initiation 

and week 1 samples, and 5 pre- and post-decannulation samples were performed using paired t-

test (denoted by *). Comparisons between groups analysed using One-way ANOVA with Holm-

Sidak’s multiple comparisons or Kruskal-Wallis test with Dunn’s multiple comparisons as 

appropriate. Comparisons between immature and mature granulocytes; and activated and non-

activated neutrophils within the same samples were analysed using paired t-test. P<0.05 was 

considered statistically significant. * P <0.05, ** P<0.01 
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The proportion of NPA was compared to the proportion of cell-associated NETS, mature 

granulocytes and neutrophil activation markers (Figure 5.9). There was no correlation 

between NPA and cell-associated NETs, both MPO-DNA (R=0.04) and Histone H3-DNA (R= 

0.1300). There was a negative correlation between NPA with mature granulocytes (R= -0.22, 

P= 0.0373) and a trend for positive correlation with immature granulocytes (R= 0.21, 

P=0.0518). NPA formation was associated with higher neutrophil CD62L (R=0.29, 

P=0.0069) and CD64 (R=0.28, P=0.0082) expression.  

MPO-DNA NETs had a negative correlation with mature granulocytes (R=-0.23, P=0.0310) 

and CD16 (R=-0.28, P=0.0100) but not histone H3-DNA NETs (R=-0.20, P=0.0776). Both 

MPO-DNA NETs and Histone H3-DNA NETs had negative correlation with neutrophil CD16 
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Figure 5.8 Comparison of neutrophil cell surface markers between CD41+ and CD41- 

neutrophils.  

A total of 89 samples from 26 patients had neutrophil-platelet aggregates quantified. All data was 

non-parametric. Data presented as median, IQR with full range. Wilcoxon matched pairs test was 

used to compare between groups. P<0.05 was considered statistically significant. * P <0.05, ** P 

<0.01, ***, P <0.001, **** P <0.0001. 
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expression (R=-0.28, P=0.0099 and R=-0.27, P=0.0162 respectively). There was no 

correlation between NETs and neutrophil CD62L or CD64 expression.  

 

5.4.6 MPA kinetics and monocyte subsets in ECMO patients 

The proportions of classic, intermediate and non-classic monocytes were compared in 

patient samples from ECMO initiation to week 2 of ECMO and across decannulation. There 

were no differences in the proportions of monocyte subtypes across the ECMO run. The 

majority of monocytes were classic monocytes (CD14++ CD16-) at ECMO initiation (80.7 ± 

15.5%), week 1 (78.0 ± 13.7%) and week 2 (78.0 ± 8.4%). Proportions of intermediate and 

non-classic monocytes were low through the ECMO run (Figure 5.9). 

 

1.00

0.04

0.13

-0.22

0.21

0.14

-0.01

-0.01

0.29

0.28

0.04

1.00

0.91

-0.23

0.09

0.17

-0.01

-0.28

-0.09

0.04

0.13

0.91

1.00

-0.20

0.05

0.18

0.04

-0.27

0.01

0.11

-0.22

-0.23

-0.20

1.00

-0.75

-0.23

0.65

0.56

0.13

-0.42

0.21

0.09

0.05

-0.75

1.00

0.11

-0.62

-0.45

-0.07

0.41

0.14

0.17

0.18

-0.23

0.11

1.00

0.17

-0.22

0.39

-0.01

-0.01

0.04

0.65

-0.62

0.17

1.00

0.40

-0.08

-0.32

-0.01

-0.28

-0.27

0.56

-0.45

-0.22

0.40

1.00

-0.04

-0.22

0.29

-0.09

0.01

0.13

-0.07

-0.08

-0.04

1.00

0.09

0.28

0.04

0.11

-0.42

0.41

0.39

-0.32

-0.22

0.09

1.00

N
P

A
 %

M
P

O
-D

N
A

 N
E

T
S

 %

H
is

H
3

-D
N

A
 N

E
T

S
%

M
a

tu
re

 G
ra

n
u

lo
c
y

te
s

Im
m

a
tu

re
 G

ra
n

u
lo

c
y

te
s

C
D

6
6
b

 M
F

I

C
D

1
0

 M
F

I 

C
D

1
6

 M
F

I

C
D

6
2
L

 M
F

I

C
D

6
4

 M
F

I

NPA %

MPO-DNA NETS %

HisH3-DNA NETS%

Mature Granulocytes

Immature Granulocytes

CD66b MFI

CD10 MFI 

CD16 MFI

CD62L MFI

CD64 MFI
-1.0

-0.5

0

0.5

1.0
*

*

****

** **

*

**** **** ****

************

 

Figure 5.9 Correlation matrix of neutrophil-platelet aggregates with cell associated NETs 

and neutrophil activation markers.  

Proportion of NPA were correlated with proportion of cell-associated NETs, mature granulocytes 

and neutrophil surface expression of activation markers using Spearman’s correlation. There were 

86 patient samples with matched values. P<0.05 considered statistically significant.  

 



204 
 

The proportions of each monocyte subtype that formed MPA were also compared. The 

majority of classic (75-95%) and intermediate monocytes (92-97%) formed MPA, whereas 

only 60-70% of non-classic monocytes formed MPA. There was no variation in these 

proportions across the ECMO run.  

 

Since classic monocytes were the largest subtype, the expression of CD41 and monocyte 

activation markers (CD11b and HLA-DR) in this subtype were compared in patient samples 

from ECMO initiation to week 2 and before and after decannulation, as for NPA. The 

monocyte cell surface markers that were used for identifying monocytes and subpopulations 

(CD45, CD14, and CD16) were not compared. Compared to HV, the monocyte HLA-DR 

expression was lower in patients at ECMO initiation (6,525 [3,340 – 13,394] vs 69,854 

[61,100 – 86,451]; P=0.0017), after 1 week on ECMO (9,632 [ 5.989 – 24,985] vs 69,854 

[61,100 – 86,451]; P=0.0242) and after 2 weeks on ECMO (22,363 [15,300 – 40,221] vs 

69,854 [61,100 – 86,451]; P=0.0205). Paired analysis from ECMO initiation to week 1 

confirmed the HLA-DR expression increased after 1 week on ECMO (10,300 [5,989 – 

25,410] vs 6,637 [4,388 – 13,936]; P=0.0107). There was no difference in the monocyte 

CD41 or CD11b expression compared to HV or over the ECMO run (Figure 5.10).  
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Figure 5.10 Monocyte-platelet aggregates and monocyte activation markers in ECMO 

patients 

Heparin blood from healthy volunteers and patients were stained with antibody cocktail and using 

flow cytometry the proportion monocyte subtypes, and monocyte platelet aggregates were 

quantified. Monocyte CD41 CD11b, and HLA-DR expression were quantified in classic monocytes. 

Samples from healthy volunteers (HV; n=4), and ECMO patients (n=20) were analysed after 

ECMO initiation and weekly whilst on ECMO. Normality was determined by Kolmogorov-Smirnov 

test. MPA % was parametric, all other variables were non-parametric. Data presented as mean ± 

SD or median (IQR) as appropriate. Matched-pairs analysis between 14 ECMO initiation and week 

1 samples, and 5 pre- and post-decannulation samples were performed using paired t-test or 

Wilcoxon matched pairs test as appropriate (denoted by *). Comparisons between groups 

analysed using One-way ANOVA with Tukey’s multiple comparisons or Kruskal-Wallis test with 

Dunn’s multiple comparisons as appropriate. P<0.05 was considered statistically significant. * P 

<0.05, ** P<0.01 * 
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5.4.7 LPA formation was not related to clinically measured cell counts 

The neutrophil, monocyte, and platelet count and CRP at the time of LPA measurements 

were also compared. There was also no variation in the clinically measured neutrophil count, 

platelet count, or CRP associated with these samples in the first 2 weeks of ECMO. There 

was a slight increase in monocyte count between ECMO initiation and 1 week on ECMO 

which is likely to represent recovery of the monocytopenia associated with critical illness 

(Figure 5.11).  

 

There was no correlation between NPA proportion and platelet count or CRP. There was 

weak negative correlation between NPA and neutrophil count (R = -0.2454; P = 0.0205) 

(Table 5.2). The MPA proportion correlated with platelet count (R = 0.3884; P = 0.0002) and 

negatively with CRP (R = -0.3422; P = 0.0011), but there was no correlation with monocyte 

count. 
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Figure 5.11 Clinically measured parameters over the ECMO run.  

Neutrophil, monocyte and platelet counts and CRP from ECMO initiation to week 2 and across 

ECMO decannulation were compared in 20 ECMO patients. Data presented as median, IQR. 

Matched pairs analysis between initiation and week 1 (n=13), and before and after decannulation 

(DC; n=6) were performed using Wilcoxon matched pairs test. P<0.05 was considered statistically 

significant. 
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 Number 
of Pairs 

Spearman R 
coefficient 

95% confidence 
interval P-value 

N
P

A
 

NPA % vs Hb 89 0.2693 0.05842 to 0.4571 0.0107 

NPA % vs. Plt 89 -0.02516 -0.2381 to 0.1901 0.8150 

NPA % vs. MPV 89 0.2011 -0.01368 to 0.3982 0.0588 

NPA % vs. WBC 89 -0.2502 -0.4408 to -0.03804 0.0180 

NPA % vs. Neutrophil 89 -0.2454 -0.4367 to -0.03289 0.0205 

NPA % vs Monocyte 89 -0.1967 -0.3943 to 0.01831 0.0647 

NPA % vs CRP 88 0.0142 -0.2018 to 0.2290 0.8948 

      

M
P

A
 

MPA % vs Hb 89 -0.0004 -0.2087 to 0.2078 0.9966 

MPA % vs. Plt 89 0.3884 0.1960 to 0.5520 0.0002 

MPA % vs. MPV 89 -0.1543 -0.3513 to 0.05571 0.1487 

MPA % vs. WBC 89 -0.4407 -0.5944 to -0.2559 <0.0001 

MPA % vs. Neutrophil 89 -0.5078 -0.6476 to -0.3350 <0.0001 

MPA % vs Monocyte 89 0.1532 -0.05682 to 0.3503 0.1516 

MPA % vs CRP 88 -0.3422 -0.5148 to -0.1430 0.0011 

 

Table 5.2. Correlation between NPA and MPA proportions and clinical parameters.  

Correlations between LPA and clinical parameters for 89 patients were analysed using Spearman’s 

coefficient.  P<0.05 was considered statistically significant. * P <0.05, ** P<0.01 *** P< 0.001, **** 

P<0.0001.  

 

5.5 Discussion 

Following the observations in Chapter 4 of increased NETosis, and thrombocytopenia during 

ECMO, I hypothesised that neutrophil-platelet interactions and their crosstalk could be 

driving enhanced activation of both cell populations and subsequent NETosis and 

thrombocytopenia. I therefore aimed to investigated NPA as well as MPA in this patient 

population.   

 

I firstly developed a method for measuring LPA and phenotyping neutrophils and monocytes 

using whole blood flow cytometry. I was able to adapt protocols used by others 72, 119, 319 for 

measuring LPA, and take advantage of the advantages of spectral flow cytometry by 

creating a complex panel to also measure leucocyte subsets. Having developed a protocol, I 

needed to validate its use in patient samples and determine the best anticoagulant to use to 

measure both LPA and leucocyte phenotypes, that was both practical and replicable. 

Through this process I also found that LPA formation can be reversed by strong calcium 

chelation. With the validated and optimised protocol, I was able to measure LPA and 

leucocyte phenotypes in patient samples. 
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5.5.1 Impact of calcium chelation on LPA measurement  

Being able to investigate platelet function and aggregation ex-vivo is important to understand 

platelet biology and their role in haemostasis and pathological conditions. But the question 

regarding which is the optimum anticoagulant for preserving platelet function/dynamics while 

avoiding spontaneous activation/inactivation remains. In the case of LPA formation, it has 

previously been reported that measured MPA were greatest in heparin, PPACK (a DTI), 

citrate then EDTA 320, which my findings support with highest levels of both NPA and MPA in 

heparin and citrate, followed by ACD, and EDTA anticoagulated blood (Section 5.4.3).  

 

Blood was collected in three different calcium chelating anticoagulants (citrate, ACD and 

EDTA), enabling us to be able to better explore the effects of different strengths of calcium 

chelation on LPA measurements. In addition to the coagulation cascade, platelet activation 

and many cellular functions are calcium dependent. The choice of which anticoagulant to 

use for clinical sampling depends on the cell and type of assay that needs to be run. In many 

assays, limiting cell or platelet activation is desirable. EDTA has traditionally been used for 

phenotyping leucocytes as it does not affect the leucocyte cell surface markers 72, 321, but is a 

very strong calcium chelator, with very low numbers of LPA measured and therefore is not 

suitable for LPA measurement or platelet aggregation studies 119, 320. Furthermore, EDTA 

anticoagulated blood can give falsely low platelet counts due to a platelet clumping related 

phenomenon called pseudothrombocytopenia 307. Most haematology labs use EDTA blood 

tubes for the full blood count which includes the platelet count. In pseudothrombocytopenia, 

some patients have specific antiplatelet antibodies against platelet membrane glycoproteins 

that are activated by exposure to anticoagulants such as EDTA which leads to clumping of 

platelets 308. Conversely, in some patients, EDTA can cause antibodies against GPIIb/IIIa 

resulting in NPA and MPA formation via FCɣRIII 322 lowering the measured platelet count. To 

overcome this a citrated sample is usually requested as citrate calcium chelation is not 

strong enough to alter GPIIb/IIIa 308. 

 

Trisodium citrate 3.2% vacutainers are the most commonly used anticoagulant for clinical 

coagulation tests and platelet function testing including thromboelastography 323, 324, as well 

as the alternative anticoagulant when pseudothrombocytopenia occurs with EDTA, and in 

my data gave comparable LPA measurements as heparin blood. ACD is one of the most 

commonly used anticoagulants in extracorporeal therapies such as plasmapheresis and has 

been used for NPA measurement in some studies 314. ACD-A tubes contain less much less 

trisodium citrate compared to citrate tubes (3.3mg/ml vs 32mg/ml) but also contain citric acid 
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and dextrose which lowers the pH considerably to 4.9 (compared to 7.8 for citrate). The 

difference in pH reduces platelet aggregation, and LPA formation in ACD compared to citrate 

anticoagulation 325 which my data confirms. Schmuckenschlager et al also investigated the 

effect of platelet count, temperature and pH on platelet activity and leucocyte-platelet 

interactions. They found that thrombocytopenia and acidosis impair platelet activation and 

degranulation, and reduced MPA and NPA formation in vitro. Furthermore, although there 

were fewer LPA formed in thrombocytopenic conditions, this did not affect CD11b activation 

or CD62L shedding indicating platelet-mediated leucocyte activation is independent of the 

platelet count 277.  My results support existing literature that if a calcium chelator is to be 

used for platelet aggregation work including LPA quantification, citrate would be the best 

option.  

 

5.5.2 Impact of other anticoagulants on LPA measurement  

Given the problems with calcium chelation and therefore accurate measurement of platelet 

function, many groups are investigating the efficacy of other anticoagulants. Heparin is used 

clinically to anticoagulate patients, such as those on ECMO, but heparinised blood tubes are 

not often used for platelet function studies. Heparin activates antithrombin, which inhibits 

thrombin and factor X limiting coagulation, however there is some literature that reports 

heparin increases MPA formation compared to LMWH or Lepirudin, and can also lead 

platelets to spontaneously aggregate, therefore making it a difficult anticoagulant to work 

with in vitro 326-328. More recent evidence found the responses of platelets to agonists from 

heparin anticoagulated blood were preserved after 24 hours of storage, whereas the 

responses of platelets stored in citrate were diminished 326. I found heparin blood gave 

comparable LPA measurements to citrate blood. Given most ECMO patients are exposed to 

heparin via heparin infusions, and the mechanisms of LPA formation appear to be calcium 

dependent, heparin was chosen as the most appropriate anticoagulant for measuring LPA in 

this ECMO patient cohort to avoid discrepancies associated with calcium chelation. All 

samples were processed the same way and were therefore comparable within this study.  

 

DTI such as PPACK have been reported to be the best anticoagulant for measuring LPA and 

for platelet function studies as they provide reliable anticoagulation without cation chelation 

and should not cause platelet activation 320. In previous work, the levels of MPA in healthy 

volunteers measured in DTI such as PPACK and Lepirudin were similar to those in heparin 

320, 327; and in patients who were scheduled for percutaneous coronary intervention, those 

who were loaded with the DTI bivalirudin, had no change in their measured MPA compared 
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to those who were loaded with unfractionated heparin 327. Hirudin is a leach derived DTI and 

is the anticoagulant of choice for clinical platelet function assays such as Multiplate 

aggregometry. I was able to measure LPA in hirudin anticoagulated blood but found much 

higher levels of NPA and MPA in compared to heparin and EDTA blood, as well as 

increased neutrophil activation markers (Figure 5.5). This contradicts what is reported in the 

literature regarding the similar levels of LPA measured in DTIs and heparin blood. It would 

be useful to compare different DTI, as I have done with the calcium chelators, to truly assess 

which yields better LPA counts without affecting leucocyte activation. It is difficult to know 

whether the increased neutrophil activation measured is artefact or the true baseline 

function, which is inhibited by other anticoagulants. Other groups are using argatroban for 

neutrophil phenotyping work 329 as their preliminary work demonstrated increased priming of 

neutrophil phagocytosis compared to citrate, heparin and EDTA anticoagulants 330. Further 

work to understand the effects of anticoagulants on leucocyte activation is required.  

 

Argatroban is a synthetic DTI often used for anticoagulation in patients who have developed 

HIT, as is bivalirudin. As argatroban and bivalirudin are more clinically available compared to 

hirudin, these may be more appropriate anticoagulants to use for LPA measurement to avoid 

the unwanted effects of calcium chelation or heparin interaction with the coagulation 

cascade, and potential for leucocyte activation. Since hirudin tubes were not collected for all 

patients and it affected the neutrophil activation measurements, hirudin was not used for 

ongoing sample collection for LPA quantification. The most crucial aspect of measuring LPA 

is that the same protocol is followed for all samples to ensure comparability.  

 

5.5.3 LPA formation is calcium dependent and is reversible. 

Platelet activation is a dynamic process. EDTA is not used for in vitro platelet work as it is a 

strong calcium chelator and addition of EDTA to PRP for only a few minutes causes platelets 

to irreversibly lose their ability to aggregate to each other and respond to agonists 331. It is 

known that EDTA reduces the ability of leucocytes to bind to platelets 332 but addition of a 

cell impermeable calcium chelator, ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-

tetraacetic acid (EGTA), also known as egtazic acid, to cold stored platelets, can reversibly 

inhibit platelet activation and formation of platelet aggregates, with no effect on platelet 

function when transfused 333. Many platelet isolation protocols require blood to be taken 

using ACD or citrate anticoagulated tubes, use of calcium free wash buffers and solutions to 

inhibit platelet activation and aggregation in vitro, with subsequent replacement of calcium 

prior to stimulation confirming platelet aggregation is reversible 334-337.  
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As it is well known that platelet activity and aggregation are calcium dependent and its 

inhibition is reversible, it therefore makes sense that platelet aggregation to leucocytes is 

also calcium dependent and reversible, but there is little work into the effect of calcium on 

leucocyte-platelet aggregation specifically. Most leucocyte phenotyping work is done with 

EDTA anticoagulated blood to reduce further activation ex vivo 72, 74, 321, but this is not the 

best anticoagulant for measuring LPA. In whole blood in vitro stimulation (Figure 5.2), LPA 

did not form in EDTA anticoagulated blood compared to heparin anticoagulated blood even 

with potent stimulation from PMA, suggesting LPA formation is also calcium dependent and 

can be inhibited by strong calcium chelation. I demonstrated that the degree of calcium 

chelation can affect LPA measurement ex vivo, with EDTA, the strongest calcium chelator, 

having the lowest levels of measured LPA compared to ACD and citrate.  

 

To determine whether the LPA formation is reversible as with platelet aggregation, EDTA 

was added to heparin blood and LPA quantified. The addition of a low concentration 

(1.25mM) EDTA to heparin blood resulted in significantly lower levels of NPA and MPA 

measured as well as reduced expression of CD41 on the cell surface, comparable to levels 

in EDTA only samples (Figure 5.3). This suggests the LPA measured in heparin blood are a 

true representation of levels in the patients, but also the formation of LPA is reversible by 

calcium chelation and could be reversed to different degrees by the strength of calcium 

chelation. This finding that LPA formation is reversible suggests targeted therapies may be 

developed to reduce LPA formation in pathological circumstances.  

 

Whilst EDTA did inhibit and reverse MPA formation, MPA seemed less susceptible to the 

effects of calcium chelation with ACD and citrate (Figure 5.4). It is known that monocytes 

have increased affinity to platelets than neutrophils and it has been suggested this is 

mediated by P-selectin 121. However, there may be alternative receptor-ligand binding that 

leads to increased strength of MPA 338, 339.  

 

The finding that EDTA can reverse LPA formation and platelet aggregation, also raises a 

question of whether EDTA is the most appropriate anticoagulant for measuring platelet count 

in clinical samples.  Pseudothrombocytopenia due to EDTA has already been discussed in 

5.5.1. If LPA form readily in critically unwell patients with sepsis or who are on ECMO, then 

the number of circulating platelets is lower than normal as they are attached to the 
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leucocytes commonly neutrophils 307-309 leading to one form of pseudothrombocytopenia. 

However, the opposing effect may be true, in patients who have LPA circulating, the platelet 

count measured in EDTA blood may be falsely high as the LPA dissociate irreversibly, 

releasing the platelets back into solution. Here I have only examined the effect of EDTA and 

heparin on LPA formation in vitro. It would be interesting to examine different calcium 

chelators and their effect on LPA formation and platelet counts.   

 

5.5.4 LPA are present in ECMO patients 

We know that monocytes have highest affinity for platelets followed by neutrophils and then 

lymphocytes 120, 121, 337. In patient samples, the proportions of MPA were much higher than 

proportions of NPA at any given time point, as expected, with corresponding expression of 

CD41. There was a decrease in NPA levels from ECMO initiation to 1 week on ECMO which 

may be expected as the patient improves clinically and has less neutrophil and platelet 

activation due to reduced inflammation. However, this was not reflected in the clinically 

measured neutrophil count, platelet count or CRP over time. There were no differences in 

MPA levels or monocyte phenotypes over the ECMO run. Although there were some 

correlations between LPA and the associated blood results, these were not strong. 

 

LPA are increased in conditions where there is inflammation, shear stress 340 and vascular 

injury 341. Since ECMO is associated with increased leucocyte and platelet activation, it has 

been suggested that LPA are increased in ECMO 276 but until recently there has been little 

data relating to LPA in ECMO. Paschke and colleagues measured LPA in 10 VV ECMO 

patients and 11 HV, comparing levels before ECMO, 2 and 6 hours after ECMO initiation 

and then every few days whilst on ECMO. They found patients had higher proportions of 

NPA and MPA at baseline (before ECMO initiation) compared to HV, and levels decreased 

within 2 hours of ECMO initiation and remained at those levels up to 10 days on ECMO 292. 

Whilst I was not able to measure LPA before ECMO initiation, the lack of change in NPA and 

MPA proportions during ECMO correspond with the results found by Paschke et al. Siegel et 

al. also measured LPA levels in 30 patients on VA and VV ECMO and also found no 

difference in LPA levels compared to HV and during ECMO (day 1, day 3 and after ECMO 

decannulation) 291. They also stimulated whole blood with ADP and PMA, and found LPA 

formation in response to stimulation was reduced in ECMO patients compared to healthy 

controls 291.  
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The investigation of leucocyte-platelet interactions compliments the cell-based coagulation 

model which considers the interaction of immune cells with the coagulation cascade 

particularly in the context of ECMO where patients have an activated immune system, 

endothelial injury and activated coagulation system from ECMO initiation.  

 

5.5.5 Neutrophil-platelet aggregates, associated phenotypes, NETosis and 

thrombocytopenia 

Neutrophil phenotypes 

There was increased neutrophil activation in ECMO patients compared to HV as shown by 

increased CD66b expression, increased CD62L shedding, and increased proportion of 

immature granulocytes (Figure 5.6). These trends remain unchanged during the ECMO run 

for up to 2 weeks. There are only a few studies that look at leucocyte phenotypes in patients 

on extracorporeal circuits. In patients with cardiogenic shock requiring VA ECMO, there are 

increased circulating immature neutrophils as well as lymphocyte dysfunction compared to 

patients who did not require ECMO 342 however, there are opposing results in other 

extracorporeal circuits. One study found in patients after cardiac surgery with CPB, there are 

predominantly mature neutrophils with no differences in neutrophil progenitors 343, however 

this may be because patients are usually well prior to elective cardiac surgery, with low 

neutrophil turnover and therefore should have mostly mature granulocytes. Results from in 

vitro models vary. In one in vitro model of ECMO using whole blood, CD62L was reduced, 

and CD18 was increased in neutrophils and monocytes after 2-4 hours of ECMO with 

ongoing CD62L shedding up to 8 hours of ECMO demonstrating increased neutrophil 

activation 344. In a porcine model of neonatal ECMO, expression of neutrophil activation 

markers CD18, CD35 and CD11b was increased after 2 hours but the expression of CD62L 

was upregulated 256. In another model of ECMO comparing two different ECMO flow rates 

(4L/min vs 1.5L/min) on leucocyte activation, there was no difference in the measured cell 

surface markers with different flows 345. Overall, these studies support my findings that there 

is increased neutrophil activation on ECMO, and this is true in patients on ECMO and CPB 

with in vitro studies demonstrating this is an effect of ECMO rather than the immune 

activation associated with ARDS. 

 

I also compared neutrophil activation markers between neutrophils that had formed NPA (i.e. 

neutrophils that were CD41+) with neutrophils that had not formed NPA (CD41-) (Figure 5.8). 

Neutrophils that had formed NPA had increased expression of CD66b, CD10 and CD16 

compared to those that had not formed NPA (CD41-). This suggests that NPA are more 
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likely to form with activated mature granulocytes, which is also confirmed when mature 

granulocytes were gated for NPA (Figure 5.7).. Both NPA and immature granulocytes are 

markers of inflammation and disease and presence of circulating immature granulocytes 

indicates increased neutrophil turnover and granulopoiesis 70. Moreover, the reduced NPA 

formation with immature granulocytes may be due to the lack of surface expression of 

CD11b on immature granulocytes (Fig 1.10) 70 as CD11b (Mac-1) is one of the pathways of 

interaction between neutrophils and platelets (Figure 5.1). However, more work needs to be 

done to investigate the interactions between different neutrophil phenotypes and platelets as 

it is likely multifactorial.  

 

Relationship to NETosis and thrombocytopenia 

Interaction between platelets and neutrophils has been reported to induce neutrophil 

activation and subsequent NETosis 83, 297, 298. The increased neutrophil expression of CD66b 

and proportion of NPA at initiation of ECMO suggests increased neutrophil activity and 

corresponds with the increase in NETosis markers CitH3, and NuQH3.1 seen at this time 

point (Chapter 4). This could be due to the increased neutrophil-platelet interactions of NPA 

formation leading to increased NETosis. The lack of correlation between NPA and cell-

associated NETs contradicts this. However platelet mediated neutrophil activation is thought 

to be via NADPH oxidase independent pathways, and initiate vital NETosis, where the 

neutrophil remains intact after releasing soluble NET components 66-68, such as via TLR4 

pathway 83 which could explain these findings. Furthermore, NPA only measure direct 

platelet-neutrophil interactions and not the effects of indirect interactions of platelet-derived 

soluble mediators such as PF4, P-selectin, and extracellular vesicles on neutrophil activation 

242, 297, 346. The trend for decreasing NPA levels, decreasing neutrophil CD64 and increasing 

neutrophil CD16 over the ECMO run corresponds with decreasing plasma MPO, NE and 

cfDNA and CitH3 shown in section 4.4.4 suggesting less neutrophil activation over the 

ECMO run.   

 

Platelets can be captured within NETs leading to thrombocytopenia 82, 86, 347. Indeed, Haus et 

al found patients with increased NET release before ECMO had a more significant drop in 

platelet count after ECMO initiation 225. NPA formation can lead to neutrophil phagocytosis of 

platelets that have bound to the neutrophil cell surface 348 or increased splenic clearance of 

neutrophils with bound platelets 349. Various groups have suggested thrombocytopenia could 

be the result of platelet consumption due to LPA formation 350, 351. The readiness of 

monocytes to form heterotypic aggregates with platelets can contribute to this. Neutrophils 
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are much larger in size and therefore it is reasonable to hypothesise they have more 

platelets attached to their cell surface. However, this this does not seem to be the case; the 

neutrophil/platelet and monocyte/platelet ratios are largely 1:1 or 1:2 for both types of 

aggregates 337. Although there is no work into the association of NPA and thrombocytopenia, 

neutrophils make up 50-70% of circulating leucocytes and numbers often increase during 

sepsis 352, compared to monocytes which make up only 5% of circulating leucocytes, with 

further monocytopenia often seen in severe sepsis 353, 354. The difference and changes in 

leucocyte ratios and development of LPA could account for the thrombocytopenia in sepsis. 

  

5.5.6 Monocyte phenotypes in ECMO 

Non-classic monocytes are pro-inflammatory and are associated with increased levels of 

sepsis 72, but there was no change in proportions of monocyte subtypes over the ECMO run. 

I found classic monocytes and intermediate monocytes were more likely to form MPA than 

non-classic monocytes in contrast to other studies 338. The differences in my results 

compared to other studies may be due to the relative monocytopenia seen in ECMO patients 

(Figure 5.10) which limits conclusions regarding MPA subtypes.  

 

Whilst there were no differences in the proportion of monocyte subtypes or CD11b 

expression, the expression of HLA-DR on monocytes was lower in ECMO patients across 

the ECMO run compared to HV. This persisted throughout the whole ECMO run including 

after ECMO decannulation. This corresponds to many studies that also show monocyte 

HLA-DR is downregulated after blood exposure to extracorporeal circuits. Chenouard and 

Rudnesky found in patients undergoing cardiac surgery, monocyte CD11b is upregulated but 

HLA-DR is downregulated after CPB compared to the pre-operative state 355, 356 and in a 

neonatal study including patients on VA and VV ECMO, there was also reduction in 

monocyte HLA-DR expression after ECMO initiation compared to controls, and levels 

remained low during the ECMO run similar to my data 357. However, in an adult VA ECMO 

cohort there was no difference in monocyte HLA-DR expression 342. ECMO is used when 

patients are already in a highly inflamed state due to sepsis or shock, and ECMO can elicit a 

SIRS response leading to monocyte dysregulation and reduced HLA-DR expression 80, 81. 

The mechanisms of this immunoparesis in ECMO is yet to be determined. Whilst it may be 

related to the underlying sepsis in VV ECMO patients, the observation that it is also seen 

after CPB suggests that there is interaction between the circuit and the immune system 159. 
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The effect of ECMO on leucocyte phenotypes cannot be fully extrapolated in patients on VV 

ECMO for ARDS due to the compounding effect of leucocyte activation from ARDS, a very 

heterogenous condition. A comparison of patients with a more homogenous population such 

as cardiogenic shock on VA ECMO to those without ECMO may be better, however to date 

there are limited studies in this area.  

 

5.6 Conclusions 

The relationship between neutrophils, monocytes and platelets is important when discussing 

immunothrombosis in patients who require ECMO for SARF. LPA are a new and exciting 

research focus and present a potential therapeutic target to reduce immunothrombotic 

complications in patients with SARF, and those who require ECMO. In this chapter I have 

described the challenges with measuring LPA and the effects of different anticoagulants on 

measurement and working with LPA in vitro, but that LPA are present in patients on ECMO, 

are calcium dependent, and their formation is reversible.  

 

LPA formation in this cohort may contribute to the increased immunothrombosis via NETosis 

or to the thrombocytopenia seen during the course of ECMO or can contribute to ongoing 

lung injury despite the initiation of UPV. The increase in soluble NETosis markers seen after 

ECMO initiation corresponds with the high levels of NPA at ECMO initiation providing 

evidence that this could be the pathway for vital NETosis in this cohort of patients. I have 

also shown during ECMO there is increased neutrophil activation with more activated 

neutrophils more likely to form NPA. NPA formation also appears to be calcium dependent 

and therefore likely dependent on platelet activation. In ECMO this is likely due to exposure 

of blood to the shear forces from ECMO pump and MO and contact activation from the 

ECMO circuit. Minimising platelet activation in ECMO by systemic anticoagulation is already 

part of routine management however minimising LPA formation via GPIIb/IIIa inhibition or 

the P-selectin pathway inhibition could also reduce thrombosis. 

 

The interactions of leucocytes and platelets in circulation, within the alveolar space and with 

exogenous materials such as an ECMO circuit are complex. Understanding the role of 

ECMO in immune activation, inflammation and thrombosis is vital to understand the 

relevance of LPA and their downstream effects and can help in developing strategies to 

modulate these interactions in this complex cohort of patients. More in vitro work needs to be 
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done to investigate leucocyte-platelet interactions in extracorporeal circuits and the effect 

they have on thrombosis.  
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Chapter 6: Evaluation of leucocyte platelet aggregates in 

an in vitro model of flow 

Abstract 

Using the ibidi microfluidics system as a model for blood flow through an ECMO circuit, I 

investigated LPA formation in whole blood under flow conditions. Using platelet and 

leucocyte agonists (TRAP-6 and LPS), a P-selectin pathway inhibitor (KF38789) and 

GPIIb/IIIa inhibitor (Eptifibatide) I aimed to investigate the pathways involved in LPA 

formation.  

 

The kinetics of LPA formation differed between neutrophils and monocytes. Monocytes 

readily formed aggregates with platelets compared to neutrophils where formation was more 

gradual over time. Stimulation with TRAP-6, increased NPA formation more than leucocyte 

stimulation and the subsequent NPA formation led to platelet-mediated neutrophil activation 

with increased CD66b and CD62L shedding. Inhibition of the P-selectin pathway did not 

have an effect on LPA formation. However, inhibiting the GPIIb/IIIa pathway using 

eptifibatide reduced baseline and TRAP-6 stimulated NPA formation but did not alter MPA 

formation.  

 

In summary, the ibidi microfluidics chamber was used successfully as a model for 

investigating leucocyte-platelet interactions in vitro using whole blood. Reversing or inhibiting 

LPA formation could be a useful therapeutic target for example with GPIIb/IIIa inhibitors. This 

is the first demonstration of its role in LPA formation under ex vivo flow conditions.  
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6.1 Introduction 

There is complex cross talk between leucocytes and platelets leading to further activation of 

each cell type, enhancing local inflammation and thrombogenesis. LPA are formed by direct 

cell-cell interactions between P-selectin and GPIIb/IIIa on platelets binding to PSGL-1 and 

Mac-1 receptors on leucocytes.  

  

Previous work so far has been in whole blood stimulated in a rotator which creates turbulent 

flow or in static conditions. I aimed to investigate leucocyte-platelet interactions under more 

physiological flow conditions in vitro by perfusing whole blood through a microfluidics 

chamber, as well as investigating the effects of leucocyte and platelet stimulation on LPA 

formation. The ibidi microfluidics pump system can produce unidirectional laminar flow within 

a microchannel slide allowing different flow rates and shear rates to be applied to adhered 

cells within the slide (Section 2.3.5). Blood flow through an ECMO circuit can range from 

3L/min up to 7L/minute for an adult circuit. The flow rate measured is usually measured 

using the flow sensor on the afferent limb from the ECMO pump and MO. The large surface 

area of the MO disperses blood across the membrane to improve gas exchange, however 

the exact blood flow rate at the level of the membrane is not known. Blood flow rate depends 

on the pump speed and high pump speeds are known to increase shear and platelet 

activation 194, 358.  

 

In ECMO patients, there is increased leucocyte and platelet activation from the underlying 

insult causing the lung injury, but also ECMO leads to activation of both leucocytes and 

platelets 124, 159. Since the shear of the ECMO pump leads to increased platelet activation 194, 

and LPA formation is affected by different anticoagulants, it is logical that LPA formation is 

platelet dependent. To investigate what drives leucocyte-platelet interactions and LPA 

formation, platelet- and leucocyte-specific agonists were used to stimulate each cell type 

separately. In addition, a GPIIb/IIIa inhibitor and P-selectin pathway inhibitor were used to 

determine which of the two pathways were important in LPA formation.  

 

6.2 Aims and hypothesis 

The aim of this chapter was to investigate LPA formation and kinetics in whole blood in vitro 

using the ibidi microfluidics system to simulate physiological flow conditions within the 

membrane oxygenator.  
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I hypothesised that:  

1) LPA formation is platelet dependent and increases with platelet stimulation compared 

to leucocyte stimulation. 

2) Flow rate may be an important determinant for LPA formation 

3) LPA formation in vitro can be inhibited by blocking the P-selectin and GPIIb/IIIa 

pathways. 

 

6.3 Methods 

6.3.1 Platelet rich plasma stimulation and platelet activity quantification 

Whole blood from HV was centrifuged at 400 x g for 10 minutes at 20°C to obtain platelet 

rich plasma (PRP) from ACD and heparin blood. PRP (0.5 ml) was stimulated in 1.5ml 

Eppendorfs with agonists for 1 hour in a rotator, at 37°C. Unstimulated PRP left static at 

room temperature, on ice, and in the rotator served as controls. After stimulation, PRP was 

stained with antibody cocktail as described in section 2.4.2. Samples were analysed using 

flow cytometry to quantify platelets and platelet activity. 

 

6.3.2 Whole blood stimulation in ibidi microfluidics chamber  

The ibidi microfluidics set up and protocols are described in detail in section 2.3.5 and 2.3.6. 

In brief, heparinised whole blood was perfused through 1.6mm ID 15cm perfusion sets, and 

0.4mm microchannel slides at 37°C at different flow rates which equate to different shear 

stress (Table 6.1): 

Flow rate Shear stress within a 0.4mm 

microchannel slide 

2.5 ml/min 10 dyn/cm2 

5 ml/min 20 dyn/cm2 

10ml/min 40 dyn/cm2 

Table 6.1 Flow rates and estimated shear stress generated within a 0.4mm microchannel slide. 

These are the flow rates and shear rates that can be generated on adhered cells within a 0.4mm 

microchannel slide when using whole blood at 37°C (with an assumed viscosity 0.03 dyn⋅s/cm2) and 

1.6mm ID, 15cm perfusion sets. 

 

For reference, shear stress in the aorta is around 10-12 dyn/cm2, in large veins and 

pulmonary artery 5 dyn/cm2  and small veins 1-10 dyn/cm2 359. It should be noted that the 

shear stress within the microchannel slide applies to cells (e.g. endothelial cells) that have 
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been seeded and adhered to the slide. In this whole blood model, there are no seeded cells 

and therefore flow rates rather than shear stress will be discussed.  

Agonists (LPS 100ng/ml, TRAP-6 10uM) were added to whole blood at room temperature 

and loaded straight into the ibidi reservoirs prior to perfusion.  

For inhibition experiments eptifibatide (1µg/ml) and KF38789 (20µM) were added to whole 

blood at room temperature and incubated for 10 minutes prior to adding stimulants and 

perfusing in the microfluidics unit.  

Samples (50ul) were taken from the sampling port using an 18G filter needle and 1ml 

syringe at set time points according to the experiment protocol: 0mins (baseline prior to 

perfusion), 5mins, 10mins, 15mins, 30mins, 45mins, and 60mins. Samples that had inhibitor 

added, had samples taken before the inhibitor was added and the time point labelled as “-

10mins”. 

 

6.3.3 Flow cytometry for leucocyte phenotyping and leucocyte-platelet aggregates 

Due to the frequency of sampling for the ibidi perfusion experiments, a single panel for both 

neutrophils and monocytes was created in contrast to the two separate panels used in 

patient samples in Chapter 5. As the project focuses on the relationship between neutrophils 

and platelets, more neutrophil markers were included for the in vitro work.  

Fluorophore-conjugated neutrophil phenotyping and activation antibody markers included 

CD45, CD66b, and CD62L. Monocyte markers included CD45, and CD14. Platelet markers 

included CD41 and CD62P, and FITC-conjugated bovine lactadherin (BLAC) to identify 

bound platelets and platelet activation (Table 6.2). 

Fluorophore  Leucocyte-
Platelet 

aggregates 

BV421  CD45 

BV605  CD62P 

FITC  BLAC 

PE  CD41 

PE-Cy5 CD11b 

PE-Cy7  CD66b 

AF647  CD62L 

APC-Cy7  CD14 
 

Table 6.2 Fluorophore conjugated antibodies for quantification of leucocyte-platelet 

aggregates and phenotyping neutrophils and monocytes for in vitro experiments.  

All antibodies were diluted to a final concentration of 1:100.  
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In brief, whole blood (20µl) was incubated with LPA antibody cocktail(s) at room temperature 

for 15 minutes, 750μl BD FACS lysis buffer was added for 10 minutes to lyse erythrocytes 

and fix samples. Samples were washed with 2ml PBS and centrifuged at 300xg for 7 

minutes and resuspended in 500μl of PBS. Samples were run on the flow cytometer to 

acquire 5,000 CD14+, CD16- monocytes depending on the protocol. 

 

6.4 Results  

6.4.1 TRAP-6 is a potent platelet agonist, whereas LPS did not induce platelet 

activation in platelet rich plasma 

To determine the best platelet agonist and anticoagulant to use within the ibidi experiments 

heparin and ACD PRP was stimulated in Eppendorfs with different agonists and at different 

temperatures. Calcium ionophore (A23187) was used as the positive control as it is known to 

stimulate platelets and leucocytes, LPS 100ng/ml was tested as a leucocyte agonist, TRAP-

6 and thrombin were tested as platelet agonists. TRAP-6 was chosen as it is one of the 

agonists used in the Multiplate aggregometry as it specifically activates the thrombin 

receptor, and thrombin tested as a more physiological agonist. Platelet counts and platelet 

activation after stimulation was quantified. Platelet activation was quantified by measuring 

the proportion of CD62P positive platelets.  

 

The platelet counts as measured by flow cytometry in PRP left static on ice was lower in 

heparin PRP compared to ACD PRP (115.2 vs 290.3 x106/ml; P=0.0011), with a 

corresponding increase in platelet activation in heparin as measured by platelet CD62P 

expression (80.2 vs 37.9%; P=0.0114) (Figure 6.1). The difference between ACD and 

heparin suggests that there may be spontaneous platelet activation in heparin PRP, but 

calcium chelation inhibits this. These changes were not observed with platelets kept at room 

temperature suggesting cooling induced lower counts by aggregation in heparin blood and a 

higher total P-selectin signal from such aggregates as a plausible explanation. Unstimulated 

PRP in the rotator at 37°C was not different to PRP left static at room temperature in both 

platelets count and CD62P signal.  

In contrast, the platelet counts in PRP stimulated with thrombin were lower in ACD 

compared to heparin PRP (31.9 vs 188.6 x106/ml; p=0.0149) with some increase in CD62P 

expression (65.1 vs 30.6%; P=0.0806). In ACD PRP stimulated with thrombin there was 

formation of large, coagulated material within the Eppendorfs that were visible 
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macroscopically, which were seen on repeated experiments. These are likely platelet clumps 

due to platelet activation.   

 

With regards to stimulation, the number of platelets decreased with increased stimulation 

which likely indicates platelet aggregation. Calcium ionophore (A23187 10µM), and TRAP-6 

(50µM) led to the highest level of platelet activation as measured by CD62P expression 

(96.8% and 94% respectively in heparin PRP). Stimulation with LPS 100ng/ml did not 

significantly affect platelet numbers or platelet CD62P expression when compared to 

platelets left static and in the rotator at room temperature.  

 

Calcium ionophore was the positive control for this set of experiments and was not used as a 

stimulant for in vitro LPA experiments as it is known to stimulate leucocytes as well as 

R
T S

ta
tic

Ic
e 

S
ta

tic

R
ota

to
r 
U
T

A
23

18
7 

10
uM

TR
A
P-6

 5
0u

M

Thro
m

bin
 1

U
/m

l

LP
S 1

00
ng/m

l

0

100

200

300

400

500

Platelet count

P
la

te
le

ts
 (

1
0

6
/m

l)

#

#

✱

✱

R
T S

ta
tic

Ic
e 

S
ta

tic

R
ota

to
r 
U
T

A
23

18
7 

10
uM

TR
A
P-6

 5
0u

M

Thro
m

bin
 1

U
/m

l

LP
S 1

00
ng/m

l

0

20

40

60

80

100

CD62P +ve platelets

C
D

6
2

P
 +

v
e

 P
la

te
le

ts
  

(%
) #

✱

✱

ACD Heparin
 

Figure 6.1 Platelet count and platelet CD62P expression in response to different agonists.  

Heparin and ACD PRP (N=5) was left static at room temperature (RT) and on ice and stimulated 

in the rotator without stimulation (UT), with A23187 10µM, TRAP-6 50µM, thrombin 1U/ml or LPS 

100ng/ml for 1 hour. Using flow cytometry, the number of platelets, and platelet CD62P 

expression was quantified. N=5. Data presented as Mean ± SD. 2-way ANOVA was used to 

compare between stimulation and anticoagulant groups (differences between stimulation denoted 

by *, differences between anticoagulants denoted by #). P<0.05 considered statistically 

significant. p<0.05 *  

Calcium ionophore, A23187; Lipopolysaccharide, LPS; P-selectin, CD62P; Room temperature, 

RT; Thrombin receptor activating peptide-6, TRAP-6; Untreated, UT. 
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platelets. LPS is a well-known leucocyte agonist, and this is demonstrated in the whole blood 

model in section 5.4.1 with activation of both neutrophils and monocytes. LPS did not induce 

platelet activation in PRP, therefore was used as the leucocyte agonist in ongoing 

experiments. TRAP-6 has not been reported to directly activate neutrophils and was used as 

the platelet agonist in further experiments, but at a much lower dose of 10uM rather than the 

commonly used doses of 25-50uM for platelet investigations. This was chosen to avoid 

excessive platelet activation. Thrombin was not used due to the immediate clumping effect. 

Heparin blood was used for in vitro experiments to avoid the calcium chelating effects of 

ACD, which is demonstrated again in this set of experiments, and mimics the heparinised 

blood of ECMO patients.  

 

6.4.2 Laminar blood flow appears to generate less LPA than turbulent blood flow  

The ibidi microfluidics chamber can be used to generate unidirectional laminar flow within 

the microchannel slide chamber, similar to physiological blood flow within most small blood 

vessels and within the venous system. Pulsatile laminar flow can also be generated using 

this system to simulate blood flow in large arteries, but since I am investigating ECMO, 

where blood flow through the ECMO tubing and return to the inferior vena cava is non-

pulsatile, unidirectional laminar flow was chosen for the ibidi microfluidics experiments.  

 

Prior to using the ibidi microfluidics chamber, I compared NPA and MPA proportions within 

this model to previously used stimulation models at static and rotator conditions. To do this 

heparinised whole blood was stimulated in Eppendorfs left standing (static), in a rotator to 

generate turbulent flow/mixing, and in flow conditions (2.5ml/min through 15cm 1.6mm ID 

tubing, without the ibidi microchannel slide). The microchannel slide was not included as this 

was pilot data of flow rather than shear stress. Blood samples were taken at 0, 30 and 60 

minutes. LPS 100ng/ml was used as the leucocyte agonist and TRAP-6 10µM was used as 

the platelet agonist. 

 

Regarding NPA formation, in unstimulated whole blood after 30 minutes there was increased 

NPA formation in the rotator compared to static (93.4% vs 36.5%; P=0.0056), and flow 

conditions (46.7%; P=0.094). There was further increased NPA formation with LPS and 

TRAP stimulation in static and flow conditions, but no further increase in rotator since 

unstimulated NPA was already maximal at 30 minutes. The largest differences in NPA 

formation were between 0 to 30 minutes (Figure 6.2) with all agonists. There was further 
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increase in NPA formation in static and rotator conditions between 30 to 60 minutes but not 

significantly different, and with no differences between different agonists. In general, blood 

left at static conditions had the lowest proportion of NPA formation compared to rotator and 

flow conditions suggesting that movement or mixing of platelets and neutrophils increases 

NPA formation (Figure 6.2).  
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Figure 6.2 Neutrophil and monocyte platelet aggregate formation at static, rotator and flow 

conditions with no stimulation, LPS and TRAP-6.  

Heparinised whole blood was stimulated in static, rotator, and flow (2.5ml/min through 15cm 

1.6mm ID tubing) conditions at 37°C (N=5). Blood samples were taken at 0, 30 and 60 minutes. 

Data presented as mean ± SD. Two-way ANOVA with Geisser Greenhouse correction and Tukey’s 

multiple comparison test were performed. Comparisons between groups over time denoted by *, 

and comparisons between flow conditions at the same time points denoted by #.  P<0.05 

considered statistically significant. P<0.05 *, P<0.01 **, P<0.001 ***, P<0.0001 ****. 

Lipopolysaccharide, LPS, Monocyte-platelet aggregates, MPA; Neutrophil-platelet aggregates, 

NPA; Thrombin receptor activating peptide-6, TRAP-6, Untreated, UT. 
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MPA formation increased after stimulation for 30 minutes and was maximal (>99%) in all 

conditions with no difference between static, rotator and flow conditions, or different 

agonists. There was no further increase in MPA between 30 and 60 minutes of stimulation.  

These results also show that the lower dose of TRAP-6 10µM was adequate stimulation for 

both NPA and LPA formation as demonstrated by the increase in NPA seen at 30 minutes in 

the static conditions.  

 

6.4.3 Flow rates did not affect leucocyte-platelet aggregation in vitro 

To compare the effect of different flow rates on LPA formation in vitro, the experiments were 

run at 2.5ml/min, 5ml/min and 10ml/min with unstimulated, LPS and TRAP-6 stimulated 

whole blood. Proportion of NPA, neutrophil CD41 and CD66b expression, and proportion of 

MPA, monocyte CD41 and monocyte CD14 expression were quantified.  

 

NPA formation, and neutrophil activation (neutrophil CD66b expression) differed between 

different stimulants, but there were no differences between different flow rates on NPA 

formation or neutrophil activation. This was the same for MPA formation, and monocyte 

activation (as measured by monocyte CD14 expression). Despite no differences in NPA or 

MPA formation, there appears to be higher neutrophil and monocyte CD41 expression in 

LPS stimulated blood at perfusion flow rate of 10ml/minute compared to 2.5ml/minute and 

5ml/minute (Figure 6.3). Therefore, to minimise any excess platelet activation at higher flow 

rates, the lower flow rate of 2.5ml/minute was used for ongoing experiments. This lower flow 

rate also minimises risk of air entrainment into the perfusion set when samples are aspirated 

from the injection port.  
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Figure 6.3 Neutrophil and monocyte platelet aggregate formation with no stimulation (UT; 
white), LPS (blue) and TRAP-6 (red) at different flow rates.   

Blood was perfused at flow rates of 2.5ml/min (n=5), 5ml/min (n=4) and 10ml/min(n=3) through 

0.4mm µ-slides and 15cm 1.6mm ID tubing at 37°C. Mean lines shown with all replicates. Mixed-

effects model with Geisser Greenhouse correction performed. P<0.05 considered statistically 

significant.  
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6.4.4 Formation of neutrophil-platelet aggregates is increased with platelet 

stimulation, compared to leucocyte stimulation  

To examine LPA formation under physiologically relevant conditions in vitro, heparinised 

whole blood was perfused in the ibidi microfluidics system under flow conditions of 2.5ml/min 

through a 0.4mm microchannel slide and 15cm 1.6mm ID tubing. Blood was perfused 

without stimulation, with LPS 100ng/ml or TRAP-6 10µM to investigate the effect of 

leucocyte and platelet activation on LPA formation.  

 

Firstly, there are differences in NPA formation and neutrophil activation with different stimuli. 

Under flow conditions, without stimulation there was a gradual increase in NPA formation 

over time (P<0.0001). Without stimulation, the proportion of NPA after 30 minutes and 60 

minutes were 46.7 ± 29.4% and 63.2 ± 30.2% respectively, compared to a baseline of 8.2 ± 

3.3 %. There was increased NPA formation with leucocyte stimulation using LPS 100ng/ml 

and further exaggerated with platelet stimulation using TRAP-6 10µM (Figure 6.4). After 30 

minutes mean proportions of NPA were 46.7 ± 29.4%, 86.9 ± 14.7% and 95.1 ± 4.01% for 

unstimulated, LPS and TRAP respectively (two-way ANOVA P=0.0014). After 1 hour, with 

stimulation the proportions of NPA were near maximal for both LPS (94.5 ± 6.4 %) and 

TRAP (96.3 ± 3.5 %). In fact, in TRAP-6 stimulated blood the proportion of NPA is already 

maximal (93.8 ± 6.1%) after only 5 minutes, whereas with LPS stimulation after 5 minutes 

the NPA proportion was much lower (46.9 ± 15.2%). The degree of NPA formation 

corresponds with neutrophil CD41 expression e.g. at 30 minutes the CD41 expression was 

1,398 ± 2,246, 8,787 ± 7,917 and 28,691 ± 19,113 for unstimulated, LPS and TRAP 

respectively (two-way ANOVA P=0.0004). There was no difference in neutrophil CD62P 

expression over time but there are differences in CD62P expression with each stimulant with 

higher neutrophil CD62P in TRAP-6 stimulated whole blood (P=0.0014) (Figure 6.4). 

 

There was a different pattern with neutrophil activation. LPS 100ng/ml is a more potent 

neutrophil agonist than TRAP-6 10µM as measured by the higher CD66b expression and 

increased CD62L shedding over time in the LPS stimulated blood (Figure 6.4). Differences in 

CD66b expression were highest early in the experiment, for example, after 15 minutes of 

stimulation, the neutrophil CD66b expression was highest in LPS (64427 [54,441 – 83,690]; 

P=0.0025), then TRAP-6 (50,998 [31,839 – 68,817]; P=0.0231) when compared to untreated 

(21,673 [16,311 – 29,617]). Whereas differences in neutrophil CD62L expression were 

greater later in the experiment with lower CD62L expression after 30 minutes with LPS 

(6,048 [5,088 – 20,372] vs 192,923 [137,954 – 199,291]; P 0.0005) than with TRAP-6 
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(96,069 [50,438 – 133,824] vs 192,923 [137,954 – 199,291]; P=0.1046) when compared to 

unstimulated. These results indicate increased neutrophil activation with LPS stimulation 

compared to TRAP-6.  

 

Platelets and their expression of activation markers, CD41, CD61 and CD62P were 

quantified at 0, 30 and 60 minutes in early experiments to determine platelet activation 

(Figure 6.5). Compared to baseline, there was increase in platelet CD41 (58,500 [49,946 – 

64,277] vs 22,816 [18,538 – 33,452] and CD62P expression (21,763 [11,631 – 25,134] vs 

866 [351 – 2,216]; P=0.0078) after 30 minutes with TRAP-6 stimulation. There was further 

increase in CD62P expression after 60 minutes (22,219 [28,896 – 25,703] vs 866 [351 – 

2,216]; P=0.0015), indicating increased platelet activation. There was no platelet activation 

with LPS stimulation.  

Taken together, these results suggest that platelet activation may be a more critical early 

determinant of NPA formation as NPA are increased early with platelet stimulation, 

compared to neutrophil activation. 



230 
 

 

0 15 30 45 60

0

25

50

75

100

PMN-Plt aggregates %

Time (mins)

%

*
+

+
+

+

***
+

+
+

***
+

+

*
+

*
+

0 15 30 45 60

104

105

106

PMN CD66b MFI

Time (mins)

M
F

I

**
+

+

***

**
+

**

** *

0 15 30 45 60

103

104

105

106

PMN CD62L MFI

Time (mins)

M
F

I

*** **

0 15 30 45 60

101

102

103

104

105

PMN CD41 MFI

Time (mins)

M
F

I

+
+

**
+

+

*
+

*
+

+

0 15 30 45 60

101

102

103

104

105

PMN CD62P MFI

Time (mins)

M
F

I

+
+

*
+

+

*
+

0 15 30 45 60

102

103

104

PMN BLAC MFI

Time (mins)

M
F

I

Untreated TRAP-6 10uMLPS 100ng/ml
 

Two-way ANOVA Time Stimulation 

Neutrophil platelet aggregates (%) <0.0001 0.0014 

Neutrophil CD66b 0.0022 0.0063 
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Figure 6.4 Neutrophil platelet aggregates form under flow conditions and increase with 

leucocyte and platelet stimulation.  

Heparinised whole blood was perfused in the ibidi microfluidics chamber at 2.5ml/min through 

1.6mm tubing and 0.4mm µ-slides for 1 hour. Samples were taken at 5, 10, 15, 30, 45 and 60 

minutes for flow cytometry. Whole blood was stimulated with LPS 100ng/ml, TRAP-6 10µM, or 

unstimulated. N=5 for all conditions. Mean lines shown with all replicates. 2-way ANOVA with 

Geisser-Greenhouse correction and Tukey’s multiple-comparisons test was used to compare trend 

over time and between stimulation. Differences between LPS and unstimulated denoted by *, 

differences between TRAP-6 and unstimulated denoted by #. P<0.05 considered statistically 

significant. p<0.05 *, p<0.01 **, p<0.001 **.  
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6.4.5 There is no difference in formation of monocyte-platelet aggregates with 

leucocyte or platelet stimulation 

In contrast to the agonist-induced acceleration of NPA formation, MPA formation was 

maximal after 5 minutes for all conditions: unstimulated 86.8 ± 10.5%, LPS 90.9 ± 4.1% and 

TRAP 98.1 ± 1.5% with no significant differences between different stimulations (P=0.2689) 

(Figure 6.6). There were some early differences in monocyte CD41 expression after TRAP-6 

stimulation when compared with unstimulated: at 5 minutes (24,657 [18,822 – 32,706] vs 

5,777 [4,322 – 10,979]; P=0.0066) and at 10 minutes (42,517 [19,557 – 52,196] vs 11,641 

[8,771 – 15,284]; P=0.0333). There were similar differences in monocyte CD62P expression 

at the same time points. This suggests that although most monocytes have formed 

aggregates with platelets, after TRAP-6 stimulation there is further upregulation of CD41 and 
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Figure 6.5 Platelet activation was increased after TRAP-6 stimulation but not LPS 

stimulation  

Platelets were identified as CD41 and CD61 positive events. Expression of platelet markers 

CD41 and CD61, and platelet activation marker CD62P were quantified at 0, 30 and 60 minutes 

without stimulation (UT, n=7), LPS 100mg/ml (n=4), or TRAP-6 10µM (n=5). Mixed effects 

analysis with Geisser-Greenhouse correction and Tukey’s multiple comparison test was used to 

compare within groups. P<0.05 considered statistically significant. P<0.05 *, P<0.01 **. 
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CD62P on platelets due to increased platelet activation. There were no differences in 

monocyte CD41 or CD62P expression when LPS was compared to unstimulated. 

 

When examining monocyte activation, there were no differences between LPS or TRAP-6 

stimulation in monocyte CD14 expression, but there was some variation in monocyte CD45 

expression (P=0.0199). Unfortunately, as this was a single panel for both neutrophil and 

monocyte with limited monocyte activation markers, conclusions about monocyte activation 

cannot be drawn from this data.  

 

These results show MPA form more readily than NPA both with and without stimulation, 

confirming the affinity of monocytes to platelets is higher than that of neutrophils. Whilst 

monocytes appear to be saturated with platelets after initial stimulation, the aggregation of 

platelets to neutrophils increases gradually over time.  
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Two-way ANOVA Time Stimulation 

Monocyte platelet aggregates (%) 0.0095 0.2689 

Monocyte CD14 0.0184 0.1567 

Monocyte CD45 0.0297 0.0199 

Monocyte CD41 0.0771 0.0075 

Monocyte CD62P 0.1995 0.0214 

Monocyte BLAC 0.0704 0.0539 

Figure 6.6 Monocyte platelet aggregates form immediately and do not change under flow 

conditions with leucocyte and platelet stimulation. 

Heparinised whole blood was perfused in the ibidi microfluidics chamber at 2.5ml/min through 

1.6mm tubing and 0.4mm µ-slides for 1 hour. Samples were taken at 5, 10, 15, 30, 45 and 60 

minutes for flow cytometry. Whole blood was stimulated with LPS 100ng/ml, TRAP-6 10µM, or 

unstimulated. N=5 for all conditions. Mean lines shown with all replicates. 2-way ANOVA with 

Geisser-Greenhouse correction and Tukey’s multiple-comparisons test was used to compare trend 

over time and between stimulation. Differences between LPS and unstimulated denoted by *, 

differences between TRAP-6 and unstimulated denoted by +.   P<0.05 considered statistically 

significant. p<0.05 *, p<0.01 **, p<0.001 ***, p<0.0001 ****. 

 



234 
 

6.4.6 Inhibitors had no effect on baseline LPA formation or leucocyte activation 

To inhibit the leucocyte platelet interaction Eptifibatide, a GPIIb/IIIa pathway inhibitor, and 

KF38789 (Cat 2748; Biotechne), a selective inhibitor of P-selectin mediated cell adhesion 

was incubated with whole blood for 10 minutes prior to stimulation with LPS or TRAP-6. To 

ensure no priming effect of these inhibitors or LPA formation, samples were taken after 

incubation with inhibitors to quantify LPA formation, and leucocyte activation, prior to 

stimulation. There was no effect of eptifibatide or KF38789 on LPA formation (both NPA and 

MPA), or neutrophil or monocyte activation (as measured by neutrophil CD66b, and 

monocyte CD11b) (See figure 6.7). 
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Figure 6.7 No effect of incubation with P-selectin inhibitor (KF38789) or GPIIb/IIIa inhibitor 

(Eptifibatide) on neutrophil and monocyte activity and leucocyte-platelet aggregates. 

Heparinised whole blood was incubated with inhibitors for 10 minutes at 37°C prior to stimulation 

with LPS or TRAP-6 (N=8). Paired samples of whole blood with and without each inhibitor were 

stained with antibody cocktail. Neutrophil-platelet aggregates, neutrophil activation (CD66b), 

monocyte-platelet aggregates, and monocyte activation (CD11b) were measured. Bars show mean 

with SD. Two-way ANOVA with Geisser Greenhouse correction performed. P<0.05 considered 

statistically significant. 

Mean fluorescence intensity, MFI; Monocyte-platelet aggregates, MPA; Neutrophil-platelet 

aggregates, NPA. 
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6.4.7 Effect of GPIIb/IIIa inhibition and P-selectin pathway inhibition on neutrophil-

platelet aggregation 

The ibidi ‘Quad’ microfluidics system in our lab has 4 fluidics units, enabling experiments to 

be run paired with one stimulant and one inhibitor. Experiments with both stimulants or both 

inhibitors were not able to be run together in parallel. Comparisons are therefore made with 

its unstimulated control. CD11b was also included in these antibody panels in this set of 

experiments to better quantify leucocyte activation particularly of monocytes. In addition, 

Eptifibatide, the GPIIb/IIIa inhibitor interacts with Mac-1(CD11b) on leucocytes. 

 

Eptifibatide significantly reduced NPA formation over time in unstimulated (P=0.0201) and 

TRAP-6 stimulated blood (P=0.0090), but not in LPS stimulated blood (P=0.5500) (Figure 

6.8). There was corresponding reduction in neutrophil CD41 expression with eptifibatide 

inhibition in unstimulated/TRAP-6 experiments (P=0.0167) but not the combined 

unstimulated/LPS experiments. There were no differences in neutrophil CD62P expression. 

 

The P-selectin inhibitor, KF38789 had no effect on the NPA formation in unstimulated, LPS 

and TRAP-6 stimulated conditions but there was lower neutrophil CD41 expression in TRAP-

6 experiments (P=0.0103) suggesting lower numbers of platelets attached to each neutrophil 

with KF38789 (Figure 6.9).  

 

Neither eptifibatide nor KF38789 affected neutrophil activation as measured by neutrophil 

CD66b, CD62L or CD11b in unstimulated, LPS and TRAP-6 stimulated conditions (Figure 

6.10).  
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Figure 6.8 The effect of Eptifibatide, a GPIIb/IIIa pathway inhibitor on neutrophil platelet 

aggregation in vitro.  

Paired experiments (N=4) comparing unstimulated (UT; green) with A) TRAP-6 (red) or B) LPS 

(blue) stimulated whole blood; with or without Eptifibatide were run in parallel. Mean lines shown 

with all replicates. Three-way ANOVA with Geisser Greenhouse correction used to analyse the 

effect of stimulation and inhibition for each paired set of experiments. P<0.05 considered 

statistically significant. ANOVA variation T: Time, S: Stimulation, I: Inhibition.  

Lipopolysaccharide, LPS, neutrophil-platelet aggregate, NPA; neutrophil, PMN; thrombin receptor 

activating peptide-6, TRAP-6; untreated, UT.  
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Figure 6.9 The effect of KF38789, a P-selectin pathway inhibitor on neutrophil platelet 

aggregation in vitro.  

Paired experiments (N=4) comparing unstimulated (UT; green) with A) TRAP-6 (red) or B) LPS 

(blue) stimulated whole blood; with or without KF38789 were run in parallel. Mean lines shown 

with all replicates. Three-way ANOVA with Geisser Greenhouse correction used to analyse the 

effect of stimulation and inhibition for each paired set of experiments. P<0.05 considered 

statistically significant. ANOVA variation T: Time, S: Stimulation, I: Inhibition. Lipopolysaccharide, 

LPS, neutrophil-platelet aggregate, NPA; neutrophil, PMN; thrombin receptor activating peptide-6, 

TRAP-6; untreated, UT.  
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Figure 6.10 There was no effect of Eptifibatide, a GPIIb/IIIa inhibitor or KF38789 a P-selectin 

pathway inhibitor on neutrophil activation with LPS or TRAP-6 stimulation. Paired 

experiments (N=4) with untreated (green) with LPS (blue) or TRAP-6 (red) stimulated; with or 

without A) Eptifibatide or B) KF38789 were run in parallel. Mean lines shown with all replicates. 

Three-way ANOVA with Geisser Greenhouse correction used to analyse the effect of stimulation 

and inhibition for each paired set of experiments. P<0.05 considered statistically significant. 

Lipopolysaccharide, LPS, thrombin receptor activating peptide-6, TRAP-6; untreated, UT. 
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6.4.8 There is no effect of GPIIb/IIIa inhibition or P-selectin inhibition on monocyte-

platelet aggregation 

There was no effect of eptifibatide nor KF38789 on MPA formation or monocyte CD41 

expression in unstimulated, LPS or TRAP stimulated condition (Figure 6.11 – data for 

MPA % and monocyte CD41 shown only as no difference between other platelet markers). 

There was also no effect of eptifibatide or KF38789 on monocyte activation markers (Figure 

6.12). This could be due to the high affinity of monocytes to binding platelets and 

corresponds with earlier results using different strength calcium chelation and little difference 

in MPA (Figure 5.4 in section 5.4.3).  
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Figure 6.11 There was no effect of eptifibatide or KF38789 on monocyte platelet 

aggregation in vitro.  

Paired experiments (N=4) comparing untreated (green) with LPS (blue) or TRAP-6 (red) 

stimulated whole blood; with or without A) Eptifibatide or B) KF38789 were run in parallel. Mean 

lines shown with all replicates. Three-way ANOVA with Geisser Greenhouse correction used to 

analyse the effect of stimulation and inhibition for each paired set of experiments. P<0.05 

considered statistically significant. Lipopolysaccharide, LPS, monocyte-platelet aggregate, MPA, 

thrombin receptor activating peptide-6, TRAP-6; untreated, UT. 
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Figure 6.12 There was no difference of Eptifibatide, a GPIIb/IIIa inhibitor or KF38789 a P-

selectin pathway inhibitor on monocyte activation with LPS or TRAP-6 stimulation.  

Paired experiments (N=4) with untreated (green) with LPS (blue) or TRAP-6 (red) stimulated; with 

or without A) Eptifibatide or B) KF38789 were run in parallel. Mean lines shown with all replicates. 

Three-way ANOVA with Geisser Greenhouse correction used to analyse the effect of stimulation 

and inhibition for each paired set of experiments. ANOVA variation T: Time, S: Stimulation, I: 

Inhibition. P<0.05 statistical significance. Lipopolysaccharide, LPS, thrombin receptor activating 

peptide-6, TRAP-6; untreated, UT. 
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6.5 Discussion 

In this chapter, I discuss the development of a protocol for using the ibidi microfluidics 

parallel flow chamber to assess LPA formation in whole blood in laminar flow conditions. 

Using this model there is spontaneous baseline NPA formation in flow conditions which 

increases over time. This is increased with leucocyte and platelet stimulation. Inhibition of 

GPIIb/IIIa reduces spontaneous and platelet stimulated NPA formation. Interestingly the 

kinetics observed between NPA and MPA were different with MPA being formed more 

readily compared to NPA and were not affected by GPIIb/IIIa or P-selectin pathway 

inhibition. 

 

6.5.1 Developing an experimental flow model for investigating LPA formation 

Before using the ibidi microfluidics chamber for investigation of LPA formation in flow 

conditions preliminary work to determine the best agonists, and flow conditions was 

conducted. 

 

LPS is an established leucocyte agonist used for mimicking sepsis conditions within our lab. 

LPS did not appear to activate platelets within the PRP assay and was used as the 

leucocyte specific agonist in the whole blood model. Analysis of platelet activation within 

PRP and whole blood ibidi flow model showed LPS did not cause platelet activation. LPS 

inability to activate platelets was also found by others 337.  

 

Platelet work was new to the lab and therefore little experience with the use of platelet 

agonists. Thrombin was chosen as a naturally occurring enzyme and the end point of the 

coagulation cascade, and TRAP-6 as it is used clinically in platelet function tests, such as 

the Multiplate analyser, and in many other studies of platelet function in vitro 335, 360. In PRP, 

thrombin caused significant platelet clumping which were visible macroscopically and 

platelet activation was not able to be measured. This may be because thrombin is a very 

potent platelet agonist. Thrombin cleaves PAR1 on platelets triggering platelet activation and 

also activates multiple pathways and receptors including PAR1-4. TRAP-6 is a synthetic 

specific agonist of the PAR1 receptor and is therefore platelet specific since neutrophils do 

not constitutively express PAR-1 receptors (but may do in pregnancy) 361, 362. Thrombin’s 

actions on multiple pathways does not make it platelet specific and may have a role in 

neutrophil activation via PAR-2 363, 364. Therefore TRAP-6 was used as the platelet agonist in 

the ongoing experiments.  



243 
 

  

Whole blood stimulation models used within our lab have used blood in Eppendorfs in a 

rotator as described in section 2.3.4 and 5.4.1 with samples taken at the end of the 

experiment for quantifying biomarkers. This was not a suitable model for measuring LPA 

formation and kinetics over time. Preliminary work comparing blood in static, turbulent flow 

(Eppendorf in rotator) and laminar flow (in ibidi microfluidics chamber) conditions was carried 

out to determine if there were differences in LPA formation between these conditions 

(section 6.4.2). There was almost maximal NPA formed in turbulent flow conditions 

compared to static and laminar flow conditions after 30 minutes, as well as increasing NPA 

formation in static and laminar flow conditions up to 60 minutes demonstrating the laminar 

flow model influenced NPA formation with different kinetics to the turbulent flow/rotator 

model. The changes in MPA formation were less apparent due to maximal MPA formed after 

30 minutes in both turbulent and laminar flow conditions.  

 

In addition, the stimulation in the rotator did not allow for frequent sampling e.g. every 5 

minutes without stopping the stimulation or removing from the 37°C incubator. Using the ibidi 

microfluidics flow system allows addition of a sampling port to the perfusion set so that 

samples can be taken at more frequent intervals without disrupting the experimental 

conditions such as flow and temperature, allowing allows better characterisation of the 

kinetics of LPA formation in stable conditions. Against my hypothesis, within the ibidi model, 

there was no difference in NPA or MPA formation at different flow rates, with and without 

additional stimulation, but there was slightly higher neutrophil and monocyte expression of 

CD41 with the highest flow rate (10ml/min) which may indicate increased leucocyte-platelet 

interactions. Although there were no adhered cells within the ibidi slide, and therefore shear 

is not discussed, it may be the influential factor at higher flow rates. The lower flow rate 

(2.5ml/min) was chosen for ongoing work as this would equate to similar shear (10dyn/cm2) 

within small veins or in aorta where blood flow is 5L/min similar to blood flow in ECMO 

circuit.  

 

6.5.2 Formation of neutrophil-platelet aggregates under flow conditions is increased 

with platelet activation.  

There were low baseline levels of NPA measured shortly after HV venepuncture and prior to 

perfusion. In unstimulated blood under flow conditions, there was NPA formation which 

increases gradually over time but with no change in neutrophils associated platelet-derived 

CD41 or CD62P expression suggesting little platelet activation. There was also no change in 
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neutrophil CD66b expression or CD62L shedding suggesting no increase in neutrophil 

activation with spontaneous NPA formation (Figure 6.4). It seems quite likely that this 

phenomenon of low level spontaneous NPA formation would occur also during ECMO 

initiation where blood is exposed to altered flows within the ECMO circuit. Changes in blood 

flow can lead to marginalisation of neutrophils to the vessel periphery where platelets are 

located increasing neutrophil-platelet interactions and therefore NPA formation 365. Without 

further activation by inflammatory stimuli, NPA formation via P-selectin binding PSGL-1 

appears to be short-lived and transient, which plays a role in neutrophil transmigration on 

endothelial surfaces or possibly causing temporary NPA formation 366, 367. The observation 

that NPA formation is reversible in chapter 5 also supports this theory. The findings of 

significantly increased numbers of aggregates therefore predicts ongoing formation of NPA 

such as in pathological conditions of inflammation and thrombosis 368.  

  

To investigate whether the NPA formation was impacted more by neutrophil or platelet 

activation, I used TRAP-6, a platelet agonist and LPS, a leucocyte agonist to simulate more 

pro-immunothrombotic conditions in this in vitro model. Formation of NPA was more 

pronounced when using TRAP-6, compared to LPS. After TRAP-6 stimulation, the proportion 

of NPA formed was near maximal (>90%) after only 5 minutes, with much higher platelet-

derived CD41 and CD62P signals on neutrophils compared to with LPS stimulation. In 

addition, despite increased neutrophil activation (increased CD66b, and decreased CD62L) 

with LPS compared to TRAP-6 at all time points, the speed and levels of NPA formed were 

greater with TRAP-6 stimulation. These findings suggest that platelets are more readily 

activated than neutrophils supporting the view that NPA formation in whole blood is primarily 

dependent on platelet activation 337, 367. Mauler and colleagues also found stimulation of 

platelets with ADP for 15 minutes increased NPA formation compared to controls in mouse 

and human neutrophils. However, in their model, stimulation with PMA, led to higher NPA 

formation than with ADP 369. Peshkova and colleagues compared NPA formation in citrated 

whole blood with LPS 100ng/ml, PMA 100nM, ADP 20µM, and TRAP-6 50µM and also 

found PMA caused the highest NPA formation (37.7%), compared to TRAP-6 (24%), ADP 

(17.1%) and LPS (0.5%) 337. Further work with isolated neutrophils and PRP with LPS and 

PMA stimulation showed that whilst LPS caused strong activation of neutrophils, it did not 

activate platelets compared to PMA which activated both. From this they concluded that 

platelet activation is necessary for NPA formation 337. Since TRAP-6 is not known to 

stimulate neutrophils, the increased neutrophil activation (CD66b expression and some 

CD62L shedding) after 1 hour of perfusion with TRAP-6 stimulation suggests that there is 

platelet-mediated neutrophil activation after formation of NPA.  
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The findings from these experiments that there is baseline NPA formation within flow 

conditions in a new perfusion circuit, which is enhanced by both leucocyte and platelet 

activation could explain the increased immunothrombosis seen in ECMO. Firstly, the 

baseline NPA formation seen in unstimulated blood could represent increased interactions 

from increased blood mixing due to changes in flow, and there is contact activation from 

blood exposure to the ECMO circuit leading to increased platelet activation and adherence, 

as well as thrombin generation 124, 159, leading to increased NPA formation. Secondly, 

patients who require ECMO are usually inflamed from the underlying condition e.g. infection, 

ARDS and have primed leucocytes and platelets which increases ligand-receptor expression 

and binding on neutrophil and platelet cell surfaces increasing NPA formation 282, 367. And 

thirdly in whilst an air pump was used in this in vitro model, in ECMO a blood pump is used 

to generate the blood flow which can increase platelet and neutrophil activation due to high 

mechanical shear stress (HMSS). Sun and colleagues investigated the impact of HMSS from 

mechanical circulatory devices on platelet and neutrophil activation in whole blood models. 

They found platelet activation as measured by platelet microvesicle production and adhesion 

capacity to fibrinogen increased over time with no difference in circuits with and without the 

MO 194 suggesting HMSS from the blood pump played a dominant role in this activation. 

They also found increased neutrophil activation (as measured by increased CD11b, and 

decreased CD62L), and increased neutrophil phagocytosis after exposure to HMSS, which 

increased with duration of exposure up to 1 hour 370, 371.   

 

6.5.3 Differential formation of LPA depends on cell type and stimulant  

Until recently, there has been little work investigating NPA and MPA formation concurrently. 

Whilst there are clear differences in NPA formation in unstimulated, LPS and TRAP-6 

stimulated blood, there is immediate and maximal formation of MPA at after only 5 minutes 

of perfusion with no difference between unstimulated, LPS or TRAP-6 stimulated blood. 

Therefore, the same conclusions regarding platelet activation mediating NPA formation 

cannot be made regarding MPA. The only difference is that monocyte expression of platelet-

derived CD41 and CD62P was higher with TRAP-6 stimulation indicating increased platelet 

activation.  

 

Peshkova and colleagues investigated the formation and morphology of NPA and MPA in 

response to various cellular activators in whole blood and in plasma 337. After stimulating 

citrated whole blood for 15 minutes, they found higher levels of MPA compared to NPA in all 
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conditions: PMA (73.8% vs 37.7%), ADP (61.3% vs 17.1%) and TRAP-6 (77.5% vs 24%), 

and that both NPA and MPA formation correlated with platelet aggregation and expression of 

P-selectin, similar to my findings. Since PMA and TRAP-6 caused potent LPA formation 

whereas LPS did not, they suggest that platelets are the rate limiting step for LPA formation 

and LPA formation may be mediated by protein kinase C pathway since PMA and TRAP-6 

activate protein kinase C 337. In another study, Ahn et al combined isolated monocytes, 

neutrophils and platelets under different shear conditions in a cone-and-plate-rheometer and 

also found increased levels of MPA (12%) compared to NPA (8%) at baseline and that MPA 

formed preferentially over NPA at earlier time points and increased with increasing shear 

stress and shear exposure time 372 supporting my findings. 

 

It is known that monocytes have the highest affinity for P-selectin compared to neutrophils 

and lymphocytes 121, which explains the increased MPA found in all in vitro models (static, 

rotator and flow) of whole blood stimulation as well as other studies 337, 372. PSGL-1 is 

expressed constitutively on monocytes binding P-selectin and the initial binding of platelets 

to monocytes is strengthened further by ligand-receptor interactions such as platelet CD40L 

binding to monocyte CD40, and Mac-1 with CD18 338, 339. In contrast, whilst PSGL-1 is 

expressed on inactive neutrophils, there have been some studies that report neutrophil 

surface PSLG-1 is downregulated or cleaved after neutrophil activation 373, 374 which could 

explain the differences in MPA and NPA formation between LPS and TRAP-6 stimulation. In 

addition, monocytes express tissue factor on their cell surface whereas neutrophils do not, 

and therefore monocytes are more likely to activate platelets via the cell-based coagulation 

model (Figure 1.7) 39 further enhancing platelet mediated MPA formation. With regards to 

stimulation, whilst neutrophils have not been shown to constitutively express PAR-1, 

monocytes and other antigen presenting cells do 375, therefore TRAP-6 would activate 

monocytes which can further increase MPA formation compared to NPA leading to the 

increased monocyte CD41 and CD62P expression.  

 

6.5.4 Inhibiting GPIIb/IIIa using eptifibatide reduced NPA formation but inhibition of P-

selectin pathway by KF38789 did not 

The observation that LPA formation is reversible could lead to potential treatment options for 

conditions where immunothrombosis due to LPA formation is high. Leucocytes and platelets 

interact predominantly via platelet P-selectin binding to leucocyte PSLG-1, and platelet 

GPIIb/IIIa binding to leucocyte Mac-1 via intermediary proteins such as fibrinogen and 
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CD40L 119, 120. Therefore, I hypothesised that inhibiting these pathways would reduce LPA 

formation.  

 

GPIIb/IIIa inhibition 

Eptifibatide is a competitive inhibitor of the GPIIb/IIIa receptor preventing binding to 

intermediary proteins CD40 and fibrinogen, as well as VWF and prothrombin 376. Incubation 

with eptifibatide prior to stimulation and perfusion within the microfluidics channel reduced 

NPA formation in unstimulated whole blood and in TRAP-6 stimulated blood, supporting the 

view that NPA formation is dependent on platelet activation and there is involvement of the 

GPIIb/IIIa pathway. Patko and colleagues were one of the first groups to report that CD40L 

and fibrinogen mediated formation of heterotypic platelet aggregates with Mac-1 presenting 

cells, and inhibition of GPIIb/IIIa with eptifibatide reduced this interaction 377 and 

Polanowska-Grabowska et al found anti-platelet agents such as clopidogrel suppressed 

NPA formation and platelet-dependent activation in sickle cell mice 314. There was no effect 

of eptifibatide on LPS stimulated NPA formation, which suggests that although LPS did not 

activate platelets the increased leucocyte activation from LPS has some effect on NPA 

formation independent of platelet activation or that LPS activation leads to a different 

pathway of LPA formation such as through TLR4 activation on platelets 83. In contrast to 

NPA, there was no effect of eptifibatide on MPA formation, which is likely due to the 

increased affinity of platelets to monocytes and additional increased stability by their various 

pathways of receptor-ligand interactions after monocyte activation 338, 339. It could also be 

related to the low dose of eptifibatide used in these experiments since eptifibatide is 

administered clinically as a continuous infusion, and a dose titration or repeated dosing in 

vitro may yield different results for MPA. One study found contrasting results, with GPIIb/IIIa 

blockade increasing LPA formation in unstimulated and ADP stimulated blood and 

suggested that the P-selectin pathway is the principle pathway of interaction between 

leucocytes and platelets 340. 

 

GPIIb/IIIa inhibitors such as eptifibatide, tirofiban and abciximab are used as adjunctive anti-

platelet drugs in patients with unstable angina and those undergoing high risk percutaneous 

coronary intervention 378. There are a few small case series reporting on the use of 

eptifibatide for patients with LVAD thrombosis. Al-Quthami reports on a case series of 3 

patients with LVAD thrombosis and Tellor et al evaluated the use of an eptifibatide infusion 

for 17 patients with LVADs with suspected pump thrombosis, and found clots within the 

LVAD circuits were able to be dissolved in a small number of patients, however bleeding 
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complications occurred in the majority of patients 379, 380. Another case describes the use of 

eptifibatide in a patient on VA ECMO after myocardial infarction who had in stent thrombosis, 

however the bleeding events were high 381. Whilst eptifibatide may be effective at reducing 

clot burden in patients on ECLS, the risk of bleeding and its consequences remain high and 

limits its use in this high-risk cohort of patients.  

 

Other anti-platelet drugs have been investigated in modulating LPA formation. In patients 

receiving the influenza vaccine, the increased MPA formation leads to a pro-inflammatory 

phenotype in circulating monocytes 382. They and others found antiplatelet drugs such as 

aspirin and clopidogrel reduces MPA formation and the number of pro-inflammatory 

monocytes in patients who received the influenza vaccine, with aspirin being the most 

effective 382, 383. The circulating P-selectin was also reduced and correlated with the changes 

in pro-inflammatory monocytes and CRP suggesting that the pro-inflammatory effect was 

dependent on the amplitude of P-selectin reduction 383. However, the evidence regarding the 

effect of anti-platelet drugs on LPA formation is conflicting. Recent evidence shows that 

whilst LPA and platelet degranulation is increased in patients with coronary artery disease, 

there was no difference in LPA in patients on antiplatelet therapy (aspirin, clopidogrel or 

prasugrel) suggesting a platelet independent mechanism of LPA formation 384.  

 

P-selectin pathway inhibition 

To inhibit the P-selectin pathway, I used the compound KF38789, a selective inhibitor of P-

selectin mediated cell adhesion which has no effect on E-selectin or L-selectin. KF38789 has 

been shown to inhibit P-selectin mediated cell adhesion and leucocyte recruitment in mouse 

peritonitis 385, and facilitates movement of human corneal epithelial cells 386 but has not 

previously been investigated in mediating leucocyte-platelet interactions. In this whole blood 

flow model, there was no effect of KF38789 on LPA formation. The lack of effect from 

KF38789 on LPA formation is not necessarily because KF38789 has no effect on the P-

selectin pathway, but perhaps it modulates the interaction between endothelial cells and 

leucocytes, rather than between platelets and leucocytes. KF38789 was the only 

commercially available P-selectin pathway inhibitor I was able to procure. Future work into 

inhibiting the P-selectin mediated leucocyte-platelet interactions within this whole blood 

model could include dose titrations of KF38789 or use of an anti-P-selectin antibody which 

has been shown reduce NPA and MPA formation in vitro in many other studies. Peshkova 

used Inclacumab, an anti-P-selectin monoclonal antibody, which prevented formation of NPA 

induced by TRAP-6 337, Mauler found that blocking P-selectin prevented ADP induced NPA 
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formation but not in PMA stimulated whole blood 369, and Ahn found both anti-P-selectin and 

anti-PSGL-1 antibodies were able to inhibit shear induced MPA and NPA formation, but 

blocking GPIIb/IIIa did not 372. Harding found blocking P-selectin reduced MPA formation in 

heparinised blood 327 and Hu found P-selectin blockade abolished LPA formation under 

static conditions but not shear enhanced LPA formation 340. These correspond to the many 

reports that LPA formation is mediated mainly by the P-selectin pathway. 

 

P-selectin blockade has been found to have clinical benefit in some immunothrombotic 

conditions. Patients with sickle cell disease have both increased NPA 314 and MPA 387 

compared to controls. Crizanlizumab, an anti-P-selectin monoclonal antibody, reduces rates 

of vaso-occlusive crises in patients with sickle cell disease and has been approved for 

clinical use 388, 389. Zarbock found that anti-P-selectin antibodies reduced neutrophil-platelet 

interactions and led to improved gas exchange and less lung injury in an acid model of ALI in 

mice 313. As COVID-19 is an immunothrombotic condition characterised by microvascular 

thrombi, some groups hypothesized that Crizanlizumab would reduce the interactions 

between platelets, leucocytes and endothelial cells in COVID-19 however there have not 

been any positive findings 390, 391. The effect of anti-P-selectin monoclonal antibodies in these 

clinical studies is not specific to endothelial cell or platelet interactions and the effect cannot 

be contributed to leucocyte-platelet interactions alone. The true effect of P-selectin blockade 

on leucocyte-platelet interactions in clinical use remains to be determined and warrants 

further investigation.  

 

Other pathways 

The P-selectin and GPIIb/IIIa pathways are not the only pathways by which platelets are 

activated and interact with neutrophils. Li et al found FMLP and collagen activation of 

platelets and leucocytes of whole blood under physiological shear could be inhibited by 

GPIIb/IIIa and P-selectin blockade; and platelet activating factor (PAF) antagonists, 

superoxide anion scavengers and 5-lipoxygnase products inhibited FMLP activation of 

platelets, however collagen induced leucocyte activation could not be inhibited by 

Thromboxane A2 or PAF antagonists 123. This study suggests multiple mechanisms and 

mediators involved in leucocyte-platelet interactions. Others also found LPS does not 

activate platelets in the same way as TRAP-6, thrombin or ADP, and LPS activation of 

platelets via TLR4 likely modulates their response to other agonists rather than direct 

activation 83, 392 which may explain why neither KF38789 or eptifibatide influenced LPA 

formation in LPS stimulated blood. Some studies have shown inhibiting TLR4 reduces 
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platelet induced neutrophil degranulation and NETosis 83, 346. TLR4 inhibition may present 

another therapeutic target for reducing platelet-neutrophil interactions particularly as this 

pathway appears to mediate NETosis.  

 

6.5.5 Significance of leucocyte-platelet aggregates and interactions 

LPA have been suggested as an alternative, more sensitive marker for platelet activation 

since they remain detectable in the peripheral blood for significantly longer and are easily 

detected by flow cytometry 119, 393. The investigation of leucocyte-platelet interactions 

compliments the cell-based coagulation model which considers the interaction of immune 

cells with the coagulation cascade particularly in the context of ECMO where patients have 

an activated immune system, endothelial injury and activated coagulation system from 

ECMO initiation. 

 

LPA are thrombogenic 

LPA, particularly MPA are considered a marker of increased thrombogenicity. Monocytes 

play an important role in atherogenesis where platelets facilitate their adhesion and 

extravasation through the endothelium 394. Monocytes express tissue factor which initiates 

the coagulation cascade and results in the formation of thrombin and fibrin, key steps in 

thrombus formation, and stabilisation 395.  MPA have been proposed as a sensitive marker of 

platelet activation and are raised in ACS, after PCI and during CABG 310, 327, 393, 396. They are 

also associated with the hypercoagulability observed in nephrotic syndrome 397, and play 

roles in HIV 351 and liver cirrhosis 350.  

 

The role of NPA in atherothrombosis has not been studied as extensively as for MPA but 

have been found in patients with DVT 311, atherosclerosis and coronary artery disease 303, 

and sickle cell disease 314, 388. NPA may have a larger role in immunothrombosis, and 

NETosis 101-103. Both NPA and MPA were higher in patients with moderate and severe 

COVID-19 disease which could contribute to the thrombogenic phenotype of COVID-19 

patients 305. The increased NPA formation due to platelet activation with subsequent 

neutrophil activation provides a mechanism for increased NETosis seen in ECMO.  

 

Platelets enhance leucocyte migration and endothelial adhesion by CD11b activation and 

CD62L shedding 398 and this observation that platelet-mediated activation of leucocytes is 
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unchanged in thrombocytopenia may explain the ongoing inflammation seen in ECMO 

patients, where there is often thrombocytopenia within a short period of initiating ECMO as 

described in Chapter 3, as well as ongoing platelet activation from the shear generated by 

the ECMO blood pump. The local acidosis at sites of active site of inflammation or in 

hypercarbic respiratory failure may also impair LPA formation and counteract 

immunothrombosis but increase the neutrophil inflammatory response, which is mediated by 

P-selectin 277, 399.  

 

LPA contribute to acute lung injury 

Neutrophil recruitment to the alveolar space is a key event in the pathophysiology of ALI. 

Platelet binding to neutrophils has been reported to increase neutrophil adhesion to 

endothelium and may be responsible for endothelial activation and ALI in murine models of 

acid lung injury and sickle cell disease 313, 314. Zarbock et al. found acid aspiration induced P-

selectin mediated platelet-neutrophil interactions in blood and lung capillaries as early as 30 

minutes after injury, which increased vascular permeability and leucocyte recruitment. They 

found both reducing blood platelet count and blocking P-selectin inhibited NPA formation, 

resulting in increased gas exchange, and improved survival 313. Polanowska-Grabowska et 

al. using similar methods also found platelet depletion and P-selectin blockade was 

associated with reduced pulmonary neutrophils and reduced pulmonary vascular leakage, 

and that platelet derived P-selectin and not endothelial P-selectin was responsible for the 

ALI 314. Both these studies implicate platelet activation in the development of ALI which is P-

selectin dependent. Leucocyte-platelet interactions are also found in TRALI 86 and LPS 

induced lung injury 347 with platelet depletion reducing the degree of lung injury in these 

models. The leucocyte-platelet interactions mediate neutrophil recruitment, activation and 

NETosis contributing to the degree of lung injury 86, 87, 97, 347 

 

More work needs to be done to reduce the formation of NPA and MPA in order to reduce 

their damaging effects in inflammation and immunothrombosis. Having robust models to 

investigate their interactions in physiological conditions and how to inhibit or reduce them is 

of importance to many clinical presentations.  

 

6.5.6 Limitations 

Whilst I was able to generate NPA in the ibidi microfluidics chamber, I was not able to 

identify NETs and therefore I cannot refute my initial hypothesis that LPA formation leads to 
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subsequent NETosis. Whilst neutrophil platelet interactions may be necessary for NETs to 

form, they are not sufficient and therefore it is not known whether the NPA that are identified 

from patient samples (in chapter 5) are related to the NETs that were identified both in whole 

blood and plasma samples (chapter 4). However, LPS and TRAP are not potent neutrophil 

agonists and were chosen for this reason to test my hypothesis, and NETosis occurs over a 

longer time course (4-6 hours) and therefore may not be formed in these one-hour 

experiments.  

 

The ibidi microfluidics chamber can be used as a conceptual model of the ECMO circuit, but 

is not a perfect model of ECMO. The materials are not the same, firstly, the ibidi tubing is not 

heparin lined like most modern ECMO tubing, and the blood within the ibidi system is not 

exposed to the large surface area of the MO which adsorbs proteins, platelets and 

leucocytes to the oxygenator surface removing them from circulation or leading to increased 

activation, nor the HMSS of the ECMO pump 194, 371. The 1 hour perfusion time within the 

ibidi system is short compared to perfusion through an ECMO circuit which is in use for days 

or weeks, with blood circulating through other organs such as the spleen, liver or lungs 

which can act as a reservoir, aid in the clearance of neutrophils, monocytes and platelets, 

and participate in uptake of inflammatory mediators 400, 401. Furthermore the oxygen 

conditions are not comparable between the models; in homeostatic conditions neutrophils 

circulate in low oxygen concentrations (dissolved oxygen in blood 0.1-1.2%) 402, whereas in 

both the ibidi experimental model and in an ECMO circuit, blood and therefore neutrophils 

are exposed to higher FiO2 concentrations (21% for the ibidi, and 60-100% for ECMO) 

which has been shown to increase neutrophil activation (with reduced CD62L and increased 

CD11b expression) and NET formation in vitro 403. 

 

I did not have time within the scope of this project to complete dose titrations of all reagents.  

Only two stimulants and two inhibitors were used with varying results. With regards to 

stimulants, LPS 100ng/ml is a commonly used concentration in cellular research to induce a 

significant inflammatory and activation response in neutrophils and monocytes and is well 

established within our lab in both whole blood and isolated cell stimulation 404-406; and other 

groups for NPA formation 337. However others have stimulated LPA formation using lower 

doses of LPS e.g. 10ng/ml 407. Furthermore, the role of LPS in platelet activation is 

controversial. Galgano et al. describe the large range of LPS doses used in the literature 

ranging from 15pg/ml to 100 µg/ml, and the source of LPS (E.coli, salmonella, or klebsiella) 

is a critical factor in determining the agonist effect of LPS on platelet activation 408. TRAP-6 



253 
 

was chosen as it is one of the agonists used in the Multiplate aggregometry, specifically 

activating the thrombin receptor, as a more physiological platelet agonist, and has not been 

reported to directly activate neutrophils. The dose of 10uM was used to avoid excessive 

platelet activation based on my own PRP stimulation data shown in 6.4.1, and from results 

from other platelet studies which used doses of 10-50uM (334, 335). The doses of the inhibitors 

Eptifibatide and KF38789 were selected based on the literature (385, 386, 409). However, 

Eptifibatide is commonly used as a continuous infusion rather than a singular dose and there 

have been no reports of KF38789 used for neutrophil-platelet interactions. KF38789 did not 

change LPA formation, but anti-P-selectin antibodies or PSGL-1 antibodies may increase 

inhibition as this shown in other studies 313, 390, 410. Dose titration of agonists, inhibitors, and 

co-stimulation with both TRAP-6 and LPS as well as comparison with other stimulants and 

inhibitors would be useful to establish any dose-response relationship of each reagent to 

LPA formation, particularly if inhibitors are used clinically to determine safe and effective 

dosing. 

 

6.5.7 Future work using the ibidi model for investigating LPA 

This is an early model of investigating leucocyte-platelet interactions under laminar flow 

conditions in our lab. This model represents a reductionist system to ECMO for evaluating 

whole blood cellular interactions with an extracorporeal circuit, and allows evaluation of basic 

LPA formation, with addition of stimulants and inhibitors as well as frequency of sampling 

given the early platelet activation and LPA observed particularly with MPA. From these 

experiments I found similar findings with regards to NPA formation with different stimuli and 

inhibition as other groups validating the use of this model 292, 337.  

 

Future work should include dose titrations of stimulants and inhibitors as well as co-

stimulation to better represent the inflammation seen in patients who require ECMO. Other 

agonists could include PMA as a positive control for NETosis, calcium ionophore for both 

neutrophil and platelet activation, and other platelet agonists such as thrombin, or platelet 

activating factor. Other inhibitors which would be of interest would be P-selectin antibodies to 

block the P-selectin pathway, or other GPIIb/IIIa pathway inhibitors with different doses or 

administration e.g repeated dosing. Perfusing whole blood through the ibidi circuit represents 

similar conditions to ECMO initiation where the patient’s circulating blood is exposed to the 

new ECMO circuit prior to endothelialisation. The increased NPA formation seen could help 

explain the increased NETosis seen after ECMO initiation in clinical samples (Chapter 4). 

After 24-48 hours of ECMO, there is protein and cellular deposition on the ECMO circuit. 
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Platelets and leucocytes interact with the protein biolayer, and the complement system 

propagating further activation and adhesion 124, 159. To investigate LPA formation in a more 

chronic model of ECMO, the next step would be to seed endothelial cells within the ibidi 

microchannel slides prior to perfusion with whole blood to mimic the vasculature of an 

endothelialised ECMO circuit in longer term ECMO use. The change in flows would then 

alter the shear rates on the endothelial cells within the microchannel slides which may have 

further effect on LPA kinetics as found by Ahn et al, who found increased LPA formation with 

increased shear 372. The model could also be reduced from whole blood to isolated cell 

populations using endothelial cells, isolated platelets or PRP, and neutrophils. Within this 

model, platelets, monocytes and neutrophils can be pre-exposed to stimulants or inhibitors 

to fully elucidate the cellular interactions that occur under flow or shear conditions. Using 

isolated cell populations can further validate whether TRAP-6 stimulation of platelet-free 

isolated neutrophils leads to neutrophil activation. In addition, the evaluation of aggregates 

containg neutrophils, monocytes and platelets together should be studied as found by Ahn 

who found these triple aggregates after stimulation with thrombin 372.  

 

Despite the limitations this early work using the ibidi system shows promise and is the 

starting point for future work within the lab to investigating coagulation and 

immunothrombosis in extracorporeal circuits. The results from this work will not only apply to 

ECMO, but other extracorporeal circuits such as CPB and haemodialysis.  

 

6.6 Conclusion 

Understanding the mechanisms of neutrophil, monocyte and platelet activation and 

heterotypic aggregate formation is important in infective and inflammatory states where there 

is increased immune response and increased thrombosis. What is becoming clear is LPA 

formation leads to increased platelet-mediated leucocyte activation and therefore LPA not 

only increase immunothrombosis but also increase inflammation. This is exacerbated in 

ECMO where there are many factors contributing to the inflammation and 

immunothrombosis 159.  

 

Using the ibidi microfluidics chamber, I demonstrated that NPA form in whole blood over 

time and is increased by platelet activation more than leucocyte activation and can be 

modulated by GPIIb/IIIa inhibition. This increased NPA formation due to increased platelet 

activation may explain the increased NETosis seen in ECMO patients, contributing to 
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immunothrombosis and thrombocytopenia and offers a potential therapeutic target. I also 

found different kinetics between NPA and MPA formation with MPA forming more readily 

even in unstimulated whole blood which has also been found by others. The significance of 

the difference between neutrophil and monocyte affinity to platelets has not been fully 

explored, but MPA formation also has roles in inflammation and thrombosis.  

 

Preventing or reducing the interaction between platelets, leucocytes and endothelial cells 

may have multiple downstream benefits such as reduced immunothrombotic complications, 

reduced thrombocytopenia, and reduced lung injury. Since these interactions appear to be 

platelet-driven, this may already be achievable with anti-platelet drugs already in use, but we 

need to determine how to optimise the benefits of these drugs without increasing the 

bleeding risk. More work into the pathways driving platelet-mediated leucocyte activation and 

its inhibition is required to understand these processes and develop new therapeutic 

strategies.  

 

This whole blood perfusion model is able to investigate LPA formation under flow conditions 

in vitro and I have validated a whole blood flow cytometry protocol for measuring NPA and 

MPA in vitro. The work presented in this chapter is preliminary work and the experimental 

models presented here can be further adapted in the future to further interrogate the effects 

of flow and endothelial shear on leucocyte and platelet activation.   
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Chapter 7 Discussion and conclusions 

7.1 The mechanisms of immunothrombosis in extracorporeal circuits remain 

unclear 

Despite decades use of ECMO, optimisation of anticoagulation regimes and advances in 

biomaterials, haemostatic complications of bleeding and thrombosis remain the main 

complications of ECMO 129, 195. The thrombotic complications were further highlighted when 

patients have immunothrombotic conditions such as COVID-19 or in patients who have 

longer ECMO runs for other reasons 133, 179. Over the last few decades there has been little 

further enhancement of ECMO biomaterials with almost all ECMO oxygenators being made 

with PMP since 2009 32. Instead, the focus has now changed to the cellular mechanisms of 

immunothrombosis.  

 

Leucocyte-platelet interactions are key in immunothrombosis with both direct and indirect 

pathways of communication between cells. Many have examined numbers of extracellular 

vesicles from different cell populations, serum cytokine and chemokine levels as markers of 

indirect communication. Activated neutrophils release NETs and it has been shown that 

NETs and their individual components interact with coagulation and platelets in many ways 

111. LPA formation is an emerging area of interest in sepsis 313, 411, and other 

thromboinflammatory conditions 120, 282, 310, 311, 397, 412, and are a novel therapeutic target in 

thrombotic conditions such as sickle cell disease 388, 389. However, there is little research into 

the role of LPA and their contribution to immunothrombosis in patients on ECMO. 

Furthermore, there are differences between monocytes and neutrophils which has not 

previously been explored in an ECMO population.  

 

The primary aims of this thesis were to investigate why MO thrombosis occurs more in some 

patients compared to others, as well as the mechanisms leading to immunothrombosis in 

these patients by examining NETosis and leucocyte-platelet interactions particularly through 

LPA formation. I hypothesised that NETosis is a key mechanism for the development of 

immunothrombosis in patients on ECMO, particularly those who require circuit change and 

that LPA formation due to shear stress from ECMO would lead to increased NET formation. 

However, there is a disconnect between the clinical and in vitro work in my thesis. Whilst I 

was able to demonstrate the presence of NETs and LPA in patient samples, there was no 

relationship with circuit change, and the in vitro work has not demonstrated a relationship 

between LPA and NET formation. I have therefore not been able to prove my hypothesis that 
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neutrophil platelet interactions are a driving mechanism for increased immunothrombosis 

and NETosis.  

 

Chapter 3 and 4 describe clinical observations in ECMO patients. In chapter 3, the features 

of MO thrombosis in ECMO patients with COVID-19 and non-COVID-19 ARDS are 

described, and there is increased incidence of ECMO thrombosis requiring a circuit change 

in patients with COVID-19, likely related to increased ECMO duration in this cohort of 

patients. Chapter 4 demonstrates NET formation in patients who require ECMO for ARDS 

with evidence of increase NETosis relating to being on ECMO which also decreases on 

discontinuation of ECMO. However, there were no changes in NETosis markers in patients 

who required circuit change and therefore the link between NETs and MO thrombosis cannot 

be proven from this clinical data.  

 

I developed a method for measuring LPA for patient and in vitro work in chapter 5 and 6 and 

describe LPA in clinical samples however the patient LPA levels do not relate to levels of 

NETosis markers, and whilst there was increasing LPA formation over time in whole blood 

perfused through a microfluidics chamber in vitro, NET formation was not observed. 

Therefore, a causal relationship between LPA formation and specifically NPA, and NETosis 

cannot be made. 

 

The initial hypothesised mechanisms may not be incorrect, but the data presented in this 

thesis do not support a clear link between neutrophil-platelet interaction, NETS and 

immunothrombosis in ECMO. The work described in these chapters may stand alone as 

individual pieces of work, but the overarching theme of ECMO related inflammation and 

thrombosis provides a coherent framework for discussion of mechanisms.  
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7.2 Summary of findings 

7.2.1 ECMO is immunothrombotic and risk of MO thrombosis increases with ECMO 

duration 

I first quantified the incidence of MO thrombosis in clinical practice, and the challenges in 

predicting need for circuit change as clinically there is not a biomarker or mechanical 

parameter that can be used alone to quantify risk of MO thrombosis. In Chapter 3, using 

COVID-19 as an immunothrombotic cohort, I compared circuit change frequency, and 

differences in clinically measured biomarkers in the lead up to circuit change in patients on 

VV ECMO. This was a retrospective analysis of over 270 patients from a single centre cohort 

of patients who were all on the same initial ECMO pump and MO (Cardiohelp with integrated 

HLS oxygenator). Patients with COVID-19 had twice the incidence of MO dysfunction 

requiring circuit change, and significantly longer ECMO runs than non-COVID-19 patients. 

Multiple logistic regression showed that the increased incidence of circuit change was 

related to the increased ECMO duration rather than directly from COVID-19 highlighting that 

ECMO itself is thrombogenic.  

 

However, some clinical parameters used to predict need for circuit change differed in 

COVID-19 patients, in particular the lack of D-dimer rise in the lead up to circuit change. This 

likely represents a different mode of thrombosis in COVID-19 patients, which could be the 

lack of fibrinolysis seen in COVID-19, contributing to the increased thrombotic burden and 

pulmonary angiopathy seen in COVID-19 patients 93, 95, 202. The immunothrombotic nature of 

COVID-19 could be the cause of other complications which lead to longer requirement of 

ECMO support. Firstly, the increased pulmonary angiopathy and microthrombi seen in 

COVID-19 leads to increased hypoxia and reduced native lung gas exchange resulting in 

increased arterial CO2 93, 95, 413, and therefore requirement for increased ECMO blood flow, 

increased TMP, and MO resistance as demonstrated in the data in chapter 3. In addition, the 

cytokine storm associated with COVID-19 leads to increased inflammation and contributes to 

increased lung injury and delayed recovery time 20, and therefore increased duration of 

ECMO support required.  

 

Although COVID-19 did not directly impact circuit thrombosis, it demonstrated how the lack 

of fibrinolysis, which likely contributes to the increased immunothrombosis of COVID-19, 

impacts the way ECMO circuit health is monitored. D-dimer, widely reported as the most 

useful predictor of need for circuit change 131, 135, was not as useful in COVID-19 patients 

highlighting a need for better biomarkers to monitor ECMO circuit health in general. With this 
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in mind, in chapter 4, I investigated biomarkers of immunothrombosis particularly neutrophil 

activation and NETosis in ECMO patients and found increased plasma levels of soluble NET 

specific markers CitH3 and nucleosome H3.1 after ECMO initiation, with a corresponding 

reduction in CitH3 levels after ECMO decannulation. This suggests that despite high levels 

of neutrophil activation (as seen by high levels of MPO, NE and cfDNA) the initiation of 

ECMO pushes neutrophils into a NETotic phenotype. However, at ECMO initiation, 

ventilation settings are also reduced to initiate lung rest with the aim of reducing ALI. The 

change in inflammatory mediators and cytokines could also be the mechanism of increased 

NETosis. Furthermore, the differences in cell-associated NETs and soluble NETs suggests 

that there may be 2 forms of NETosis occurring in ECMO patients with platelet-mediated 

activation of vital NETosis a potential pathway.  

 

Whilst it is reported that there is increased NETosis in COVID-19 278, 413, I did not find a 

difference in NETosis markers between COVID-19 and non-COVID-19 patients. These 

findings support the observational data from chapter 3 that ECMO is immunothrombotic, and 

increased duration of ECMO leads to increased risk of immunothrombosis rather than 

COVID-19 as an independent factor.  

 

7.2.2 The need to distinguish between ECMO initiation or ECMO lung rest 

ECMO initiation allows for lung rest ventilation settings to be initiated with the aim to reduce 

further lung injury, resulting in two interventions that are happening concurrently, and we 

need to determine which of the interventions leads to the changes in measured biomarkers. 

Similar to ECMO initiation, where despite high levels of neutrophil activation (high MPO, NE 

and cfDNA) there was an increase in NETosis markers; by decannulation, there were 

corresponding findings with reduction in neutrophil activation markers and further decreased 

in NETosis markers seen after ECMO decannulation (section 4.4.4). This supports the 

hypothesis that NETosis specifically is increased whilst on ECMO and this is reversed when 

the ECMO circuit is removed. Soluble neutrophil activation markers (CitH3, MPO and NE), 

and neutrophil surface markers of activation (CD66b, CD64) decrease by the time ECMO is 

no longer required, and this is likely related to lung recovery.  

 

ECMO initiation is an inflammatory insult to the body often causing a SIRS reaction 159, and 

therefore various inflammatory mediators were also measured. There was reduction of pro-

inflammatory cytokines such as IL-8, MCP-1, MMP-9, Ang-2, sRAGE TNFα and VEGF after 
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initiation of ECMO (section 4.4.2), many of which are released from the alveoli and 

contribute to endothelial injury and the pathophysiology of ARDS 7. The decrease in these 

specific cytokines is therefore likely related to initiation of lung rest ventilation settings and 

reduction of further ventilator-induced lung injury once ECMO is initiated 245, 247, 249, 250, rather 

than ECMO initiation itself. To further characterise this, it would be useful to measure the 

levels of these inflammatory cytokines over the course of ECMO and compare levels when 

the patient starts to recover from their lung injury and conventional ventilation settings are 

initiated. To further add to this, levels can be measured in bronchoalveolar lavage fluid 

(BALF) before and after lung rest settings to compare the levels in the two compartments. It 

is not possible to apply UPV settings in a patient with severe ARDS, without the use of 

ECMO but if the levels of inflammatory cytokines in BALF decreases with UPV 

corresponding to those in plasma this would support the hypothesis that these cytokines 

decrease due to lung rest.  

 

It is widely reported that ECMO induces platelet activation and dysfunction which contributes 

to the haemostatic complications whilst on ECMO 82, 124. I found reduced serum levels of 

platelet activation markers CD62P and PF4 after ECMO initiation (section 4.4.7) which 

remained low during the ECMO run through to ECMO decannulation. However, these levels 

are related to platelet number, and this change could be due to the drop in platelet count 

after ECMO initiation, as platelets are adsorbed onto the ECMO circuit, or from shear of the 

ECMO circuit destroying the platelets 82. There was also platelet dysfunction whilst on 

ECMO as measured by reduced response to agonists using Multiplate aggregometry, with 

recovery after decannulation of ECMO despite no change in the platelet count.  

 

In conclusion, whilst there are two interventions at the time of ECMO initiation, my results 

suggest the increased NETosis and reduced platelet activation markers are likely secondary 

to exposure of blood to the ECMO circuit, and reductions in pro-inflammatory cytokines are 

due to lung rest. The decrease in NETosis markers after ECMO decannulation further 

supports the hypothesis that ECMO induces release of soluble free NETs components 

possibly through vital NETosis. Since the neutrophil lifespan is around 18 hours, we are able 

to see changes neutrophil related markers as soon as 24 hours after decannulation. In 

addition, the process of vital NETosis is reported to occur within a shorter time than lytic 

NETosis 68. The changes in serum platelet activation markers after ECMO decannulation are 

likely less apparent as the average platelet lifespan is longer at 7-10 days, however there is 

change in the platelet function in response to agonists. The changes in serum platelet and 
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neutrophil activation markers seen in the patient samples suggests that neutrophil-platelet 

interactions play a part in the immunothrombosis of ECMO. To investigate this, I aimed to 

look at the role of LPA in this patient cohort.  

 

7.2.3 The optimal anticoagulant for combined leucocyte and platelet work 

As one of the first in our lab to investigate LPA, I needed to validate a method for quantifying 

LPAs in vivo as described in chapter 5. The choice of which anticoagulant the blood samples 

are taken can affect the levels of LPA that are measured, a finding that was common to 

other groups 119, 320. Through the testing of samples from various anticoagulant tubes, I 

confirmed that LPA formation is calcium dependent and can be reversed by strong calcium 

chelation e.g. with EDTA. There was minimal LPA formation in vitro in EDTA blood 

compared to heparin blood and there was reversal of formed LPA after addition of EDTA to 

heparin patient blood samples. The order of LPA measured in different anticoagulants was 

Hirudin > Heparin > Citrate > ACD > EDTA in keeping with other groups 320. The varying 

levels of calcium chelation did not affect the leucocyte activation markers. Due to this effect 

of calcium chelation on LPA formation, EDTA, citrate and ACD were not used for LPA 

quantification in this thesis and heparin was used instead for all leucocyte phenotyping and 

LPA work.  

 

DTI have been proposed as a better anticoagulant for LPA 320. I was able to test the LPA 

protocol in hirudin blood as this tube was collected in some patients who had platelet 

function assays at the time of sampling. The proportions of LPA were higher in hirudin 

anticoagulated blood compared to heparin, but there was also increased neutrophil and 

monocyte activation in the hirudin samples. Many studies investigating leucocyte 

phenotypes have used EDTA anticoagulated blood 72, 74, 321, and since there were increased 

neutrophil and monocyte activation markers in hirudin samples this was presumed to be 

artefact and hirudin was not used. However, Wood et al, used argatroban, a clinically used 

DTI and also found increased neutrophil activation and phagocytosis in argatroban samples 

compared to heparin, citrate and EDTA but suggested this was a true representation of 

neutrophil activity 329. This corresponds with the findings in this thesis and perhaps DTI do 

give the highest yield of LPA, and neutrophil activity, as many pathways for neutrophil 

activation are calcium dependent 414. In addition, there are mixed reports that heparin can 

both reduce and increase neutrophil activation and NETosis 415, 416. Application of argatroban 

in future laboratory work will help define its utility in this setting. Like heparin, it is a 

commonly used anticoagulant clinically and many ECMO centres are using bivalirudin or 
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argatroban for anticoagulation in ECMO patients due to less immune mediated reactions 

such as HIT and perhaps a better side effect profile, such as less thrombocytopenia 417-419. 

 

The best anticoagulant to use for leucocyte and platelet work with will depend on the output 

required and local lab processing protocols. Many studies investigating platelet work in vitro 

use citrate or ACD blood and replace the calcium prior to stimulation, and for clinical 

samples perhaps DTI are the best anticoagulant, however consistency within the lab is the 

main factor. Since most patients are anticoagulated with heparin in RBH, I used heparin 

anticoagulated blood for my work. Future work could include comparison with other 

anticoagulants and their effect of LPA formation.   

 

7.2.4 LPA formation in vitro is dependent on platelet activation and can be reduced by 

GPIIb/IIIa inhibition 

LPA formation appears to be reliant on platelet activation more than leucocyte activation. 

This is also shown in the in vitro stimulation work where the proportion of LPA formed was 

much higher with TRAP-6 stimulation of platelets compared to LPS stimulation of leucocytes 

(section 6.4.2). When platelet activity was inhibited by the addition of eptifibatide, a GPIIb/IIIa 

inhibitor, this reduced NPA formation in unstimulated and TRAP-6 stimulated samples but 

not in LPS stimulated samples. In addition, despite P-selectin binding to PSGL-1 being one 

of the major pathways for leucocyte-platelet interaction, inhibition of the P-selectin pathway 

using the compound KF38789 did not show any reduction in LPA formation in this set of 

experiments. However, this compound has not previously been applied to modulate 

leucocyte-platelet interactions.  

 

Furthermore, the kinetics of LPA formation differ between monocytes and neutrophils, with 

increased affinity of monocytes to platelets compared to that of neutrophils which may 

explain the lack of difference with either inhibitor in MPA formation. The high affinity of 

platelets to monocytes is also seen in the high levels of MPA formation within the first few 

minutes of perfusion in the ibidi system being almost 100% after only 5 minutes. Whilst the 

differing affinity of leucocyte subtypes to platelets has previously been reported 119, 337, this is 

one of few studies that has compared the kinetics of NPA formation to MPA formation. But 

the significance of this when considering the ratio of neutrophils to monocytes in peripheral 

blood is yet to be determined. 
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Many groups have reported on the involvement of LPA in sepsis 411, coronary artery disease 

120, 310, 390, sickle cell disease 387, renal disease 315, 397 and other thromboembolic diseases 311. 

The contribution of LPA to disease is an area of growing interest particularly in 

immunothrombotic conditions e.g. COVID-19 where there were increased numbers of NPA 

and MPA and correlated with severity 305, and in ECMO where there is increased 

immunothrombosis 292. I was able to measure LPA in ECMO patient samples of which there 

were varying proportions across many patients, however, not enough to make meaningful 

comparisons. There is only one recent study that has reported on LPA in ECMO patients 

and they found increased basal levels of both NPA and MPA in patients whilst on ECMO 

with increased platelet expression of P-selectin 292. More work needs to be done in this area.  

 

7.3 Clinical relevance 

Many ECMO centres manage their patients in a standardised manner with the same lung 

rest ventilation settings, standardised protocols for anticoagulation, and monitoring of circuit 

health 212, 420. Whilst this is an effective way to manage complex patients with severe 

respiratory failure, ARDS is a heterogenous condition, and management should also depend 

on the aetiology of ARDS. COVID-19 as an immunothrombotic condition highlighted the 

impact of immunothrombosis on the degree of respiratory failure and the requirement for 

increased duration of ECMO. Due to the slower resolution of respiratory failure in COVID-19 

patients, and therefore longer duration of ECMO, we were able to observe more 

immunothrombotic complications of ECMO including the increased need for circuit change, 

and the difficulty in monitoring circuit health due to the mechanism of clot formation/lack of 

clot resolution in these patients. This highlights the need for better biomarkers to monitor for 

circuit health, particularly in times of pandemic when resources are more strained and 

decisions regarding MO thrombosis and circuit change have increased relevance. 

 

NETosis and immunothrombosis in ECMO 

The finding of increased NETosis after initiation of ECMO which decreases within 24 hours 

after ECMO decannulation is novel and, to my knowledge, has not previously been 

described. Some studies have found increased levels of NETs in patients on ECMO and 

other extracorporeal circuits compared to healthy volunteers  107, 108, 225, 421 but few have 

investigated NETs levels before, during and after ECMO and we are the first to publish 

positive findings on NETosis levels before and after ECMO cannulation in human samples 

422. We found increased levels of soluble NETs after ECMO initiation, which represents NET 
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components which are cleaved from cell-associated NETs possible due to shear, or due to 

vital NETosis secondary to increased leucocyte-platelet interactions leading to NADPH 

oxidase independent neutrophil activation. There is increased platelet activation secondary 

to contact activation, and shear from the ECMO pump, leading to increase direct and indirect 

leucocyte-platelet interactions.  

 

This compelling evidence for NETosis due to ECMO highlights a potential pathway for 

ECMO related thrombosis and therefore a potential pathway for intervention for example, 

Clusterin supplementation has been shown to neutralise the effects of histones released 

from NETosis 299 . Furthermore, it has been suggested that NETosis is one of the drivers for 

thrombocytopenia and HIT in ECMO patients, as they can directly activate and trap platelets 

84, 225, 244. If we can limit the process that drive NETosis perhaps the degree of 

thrombocytopenia, immunothrombosis and incidence of thrombotic complications such as 

circuit thrombosis can be reduced.  

 

LPA and thrombocytopenia 

LPA are an emerging are of interest in sepsis and thromboinflammatory conditions. 

Leucocytes and platelets are both activated in sepsis and further activated by initiation of 

ECMO, therefore it is reasonable that levels of LPA would be elevated in this cohort of 

patients. LPA are present in ECMO patients and appears to be dependent on platelet 

activation. It is possible that ECMO induced activation of platelets by shear from the ECMO 

pump, or from contact activation from exposure to the ECMO circuit 194 leads LPA formation 

resulting in downstream neutrophil activation and increased NETosis 84, 346. Furthermore, 

LPA formation could be another cause for thrombocytopenia during ECMO as the platelets 

are adhered to the leucocyte cell surface 351. 

 

Reducing leucocyte-platelet interactions could therefore be another therapeutic target to 

reduce haemostatic complications of ECMO (both thrombotic and haemorrhagic). I was able 

to demonstrate a reduction in LPA formation in vitro by using the GPIIb/IIIa inhibitor 

eptifibatide. Whilst eptifibatide has been shown to cause increased bleeding in patients 

supported on other forms of ECLS in particular for VA ECMO where bleeding events are 

higher 379-381, it does not preclude its use in VV ECMO perhaps in lower doses or as a single 

dose, and is a practical starting point for investigating targeted therapies to reduce LPA 

formation in ECMO patients. P-selectin inhibition using KF38789 20uM did not reduce LPA 
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formation in my experiments but there are other methods of inhibiting the P-selectin PSGL-1 

interaction such as P-selectin or PSGL-1 antibodies. Some P-selectin antibodies such as 

Crizanlizumab 388 and inclacumab 423 are used for preventing sickle cell crises, suggesting 

that it is possible to reduce LPA formation in thrombotic conditions. These may be useful in 

reducing LPA in ECMO patients. These antibodies may be better agents for reducing LPA 

formation compared to KF38789.  

 

In summary, the initiation of ECMO leads to increased platelet activation, which leads to LPA 

formation with already primed leucocytes. The direct platelet-leucocyte interactions can 

modify the inflammatory properties of leucocytes, in particular increasing neutrophil 

activation through a separate pathway to infection driven neutrophil activation which leads to 

NETosis.  

 

7.4 Limitations  

It is important to recognise the limitations of both the clinical and in vitro aspects of this 

project.  

7.4.1 Retrospective data analysis 

The observational data described in chapter 3 compares 2 large cohorts of patients, but the 

observational, retrospective nature, and single centre population limits the analyses that can 

be carried out. The two main cohorts of patients were those with and without COVID-19. 

Whilst in general, patients with COVID-19 had longer ECMO runs and therefore increased 

likelihood of requiring a circuit change, practices may have differed during times of pandemic 

due to unfamiliarity with a new condition, and lack of resources in times of increased 

demand. There were missing values in many clinical indices which could be due to the 

pressures of the pandemic which led to exclusion of many patients from analysis.  The 

comparison of COVID-19 to non-COVID-19 ARDS follows suit with other large cohort studies 

carried out by ELSO and other groups. However, the non-COVID-19 cohort includes a more 

heterogenous population including influenza, other types of viral pneumonitis, bacterial 

pneumonia and other causes of ARDS. The generalisation into two populations makes it 

possible for a large cohort analysis but limits the conclusions that can be drawn. A better 

analysis would be to compare COVID-19 to other viral pneumonitis, or include bacterial 

pneumonia, and indirect lung injury as individual cohorts but in our single centre data these 

populations were not large enough individually to make meaningful comparisons.  
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7.4.2 Clinical samples and analysis of biomarkers 

The data presented in chapter 4 came from a total 50+ ECMO patients and includes patients 

with increased immunothrombosis (COVID-19). To my knowledge this is the largest study of 

NETosis markers in an ECMO population and shows some promising preliminary data.  

 

Whilst the clinical samples were collected from two separate studies (DeVENT and HITEC), 

they were from a single centre which meant patients were managed according to the same 

ECMO protocols and had the same clinical data collected. However, the limitations of a 

single centre study still apply. The spread of samples was also impacted by the COVID-19 

pandemic due to the recruitment windows for each study. The DeVENT study recruited 

mostly patients with COVID-19 ARDS and the HITEC study, patients with non-COVID-19 

ARDS. In addition, each study followed different sampling timelines. The timing of samples 

in the DeVENT study were related to the day of recruitment and day of mechanical 

ventilation as this was the primary aim of the trial whereas the samples in the HITEC study 

relate to the day of ECMO. Furthermore, the sampling frequency was different for the two 

studies with the DeVENT study sampling every 3 days in the first 2 weeks after recruitment 

and HITEC study only once weekly and after significant events such as circuit change or 

decannulation. Although sample time points were matched where possible to the day of 

ECMO, this was not possible for all patients, therefore, longitudinal analyses could not be 

performed. The timing of sampling is crucial to characterise NETosis in the early stages of 

ECMO initiation and future work should involve standardised sampling timelines which may 

include more frequent sampling in the hours after ECMO initiation.  Additionally, as a tertiary 

centre in a hub and spoke model the pre-ECMO data was not always available or was 

inaccurate due to the data entered on the referral forms, particularly during the peak of the 

COVID-19 pandemic. Nevertheless, this is valuable pilot data for future studies into NETosis 

in extracorporeal circuits.  

 

There are no significant correlations between NETosis and inflammation in this data set, but 

currently there are only 20 patients with matched NETosis and inflammation data therefore it 

is not possible to draw meaningful conclusions. Analysis of inflammatory cytokines for all 

samples with neutrophil and platelet activation markers would improve this analysis. A larger 

study which includes data from multiple centres for example, the referral centres, would also 

enable recruitment of patients of different aetiologies and severities of lung injury, allowing 

us to fully elucidate the impact of SARF and ECMO on inflammation, neutrophil activation, 

NETosis and leucocyte-platelet interactions.  
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As well as the small number of patients with relevant samples for analysis, there is in 

extensive range of confounding factors beyond the ECMO circuit which can affect the 

results, such as aetiology of respiratory failure and its management, level of shock and 

potential use of steroids, patients pre-morbid state, and other organ failure and organ 

support e.g. haemofiltration and the addition of a second extracorporeal circuit. As such, 

causal relationships are not able to be inferred from this data.  

 

7.4.3 Developing and optimising protocols 

Cell-associated NETs 

Measuring serum markers of NETs using ELISA is a surrogate for the level of NETosis and 

only represents NETs which have become detached from the neutrophil or expelled from the 

neutrophil within vesicles. Since neutrophils have a short life span, measuring cell-

associated NETs will give a better understanding of the level of neutrophil activation at the 

time if correlated with neutrophil phenotypes. The advantage of using flow cytometry is the 

ability to measure neutrophil number, phenotype and function. It may also help to distinguish 

neutrophils undergoing lytic NETosis from vital NETosis and other forms of cell death 272. 

The variation in the literature in protocols for measuring cell-associated NETS in whole blood 

demonstrates the potential lack of validity in this method. Neutrophils are also easily 

activated from neutrophil isolation and centrifugation protocols 273, and the ability to measure 

NETs in whole blood samples reduces sample manipulation compared to previous methods 

where the neutrophils had to be isolated from blood prior to flow cytometry measurement. 

The limited number of protocols which have been reproduced in the literature demonstrates 

how difficult it can be to measure neutrophils undergoing NETosis particularly in 

hyperactivated conditions such as in sepsis or thrombosis. The flow cytometry protocol used 

in this thesis was being developed and validated in a specific cohort of patients and whilst I 

was able to distinguish different populations of neutrophils with low and high proportions of 

cell-associated NETs in vitro, the results from patient samples is variable. 

 

As a result, most work measuring NETs in clinical samples relies on immunofluorescence 

and on soluble measures of NETosis. There were some correlations between the flow 

cytometry measured cell-associated NETs and plasma levels of MPO and NE, but until 

protocols for measuring cell-associated NETs in whole blood using flow cytometry are 

validated, the conclusions that can be drawn are limited. Furthermore, in many studies the 
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terms NETs and cell-associated NETs are used interchangeably, and nomenclature should 

be scrutinised when reviewing the literature.  

 

Leucocyte-platelet aggregates 

The presence of LPA was analysed using flow cytometry, with further analysis of leucocyte 

activation markers and cell-associated NETs. There are not enough samples with LPA 

quantified to allow meaningful comparisons over time and limits the generalisability and 

applicability of the findings. This is in part due to the time taken to optimise the LPA flow 

cytometry protocol, and the sporadic nature of samples taken for LPA quantification due to 

my availability when blood samples were being taken (out of hours, or other commitments). 

However, the protocol developed was validated and I have demonstrated that it is possible 

to measure LPA in this cohort of patients. This will lead to future work in measuring LPA in 

other patient samples. In addition, due to the time it took to optimise these protocols and the 

initial focus of this project being neutrophil activation and NETosis, platelets and their 

activation markers were not studied in detail. Considering the findings that LPA formation is 

related to platelet activation, analysis of other platelet activation markers on platelets and 

LPA using flow cytometry would be a useful adjunct to support the current findings and 

correspond to work done by other groups. This would require more work and further 

assessment of which anticoagulant samples should be taken in which was beyond the time 

frame of this project.  

 

A further weakness in the clinical analyses is that healthy controls were used to form a 

baseline. A useful additional comparator when looking at the effects of ECMO on NETosis, 

LPA, and platelet activity would be a cohort of patients with severe ARDS who did not 

require ECMO. In the DeVENT study there was a small number of patients who were 

recruited with ARDS who did not go onto have ECMO, however all these patients had 

COVID-19 and there were only 10 patients in this group limiting conclusions that can be 

drawn from this. The HITEC study did aim to recruit ARDS patients who did not require 

ECMO, however all these patients were managed in the referring centres and not retrieved 

and therefore could not be recruited. Including patients with SARG who did not go onto have 

ECMO, would allow further clarification of changes that happen due to lung rest or initiation 

of ECMO. However, these patients who do not require ECMO are more likely to have mild or 

moderate ARDS which may obscure the detection of truly divergent pathophysiology that 

occurs due to ECMO initiation.   
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7.4.4 In vitro work 

The in vitro models used with regards to the ibidi microfluidics system and use of whole 

blood is the first to be carried out in this laboratory. There were many optimisation steps, and 

the aim was that the model would be representative of physiological blood flow in an 

extracorporeal circuit to examine leucocyte-platelet interactions. This relatively simple 

microfluidics model is not representative of the complexity of ECMO in a patient setting 

where blood circulates through the inflamed lungs, and other organs such as the liver or 

spleen which can impact the circulating cell populations; and also, the complexity and 

surface area of the ECMO circuit and its oxygenator. The use of LPS and TRAP-6, are 

relevant to sepsis and platelet activation and are established agonists in in vitro work and 

clinical assays. There is ongoing debate of which anticoagulant to use when carrying out in 

vitro experiments designed to investigate platelet activation, which has been extensively 

discussed in chapter 5. Heparin anticoagulated blood was used in this project to represent 

ECMO patient blood, but many groups have taken blood using calcium chelating 

anticoagulants such as ACD and replace calcium prior to stimulation within the experiment to 

avoid any activation between venepuncture and experiment start. There were no cells 

adhered to the microchannel slide and therefore shear was not able to be calculated. This 

could be representative of a new ECMO circuit at initiation but does not represent blood flow 

within an endothelialised circuit or in the native blood vessel.  

 

The stimulation model is a one-hit model with either a platelet agonist or leucocyte agonist. 

In septic conditions such as in patients with severe ARDS who require ECMO, there are 

often multiple modes of cell activation. Comparison of simultaneous platelet and leucocyte 

activation with the existing single agonists may yield some interesting results. This also 

applies to the inhibition experiments. The inhibitors are added to the blood before any 

stimulation. In clinical use, eptifibatide is given as an initial bolus dose followed by a 

continuous infusion. Whilst a continuous infusion is not able to be simulated in the ibidi 

model, repeated dosing may better represent the effects of eptifibatide in vivo and produce 

more inhibition that that already seen. In addition, adding the inhibitors after activation has 

occurred (e.g. after 30minutes of perfusion) may also inform us if LPA formation is reversed 

by these agents as well as being inhibited. The use of KF38789 for the inhibition of LPA 

formation has not previously been reported, which may explain the lack of results seen, or a 

dose titration may be required.  
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With regards to the best method for measuring soluble components of NETosis, single 

biomarker assays are limited in the conclusions that can be drawn, which is why the use of 

CitH3 has been unique. Many groups have developed and used an MPO-DNA complex 

ELISA 263, 265, 424 using an MPO antibody (Biorad clone 4A4, 0040-0002) and the detection 

portion of a cell death ELISA (Roche diagnostics). I tried to develop an MPO-DNA ELISA 

using these previously described protocols but had poor results when analysing clinical 

samples. This may be due to the narrow detection range of this ELISA, and the large 

variability in ECMO patient samples, particularly with high levels of NETosis in ECMO 

patients. The narrow detection range could in part be due to poor quality antibodies. 

Unfortunately, I did not have time to further develop this assay, but it is generally agreed that 

a NET-complex ELISA for MPO, NE and DNA would be a better assay for NETosis than 

these components on their own as demonstrated in Chapter 4.  

 

7.5 Future Work 

There are many open questions remaining following the work in this thesis leading to several 

future potential work streams or projects.  

 

7.5.1 Ongoing HITEC study recruitment 

The HITEC study is still recruiting and has now recruited over 120 patients at the time of 

writing this chapter. Future work would be to carry out longitudinal analyses on the remaining 

stored plasma samples from these patients, as well as comparisons between different non-

COVID-19 ARDS aetiologies. The HITEC study is an exploratory study, and the sampling 

time points were weekly from ECMO initiation. Since, the average ECMO run in non-COVID-

19 ARDS was around 2 weeks it may be better to increase the frequency of sampling time 

points similar to that of the DeVENT study, which was every 3-5 days. This would give more 

granular data on the immunothrombotic changes that occur during the ECMO run and when 

there is evidence of lung recovery and ECMO support being reduced.  

 

Furthermore, there have been two approved amendments to the study: 1) collection of BALF 

from recruited patients so that comparisons of inflammatory cytokines can be compared 

between plasma and alveolar components to determine the effects of lung rest whilst on 

ECMO; and 2) imaging of the membrane oxygenator after disconnection from the patient. 

Both these sub-studies are in the early stages.  
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It is known NETosis markers are found in BALF of patients with ARDS 85, 89. To fully 

understand the impact of VILI and the lung rest that ECMO affords, as well as the impact of 

ECMO, the levels of NETosis and inflammatory cytokines could be compared across the two 

compartments before and after ECMO initiation, during lung recovery whilst on ECMO and 

after ECMO decannulation. Furthermore, a study that compares the effect of standard lung-

protective ventilation with UPV whilst on ECMO could shed light on the benefits of UPV 

which may further support the use of ECMO for severe ARDS.  

 

The HTIEC study was also approved for recruitment of patients on CPB and VA ECMO, but 

this was not possible due to time constraints. The CPB population would be a non-inflamed 

cohort on an extracorporeal circuit compared the inflamed ARDS ECMO cohort, and further 

sub-analyses could include the effects of the roller pump compared to centrifugal pump, or 

PP compared to PMP oxygenators. VA ECMO patients could also be a less inflammatory 

patient cohort depending on the aetiology of cardiac failure, whether it was post-cardiotomy 

and post-CPB or primary VA ECMO. Comparing differences between VA and VV ECMO 

patients may bring some interesting findings. Recruitment at Harefield Hospital was not 

possible due to the availability of research staff therefore we were not able to recruit patients 

on ventricular assist devices who are usually non-inflamed, but on support via an 

extracorporeal circuit often without MO. 

 

The HITEC study is still open for recruitment at RBH and is now enrolling patients on VA 

ECMO as well as VV ECMO. The study has been approved to recruit in St Thomas’ Hospital 

pending local research governance approval and site initiation visit. St Thomas’ Hospital is a 

large tertiary hospital with general ICUs, cardiac ICU, and an ECMO ICU and therefore 

would be able to capture all the patient cohorts described. As mentioned, further studies into 

the effect of ECMO and initiating UPV on inflammation and immunothrombosis will be useful. 

The results of the upcoming ultra-ECMO trial (in VA-ECMO) 425 and Rest or Moderate 

Mechanical Ventilation during ECMO support (ROMEO) trial (IRAS 256932, REC 

21/NW/0101, NIHR158537) 426 will be interesting.  

 

 

7.5.2 Comparison of other ECMO pumps and oxygenators 

In chapter 3, only patients with a Cardiohelp and integrated oxygenator as their primary 

circuit were included in my analysis which allowed for a better comparison between COVID-

19 and non-COVID-19 cohorts. This is because the Cardiohelp is the primary mobile ECMO 
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circuit that is used in our centre. There were around 30 patients who were managed on a 

Centrimag device but with various oxygenators who were excluded from the initial analysis. 

A multi-centre prospective study would allow comparisons of different ECMO pumps and 

oxygenator combinations and their impact on circuit change frequency and blood biomarkers 

across the ECMO run. For example, The Royal Papworth Hospital ECMO centre uses 

primarily the Centrimag pump. The Centrimag pump is compatible with various oxygenators 

from other manufacturers e.g. A.L.One oxygenator (Euroset), Nautilus (Medtronic) and Hilite 

(Medos) each with vary shapes and numbers of inlets and outlets designed to improve blood 

flow in the oxygenator without increasing shear or activation of blood cells.  

 

In addition, it would be worth comparing patients who are on support via percutaneous VAD 

or an extracorporeal circuit without an MO. It is known that the MO causes the most contact 

activation due to its large surface areas and it is thrombosis at the MO that requires circuit 

change, so the blood parameters may differ when there is no oxygenator in the circuit. 

Furthermore, comparison of patients on ECMO with those on CPB for cardiac surgery may 

be interesting. Patients on ECMO usually have a preceding infective or inflammatory insult 

which necessitates the need for ECMO and therefore have leucocytes and platelets that are 

already primed or activated, whereas patients who have elective cardiac surgery are not 

inflamed until initiation of surgery and CPB. This would be a realistic comparator to observe 

the effects of extracorporeal circuits and oxygenators on inflammation and thrombosis. 

Whilst we had ethical approval to investigate all forms of ECLS circuits, this was beyond the 

scope of this thesis and would be an interesting avenue to explore.  

 

7.5.3 Visualising the thrombotic deposits 

The clinical biomarkers and ECMO mechanical parameters used to monitor for circuit 

thrombosis are not specific and are often affected by the underlying condition. It is not known 

whether these markers correlate to the amount of thrombosis within the oxygenator. Some 

groups have used CT to image oxygenators of ECMO circuits after explantation from the 

patients after completion of ECMO and found that most of the thrombotic load is on the 

venous/inlet side of the Quadrox oxygenators 130, 138. But there are no reports comparing the 

clot volume in oxygenators that have been explanted due to oxygenator thrombosis to those 

after decannulation. The hypothesis is that those oxygenators that have been explanted due 

to oxygenator thrombosis will have higher clot volume than those after circuit change, or that 

clot volume may correlate with ECMO duration. An amendment was approved by HRA REC 
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to CT image oxygenators from patients enrolled into the HITEC study however there was not 

enough time within this project to start this sub study. 

 

To be able to visualise clots within the oxygenator to assess clot volume and location would 

be a useful assessment in cases where it is ambiguous whether a circuit change is required 

or not. However, it is not possible to perform CT scans whilst the ECMO circuit remains 

attached to the patient due artefact from the metalwork in the ECMO pump. This is an 

interesting avenue of investigation as others have assessed whether an ultrasound based 

assessment of blood flow through the oxygenator 427 or injecting fluorescent dyes and 

assessing using fluorescence imaging 428 could be used for real-time detection of thrombosis 

in a oxygenator, however these methods have not been validated in vivo yet.  

 

7.5.4 Developing the in vitro model of ECMO circulation 

Further iterations of the ibidi microfluidics experiment model can be run with other agonists, 

co-stimulation with leucocyte and platelet agonists, and dose titration of agonists and 

inhibitors, particularly lower doses. In a preliminary model of platelet stimulation, I stimulated 

PRP with various agonists such as thrombin and calcium ionophore, as well as LPS and 

TRAP-6. Thrombin caused large platelet clumps within the plasma and therefore was not 

used for stimulation experiments, with TRAP-6 used instead. The effect of other platelet 

agonists such as ADP, collagen or platelet activating factor could be used to characterise the 

pathways for platelet aggregation to leucocytes. 

 

It would be ideal to progress the model complexity to include cultured endothelial cells into 

the microchannel slide to mimic the vasculature and therefore observe the effects of shear 

on LPA formation and leucocyte and platelet activation. The model could also be simplified 

to look at isolated endothelial cells, neutrophils or platelets within the microfluidics system to 

fully elucidate the pathways involved in LPA formation. Whilst my work using whole blood 

has allowed us to see the differential effects of NPA and MPA formation, to fully elucidate 

the monocyte-platelet and neutrophil-platelet interactions, a cell culture model may be better.  

 

Regarding LPA inhibition within the ibidi model, further work could involve dose titration, or 

continuous infusion/repeated dosing as would be run in patients to maintain a higher blood 

concentration. The inhibitors could be added to the perfusion chamber after 15-30 minutes of 
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stimulation to investigate if the LPA formed were reversible, as well as being inhibited. EDTA 

can be used as a positive control for reversibility.   

To further investigate the P-selectin and GPIIb/IIIa pathway, the effects of Mac-1 receptor or 

P-selectin inhibition using monoclonal antibodies would be useful. As well as eliminating the 

intermediary proteins fibrinogen or CD40L. This would help to discern if it is the interaction of 

GPIIb/IIIa with the Mac-1 receptor or reduced platelet-platelet aggregation that affects LPA 

formation. Other P-selectin pathway inhibitors such as monoclonal antibodies 

(Crizanlizumab and inclacumab) may have more effect than KF38789. Whilst KF38789 did 

not have an effect on LPA formation at the dose I used in my experiments, it may have an 

effect on leucocyte-endothelial interactions. 

 

7.5.5 Platelet activation and NETosis 

Following on from my findings I hypothesise that the high levels of plasma NETosis markers 

measured using ELISA, but low levels of cell-associated NETs measured using flow 

cytometry in whole blood samples could be representative of vital and lytic NETosis. It is 

possible that there is NETosis due to cell death and therefore lytic NETosis in patients with 

ARDS, however during ECMO the increased platelet activation from the ECMO pump, leads 

to increase NPA formation and initiation of vital NETosis which results in expulsion of NET 

components, but not cell death and therefore fewer cell-associated NETs.  

 

This hypothesis requires further work to demonstrate that platelet activation and NPA 

formation leads to NETosis. NETosis by cell death occurs 2-4 hours after stimulation 429 and 

this 1-hour perfusion is not long enough to stimulate NETosis therefore NETosis markers 

and whole blood NETs were not measured. Early experiments were analysed for NETs but 

there were no NETs found. It is known that activation of platelets via LPS and by basic 

platelet agonists stimulates NET formation 83, 346. Furthermore, the idea that there are two 

processes of NETosis remains contentious and confirmation that these two pathways exist 

requires more investigation.   

 

Due to the difficulties in measuring NETs using flow cytometry and many groups relying on 

measuring soluble markers of NETosis using ELISA, distinguishing between two forms of 

NETosis is not possible using only these two techniques. It would be ideal to visualise the 

two forms of NETosis as well as presence of NPA and MPA using fluorescent microscopy. I 

had managed to develop a protocol for imaging platelets, neutrophils and NETs in cell 
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culture conditions using fluorescent microscopy (Figure 7.1). Real-time microscopy of the 

ibidi slides is possible but I was not able to adapt these protocols in the time I had. 

 

Figure 7.1 Fluorescent microscopy of neutrophils and platelets stimulated with calcium 

ionophore.  

Neutrophils and platelets were stimulated with calcium ionophore in a tissue culture plate with calcium 

ionophore for 3 hours. Cells after incubation were stained for nuclei with DAPI (blue), MPO (orange), 

citrullinated H3 (red), and platelets with CD61 (green); and analysed by widefield microscopy (40x 

magnification with oil). In the overlay, neutrophils are identified as multilobed nucleated cells (blue 

box), NETS as nucleated cells colocalised with MPO and/or citrullinated histone H3 (red box), platelet 

clumps in the green box, and neutrophil-platelet aggregates as nucleated cells colocalised with 

platelets (white box).  
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