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Abstract

Severe thermal injuries and trauma result in considerable immunological and
haemostatic disturbances, increasing the risk of sepsis, disseminated intravascular
coagulation (DIC) and multiple organ failure (MOF). The formation of neutrophil
extracellular traps (NETs), an essential innate response to infection and tissue
damage, leads to elevated circulating levels of NET-derived chromatin and cell-free
DNA (cfDNA), which act in defence but also as a trigger for immunothrombosis. Our
research indicates that post-burn and trauma cfDNA primarily consists of nucleosome
fragments (~150 bp), with higher molecular weight nucleosome oligomers (i.e., ~ 300
and 450 bp) in ultra-early samples (< 1 hour) obtained from trauma patients. However,
absence or low nucleosome levels in the majority of admission samples in burns were
confirmed along with the presence of increased levels of large undegraded NET-
derived chromatin captured using microfluidic chips. CfDNA levels also correlate with
neutrophil activation and the extended neutrophil parameter Y (NEUT-Y). The
breakdown of NETs into circulating cfDNA in the form of nucleosomes, increased
NEUT-Y levels with production of Immature Granulocytes (IG) are potential early
biomarkers for predicting sepsis in burns.

Moreover, high levels of IL-8 are released and are major mediators of NET formation
in burns. Haematological studies demonstrated classical post-injury nadir and
recovery patterns in platelet counts following thermal injury. Severe burns also led to
high significant impairment of high shear platelet function in the early days after the
injury (e.g. day 3) and were associated with reduced ex vivo thrombus formation.
Additionally, post-injury high levels of VWF and low levels of ADAMTS13 although not

correlated with platelet function correlated



with NET biomarkers, NEUT-Y and cfDNA, providing a further important contribution
to NETosis.

This thesis illustrates the importance of the mechanisms and dynamics of NET
production and breakdown as biomarkers, therapeutic targets and in the pathogenesis

of post-injury sepsis, DIC, and MOF.
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Introduction



1 Introduction
1.1 Traumatic and thermal injury

Traumatic and Thermal injuries are major health issues that are associated with
significant morbidity and mortality [1, 2]. Trauma is a tissue injury that occurs to the
body and is caused by accidents or violence [3]. According to a World Health
Organization update in 2022, there are approximately 4.4 million deaths every year
worldwide caused by traumatic injuries. Out of these, one-third are a result of road
traffic accidents, one-sixth are due to suicide, one-ninth are caused by homicide, and
about one-sixtieth is due to war and conflict [4]. In multi-trauma centers in England,
the mortality rate for traumatic patients younger than 16 years was reported to be
approximately 2.5%. This rate was higher for adult patients aged 16 to 24 years, with
a mortality rate of around 4.9% [5]. The majority of deaths caused by trauma have also
been reported to occur before hospital admission [6], especially if associated with
severe blood loss [7]. Traumatic brain injury is especially life-threatening as only 10%
of patients with penetrating brain injury survive to be treated in hospital. Even then
mortality within hospital remains high and there is also significant morbidity caused by
ongoing neurological problems [8].

Thermal injuries can be defined by exposure of skin to a high temperature that causes
burns which include exposure to heat, bruising, chemicals, or gas inhalation [9].
Interestingly, the actual mortality rate among patients with thermal injuries is also high
[10]. According to National Centre Data for injury prevention and control in the United
States, in 2006 it was reported that every year 1.2 million burn injuries occur as a
result of fires, of which nearly 100,000 burn patients are severe, thus requiring hospital
care and resulting in 5000 deaths [11]. Burn patients are also more prone to infection

due to significant skin barrier loss [12].



There are three main types of systemic responses following severe trauma and burns;
1) A cardiovascular response that occurs immediately after injury, 2) Immunological
and Inflammatory responses which occur immediately but can persist for days after
injury, and 3) Metabolic responses, which are physiological changes that occur in
response to injury to meet increased energy demands. These responses include
hypermetabolism, which raises resting energy expenditure, and hypercatabolism,
which significantly breaks down muscle proteins. While these processes are crucial
for recovery and rehabilitation, they can persist for months or even years after the
injury [13, 14]. Significant pathological effects include impaired immune and
uncontrolled metabolic responses that can contribute to poor prognosis and outcomes
[15].

Despite advancements in burn care that improve patient outcomes, mortality from
sepsis and its prevalence remain a significant issue [16, 17]. The prevalence of sepsis
was reported to differ, with trauma patients exhibiting fewer occurrences (2.4%—
16.9%) compared to burn patients (8%-42.5%) [17]. Sepsis is defined as a ‘life
threatening organ dysfunction caused by a dysregulated host response to infection”
[18]. Sepsis causes a complex reaction of host pro- and anti-inflammatory
mechanisms that promote both morbidity and mortality by weakening the immune
system [19]. The response of organs to sepsis can cause multiple organ dysfunction
syndrome (MODS), which is often the major cause of death in those patients who
survive resuscitation [18].

Therefore, investigations into mechanisms of the morbidity and mortality of trauma and
thermal injuries are highly relevant to not only improve the health care of patients but

to decrease severe outcomes.



1.2 Pathophysiology of trauma

Severe traumatic injuries result in physiological and immunological changes that often
predispose to infection, coagulopathy, organ dysfunction and eventual multiple organ
failure (MOF) [20, 21]. The initial phase occurs hours post-trauma, marked by
haemorrhage from vascular injury, potentially causing hypovolaemic shock. The later
phase presents trauma-induced coagulopathy (TIC), characterised by extensive
microvascular bleeding due to endothelial damage and dysregulated coagulation [22].
The complex pathophysiology of trauma involves haemorrhage, shock, and
coagulopathy. Significant blood loss triggers systemic reactions, including glycocalyx
shedding and inflammation, activating protein C and increasing fibrinolysis and platelet
dysfunction, leading to Acute Traumatic Coagulopathy (ATC). Resuscitation factors
such as dilution and depletion of coagulation factors, hypothermia, and metabolic
acidosis exacerbate this condition, resulting in TIC, which involves decreased
coagulation factor production and fibrinogen levels, heightening the risk of lethal
haemorrhage. Early identification and targeted treatment of coagulopathy are crucial

for improving outcomes in trauma patients (Figure 1.1) [23].
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Figure 1.1: Pathophysiology of trauma-induced coagulopathy. Following trauma,
haemorrhage and blood loss can lead to shock and systemic hypoperfusion, initiating
a condition of systemic endothelialopathy, which includes the shedding of the
glycocalyx, activation of the sympathoadrenal system, endogenous heparinisation,
and inflammation, promoting the activation of protein C pathways, fibrinolysis, and
platelet dysfunction. These changes result in acute traumatic coagulopathy, which is
worsened by resuscitation-related factors such as dilution of coagulation factors,
metabolic acidosis, hypothermia, and reduced levels of fibrinogen. The cumulative
effects of these accelerate trauma-induced coagulopathy, which is characterised by
poor clot formation and dysregulated haemostasis. The figure is modified using
BioRender Software based on Figure 1 of " Update on the pathophysiology and
management of acute trauma hemorrhage and trauma-induced coagulopathy based
upon viscoelastic testing” by Maegele et al. [23].



According to Lord et al. (2014), the response to injuries involves interactions across
the neurological, haemostatic and endocrine systems (Figure 1.2) [24]. These
interactions contribute to endothelial cell activation, resulting in inflammatory cell
recruitment and adhesion, increased cellular permeability, and tissue oedema,
persistent Inflammation, Immunosuppression, and Catabolism Syndrome (PICS).
PICS is a disorder characterised by extended systemic inflammation, immunological
impairment, and muscle and fat depletion (catabolism) [25]. Increasing the risk of of
sepsis, systemic inflammatory response syndrome (SIRS) and MOF. The pattern and
response to trauma depends on the type of tissue injury, stress, degree of
haemorrhage, and pain [14]. In severe trauma, the immune systemic response also
results in immunoparesis characterised by a functional impairment or partial
suppression of the immune system, which increases the risk of infection and sepsis
which further drives activation of inflammation [24]. The inflammatory response results
in changes in immunological, metabolic and hormonal components that are associated
with the size of tissue injury [26]. This response is normally temporary but required for
the benefit of normal tissue healing and repair with an expected balance between pro-
inflammatory and anti-inflammatory responses. In patients with severe trauma,
prolonged excessive pro-inflammatory and anti-inflammatory responses have been

observed that lead to further complications [26].
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Figure 1.2: Pathophysiological responses following traumatic injuries include
tissue hypoperfusion, neuroendocrine stress response and coagulation.
Systemic pathways that lead to SIRS and MOF after trauma. Activated endothelium
also loses its integrity as a result of tissue hypoperfusion resulting in increased
vascular permeability and oedema. Activation of neuroendocrine and coagulation
pathways results in dissemination of the response through release of cellular and
humoral factors. PICS: persistent inflammation, immunosuppression, and catabolism
syndrome. DAMPs: damage-associated molecular patterns. The figure is modified
using BioRender Software based on Figure 1 of "The systemic immune response to
trauma: an overview of pathophysiology and treatment" by Lord et al. [24].

1.3 Pathophysiology of thermal injury
Understanding skin anatomy and physiology is essential for the clinical assessment of

emergency burns. Figure 1.3 illustrates a schematic representation of layers of the



skin and its relationship to burn injury depth [11]. The skin consists of ectoderm and
mesoderm and has two kinds of layers. The outer layers are epidermis which are
nonvascular layers of various thickness depending on the surface site of the body.
Dermis layers are the inner layers and also known as corium. Dermis layers are larger
than the epidermis and made of collagen and include the microcirculation which
consists of venules, arterioles and capillaries. Both of the layers are bound to each
other by complex mechanisms involving the distribution of epidermal appendages
throughout the dermal layer that include hair follicles, sweat and sebaceous glands. In
addition, the centre of epidermal appendages are padded with epithelial cells, so new
cells can be produced if lost during tissue injury of the skin. Nerve endings and pain
receptors are also in both skin layers which can mediate extreme pain in burn injuries.
The severity of burn injuries of the skin can be sub-classified: - A) First degree burns
which affect the epidermis.; B) Second degree burns which are deeper and can be
either superficial or deep depending if they reach into the bottom dermis layers.; C)
Third degree burns which crosses the epidermis and epidermis and into the

subcutaneous fat [11].
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Figure 1.3: Skin layer anatomy and its relationship to the burn depth. The skin
consists of two layers, the epidermis and dermis. The dermis is thicker than the
epidermis and includes the microcirculation. Injury depth is helpful for the classification
of injury severity; 1) A first-degree burn is a condition where only the superficial cells
of the epidermis are injured.; 2) A second-degree burn is also called a partial thickness
burn and occurs when the first layer and some of the second layer are burned and 3)
A third-degree burn destroys the epidermis, dermis and subcutaneous fat. The figure
is modified using BioRender Software based on Figure 1 of "Burn Wound Infections."
By Church, Elsayed et al. [11].

In 1947, Jackson described three distinct areas or zones for burn injuries (Figure 1.4)
[27]: The zone of coagulation, which is the maximum area of damage. In this zone,
irreversible tissue loss occurs because of coagulation and tissue ischaemia/necrosis.
The zone of stasis surrounds the coagulation zone and is where the tissue can be
salvageable but is still characterised by low tissue perfusion. Burn resuscitation (fluid
replacement therapy) can improve the perfusion and prevent irreversible damage to
the tissue. The zone of hyperaemia is the outer zone of the burn with increased tissue
perfusion that will be maintained unless there is infection or spreading of prolonged

hypoperfusion.



These burn zones are not static and dynamically change post-injury e.g. the zone of

stasis can change resulting in the deepening and widening of the wound [28].

Coagulation Zone
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Epidermis —»

Hyperaemia Zone

Dermis —— —»

Coagulation Zone

Stasis preserved Zone Stasis lost Zone

Figure 1.4: Jackson’s description of the burn wound zones. The burn wound
consists of three zones that represent the response to the injury which are the zones
of coagulation, stasis, and hyperaemia. Inadequate resuscitation can result in an
increase in the zone of coagulation. The figure is modified using BioRender Software
based on Figure 2 of "ABC of burns Pathophysiology and types of burns" by Shehan
and Peter [28].

1.4 Shock in trauma and burns

Shock is an irregular and life-threating physiological condition that occurs in severe
trauma and thermal injuries, characterised by a reduction in intravascular volume,
pulmonary artery occlusion, pressure decreases, elevation of vascular system

resistance and depletion of myocardial contractility that results in serious derangement
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of organ perfusion and cardiovascular function [29, 30]. Burns shock is classified into
various categories that involve hypovolaemic, haemorrhagic, cardiogenic, septic,
distributive, and obstructive shock [31, 32]. Hypovolaemia is a state of reduced blood
or plasma volume. Hypovolaemic shock occurs immediately within few hours after
severe injury and it is characterised by a significant intravascular volume loss leading
to decrease loading blood and, stock volume, cardiac output, urine output, and
increased systemic volume resistance [33]. In severe burns with severe blood loss,
serving adequate blood volume to most critical organs is very important to preserve
the patient’'s life. For example, heart and the brain perfusion is maintained
preferentially resulting in insufficient supply to other main organs such as the kidney
and the liver which could ultimately result in MOF [34]. The severity of hypovolaemic
shock is depending on changes in the vital signs, for instance blood pressure and
heart tachypnoea, and pallor [34]. Haemorrhagic shock is a pathologic condition
following severe bleeding after injury results in impaired intravascular volume and
insufficient oxygen delivery that causes tissue hypoxia, organ dysfunction, and
inflammation [35].

Septic shock is a subcategory that increases the mortality risk substantially and
characterised by the presence of hypotension and abnormalities of perfusion leading
to organ dysfunction with dysregulation of the response to infection [18, 36]. When
septic shock occurs, the systemic mean of blood pressure is less than 60 mm Hg, or
less than 80 mm Hg if there is previous hypertension after appropriate fluid
resuscitation and/or there is requirement of a vasopressor to maintain the circulation
[37]. Distributive shock is an aberrant condition of peripheral circulation due to septic
shock, while obstructive shock is associated with defects in vascular obstructive that

includes pericardial tamponade, pulmonary embolism, haemothorax, hydrothorax, and
11



ascites [31]. Once any of the burn shock categories are present, appropriate

management is required immediately to prevent any further complications and MOF.

1.5 Improvements in management of trauma and burns

Despite the significant mortality and morbidity of burns, modern management
techniques have resulted in significant improvements in outcomes in the past recent
decades [38]. A study of the international Burn Injury Database (IBID) for England and
Wales has illustrated the distribution and outcomes of the burn injuries in 81,181
patients receiving burn care between 2003 and 2011. Although the mortality rate in
hospital among all burn patients was 875 (1.51%), the risk of death dramatically
decreased with half the number of deaths in the last study year compared to the first
two years of the study [39]. This clearly demonstrates that the development of modern

treatment strategies has clearly had an impact on saving burn patients' lives [39].

1.5.1 Fluid resuscitation

Adequate fluid management in burns is required to improve the survival of burns
patients. Rapid fluid accumulation occurs in the burn wounds so without treatment
hypovolaemic shock will develop especially if the burn covers more than 15-20% of
total body surface area (TBSA) [40]. A delay of fluid resuscitation for more than two
hours post-injury increases the risk of mortality [41]. So, the primary aim of fluid
resuscitation is to prevent an occurrence of burn shock and to reduce the disruption
of physiological parameters during the post-injury hormonal and cellular responses

[42].
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1.5.2 Inhalation injury

Inhalation injuries are associated with thermal injury and have been seen to increase
the mortality rate in burns patients [43]. The pathophysiology of Inhalation injuries can
cause obstruction of the upper airway within the first 12 hours and is caused by
thermal injury or chemical irritation [44]. Gases produced during burns or other
chemical materials such as carbon monoxide exhibit a high affinity for haemoglobin
which can result in oxygen insufficiency in the tissues. Leading to the gradual
development of oedematous tracheobronchial mucosa after the first 24 hours post-
injury characterised by damaged mucous membranes banding the upper airways,
trachea and bronchi associated with possible complications of upper airways swelling
and obstruction [45, 46]. In addition, Inhalation injuries can result in a significant
decrease in pulmonary performance by approximately 50% of normal [47]. Therefore,
extravascular lung fluid and flow of pulmonary lymph are increased as a result of the
perfusion mismatch [44]. In severe injuries, the risk of bacterial infections is increased
with subsequent sepsis and pneumonia that increase the risk of mortality and
morbidity among patients with inhalation injuries [48]. Patients with inhalation injuries
require treatment and management to get improve prognosis and to avoid other

complications and death [49].

1.5.3 Burn wound care

Injury progression and depth of burns is a complicated issue that also needs to be
assessed in the treatment, management, and the morbidity of burns [50]. Wound
inflammation is normally helpful in successful healing and resolution, as inflammatory
mediators provide immune signals that induce macrophages and leukocytes to

migrate into the wound to promote healing and eventual resolution of inflammation
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[51]. Early excision and skin grafting normally begin from the first 24 hours to 7 days
following injury [52] to prevent or reduce the morbidity and mortality in burns patients
[53]. A delay of excision is usually associated with many complications that include
increasing length of hospital stay, delays in wound healing, with an increase in the rate
of infection and sepsis [52]. Patients with increased extensive burns require temporary
but appropriate dressings which transiently protect the wounds and promotes wound
healing. Coverage of the wounds can also be performed by use of xenografts,
allografts, dermal analogues, or skin substitutes [51]. In addition, topical appropriate
antibiotics are required in burn patients especially with a deep wound to prevent wound
infection [54]. Improved knowledge of the pathophysiology of burns are required to
improve the management, treatment, and to reduce other complications in burn

patients.

1.5.4 Systemic inflammatory response syndrome (SIRS)

Severe trauma and thermal injuries result in immune system activation with promotion
of a massive inflammatory response which is known as SIRS [55, 56]. SIRS was
defined in 1992 as the systemic inflammatory response with at least two of the
following criteria ; 1) hypothermia or hyperthermia, 2) tachypnea or hyperventilation,

3) tachycardia, 4) leukopenia or leucocytosis (Table 1.1) [57].
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Table 1.1: Criteria for SIRS [58].

Temperature Hypothermia: Less than 36°C.

Hyperthermia: More than 38°C.

Respiratory Tachypnea: More than 20 breaths per minute
Hyperventilation: The CO2 less than 4.3 KPa

Heart rate Tachycardia: More than 90 beats/minute.
WBC count Leukopenia: Less than 4x10°/L

Leucocytosis: More than 12x10°/L

SIRS is the initial response to injury through the increase of inflammatory mediators
into the circulation through the release of cytokines from the immune cells within the
tissue injured site. A massive increase of these mediators increases the risk of organ
damage or MODS [59].

In addition, as mentioned above severe injuries are associated with SIRS, it is reported
that this response begins as early as thirty minutes after major injury due to the
damaged tissue or the large loss of blood [24]. Damage-associated molecular patterns
(DAMPs) are endogenous factors or alarm molecules released during tissue injury that
not only initiate pro-inflammatory activity, but attract immune cells (e.g. phagocytes)
to the wound and with subsequent infections will enhance the amplitude of the
inflammatory response [60]. SIRS is therefore initiated through immune system
stimulation by infectious and non-infectious diseases, tissue injury and surgery [61].
In severe trauma, the systemic response results in a lower ability in defending against
infection and can therefore promote the risk of sepsis [24]. Many complications are
also associated with SIRS including renal failure, acute respiratory distress syndrome

(ARDS), hyperglycaemia, coagulopathy and acute hepatic failure [62].Also, in severe
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burns and trauma, it was thought that the SIRS response was followed by the
compensatory anti-inflammatory response syndrome (CARS). Recent evidence
suggests that SIRS and CARS responses are not only simultaneous and not
sequential but that the amplitude of the response is associated with ongoing SIRS and
immunosuppression increasing the risk of sepsis and subsequent mortality from organ

failure [61, 63].

1.6 Damage associated molecular patterns (DAMPS)

DAMPS are molecules released by cell death or stress and act by immunosuppression
and promoting inflammation [64]. DAMPs are derived from intracellular components
which can be classified based on their intracellular origins to nuclear DAMPs (e.g.,
high-mobility group box 1 protein (HMGB1), DNA, histones), mitochondrial DAMPs
(e.g., mitochondrial DNA, cardiolipin), cytoplasmic DAMPs (e.g., ATP, S100 protein
family, such as S100A8 and S100A9), plasma membrane-derived DAMPs (e.g., heat
shock proteins,), and endoplasmic reticulum DAMPs (e.g., calreticulin) (Table 1.2) [65-
69]. DAMPs act in modulating the immune system and the function of antigen-
presenting cells (APCs), neutrophils, eosinophils, and mast cells [65]. Burns and
trauma contribute to the occurrence of cellular stress through the release of DAMPs
[70, 71]. Released DAMPs from cellular injury after burns and trauma, such as
HMGB1, DNA, histones, mitochondrial DNA and ATP, are detected by pathogen
recognition receptors (PRRs) such as toll-like receptors (TLRs), which lead to
activation of the innate immune system, resulting in SIRS, inflammation, MODS, and
inflammatory complications, for example, ARDS [65, 67]. Importantly, increased levels
of nuclear DAMPs, such as DNA and histones, in burn and trauma patients, are

associated with worse outcomes, including severe inflammation, MODS, and higher
16



mortality rates [72-74]. Understanding the relationship between DAMPs and the

complications of inflammation and mortality may help in finding appropriate therapy

for trauma and burns patients.

Table 1.2: DAMPs released post-severe burns and traumatic injuries [65-69, 75].

Category

DAMPs

Nucleic Acids

Cell-free DNA (cfDNA)

Histones

Mitochondrial DNA (mtDNA)

High Mobility Group Box 1 (HMGB1)

Lipids

Phosphatidylserine

Oxidised Phospholipids

Cardiolipin

Cytoplasmic DAMPs

ATP

S100 Proteins

Plasma Membrane-Derived DAMPs

Heat Shock Proteins

Endoplasmic Reticulum DAMPs

Calreticulin

17




1.7 Sepsis

Sepsis is an observed complication in severe trauma and burns, which leads to an

increase in the risk of morbidity and mortality among patients [76]. Sepsis is defined

as a life-threatening organ dysfunction caused by a dysregulated host response to

infection [77]. In 2007, the American Burn Association (ABA) defined the diagnostic

criteria for sepsis, specifically in burn patients. It is essential to understand these

criteria in order to evaluate septic patients using appropriate diagnostic methods and

to prevent the misuse of antibiotic treatments. According to the ABA, a diagnosis of

sepsis in burn patients is defined by the presence of at least three of the following

criteria, which are detailed in Table 1.3 [78].

Table 1.3: Criteria for the diagnosis of sepsis [78].

Temperature

Hypothermia: Less than 36.5°C.
Hyperthermia: More than 39.5°C.

Respiratory

Tachypnea: More than 25 breaths per minute
Hyperventilation: More than 12 L/min

Heart rate

Tachycardia: More than 110 beats/minute.

WBC count

Leukopenia: Less than 4x10°%/L
Leucocytosis: More than 12x10°/L

Platelet count

Thrombocytopenia: Less than 100,000/ul

Blood Glucose (In
case of absence of
pre-existing diabetes

Hyperglycaemia:
e More than 200 mg/dl for untreated plasma glucose

e More than 7 units of insulin/hour intravenous drip

mellitus) e Significant insulin resistance (Increase Insulin demand
more than 25% within 24 hours).
Feeding Incapability to continue enteral feedings for more than 24

hours due to abdominal distension or high gastric residuals
with a feeding rate of two times or massive diarrhoea more
than 2500 ml/day

18




Additionally, in 2016, sepsis was defined as sepsis-3, underscoring the evaluation of
the Sequential Organ Failure Assessment (SOFA) score, wherein an elevation of two
or more points indicates sepsis [79].

The difference between sepsis and septic shock is that septic shock is a serious
condition subset of sepsis. It is characterised by significant circulatory, cellular, and
metabolic disruptions that increase mortality risk compared to sepsis alone. A
diagnosis of septic shock is made in patients who require vasopressors to maintain a
mean arterial pressure of at least 65 mm Hg, along with a serum lactate level above 2
mmol/L (greater than 18 mg/dL), even after adequate fluid resuscitation. These criteria
are associated with a hospital mortality rate exceeding 40% [79].

Sepsis is a result of a harmful systemic response to infections [57]. This harmful
response includes SIRS, coagulation activation, and altered fibrinolysis [80]. Severe
sepsis is associated with a combination of multiple organ dysfunction with hypotension
or hyperperfusion [57] that requires health care interventions [81]. The majority of
patients with severe sepsis exhibit cardiac, lung, and renal dysfunction [80].

Despite the medical developments in treating and managing burns patients, the
prevalence of sepsis remains high [82]. Sepsis is highly prevalent at a frequency of
300 per 100,000 persons globally [83]. The mortality rate of sepsis in traumatic and
burns patients’ is approximately 28.0% and 34.4%, respectively [84-86]. The total
incidence of severe sepsis in the UK is around 1530 cases per million of the population
with up to 50 % mortality in hospitals [87]. Moreover, a study of paediatric severe
sepsis among patients younger than 18 years old in 26 countries gave an incidence
of 8.21% with the most infectious sites being the lungs and the circulation. The
mortality was also high at 25% with 67% diagnosed with MODS [82]. Understanding

sepsis pathophysiology is important for clinical management. Heterogeneity occurs in
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inflammatory responses of patients with sepsis with either hyper-inflammation and/or
immuno-suppression [88]. Stimulation of the over-production of the cytokine tumour
necrosis factor (TNF) occurs which increases the risk for deaths among septic patients
[89]. Elevations in other inflammatory cytokines are also observed in septic patients
including interleukin-6 (IL-6) [88]. An example of harmful immuno-suppression is the
inhibition of T lymphocyte proliferation due to the response to mitogenic stimuli,
including anti-CD3 antibodies and concanavalin A (ConA). This suppression is partially
attributable to elevated interferon-gamma (IFN-y) production, which stimulates
macrophage-derived nitric oxide (NO). Increased NO levels obstruct T cell signalling
pathways, resulting in diminished proliferation following mitogenic activation [90].
Moreover, sepsis modifies T cell subpopulations and disturbs cytokine balance, hence
undermining T cell responses to mitogens [91].

In addition, sepsis affects coagulation pathways, resulting in microvascular thrombosis
and altered fibrinolysis, exacerbating organ failure and contributing to disseminated
intravascular coagulation (DIC) [93, 94]. These processes frequently result in MODS,
which significantly elevates morbidity and death in individuals with sepsis [94]. Other
significant cellular function changes during sepsis, such as activation of neutrophils
and induction of apoptosis in lymphocytes. Also, the presence of metabolic changes
in septic patients such as hyperglycaemia require close monitoring especially in

patients with insulin resistance [88].
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1.8 Biomarkers of sepsis

Sepsis is a condition of microbial invasion from the site of infected tissue to the
bloodstream, which also can be called bacteraemia, that subsequently results in MOF
[130]. An appropriate and early diagnosis of sepsis is important for receiving optimal
and timely therapeutic interventions, such as antibiotics, fluid resuscitation, and organ
support. Both sepsis and SIRS present a significant diagnostic challenge because they
imitate each other clinically [131]. Blood culture provides a laboratory test to
specifically identify the presence of microbes in blood. However, testing is time
consuming and It has been demonstrated that the blood cultures can sometimes not
only give positive results in patients with SIRS but also give negative results in septic
patients [130]. The accurate differentiation between SIRS and sepsis is therefore very
important for providing the correct therapeutic strategies, including antibiotic
stewardship [131]. For example, every hour delay in treating septic patients with
antibiotics results in an increase of mortality by 7.6% [132]. Therefore, the
recommendations of the current guideline for sepsis therapy is to ensure that both
antibiotic or surgical treatments are given as early as possible to improve outcomes
[133].

Initiation of antibiotic therapy is also required in the approach of management of
sepsis. Consideration of the infection site is important as antibiotics have different
sensitivity depending on the locality and type of infection [134]. Unsuccessful
determination of an infection source will subsequently result in mis-identification of the
pathogen and is also associated with high mortality [135]. Antimicrobial-resistant
bacteria will also affect the antibiotic therapy performance especially when using a
normal selection of antibiotic therapies [136]. Pathogen resistance to antibiotics in

sepsis therefore significantly contributes to increased mortality [137]. Recently,
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biomarkers have been also been incorporated into the evaluation of sepsis evaluation
which could help in monitoring host response characteristics and the presence or loss
of infection [138]. Several Biomarkers have therefore been investigated for predicting

sepsis and their advantages in the sepsis diagnostic strategies evaluated.

1.8.1 Cytokines and chemokines

Cytokines described as immune response regulators to infection, play important roles
in trauma and inflammation, and are broadly divided into; 1) pro-inflammatory
cytokines that stimulate systemic inflammation; 2) anti-inflammatory cytokines that
have a role in inflammation resolution and enhancement of healing [139]. Both the
levels of pro- and anti-inflammatory cytokines have been observed to begin to
synchronize with the onset of septic shock [140]. For example, the level of cytokines
is often higher in serum from sepsis compared to non-septic patients [141]. TNF-a, IL-
6, Interleukin-1 beta (IL-1B), and IL-8 are pro-inflammatory cytokines and have been
reported to increase in patients with sepsis. They also initiate immune system
responses and cause fever, endothelial cell activation and recruitment of circulating
neutrophils [130, 139]. Anti-inflammatory cytokines such as IL-4, IL-10, IL-13, IL-22,
and transforming growth factor-g (TGF-B) are also secreted at higher levels in sepsis
[142]. In 2013, a study on neonatal sepsis has demonstrated that IL-6 has high
sensitivity and specificity in differentiation between septic and non-septic neonates
and therefore seems to be useful for the diagnosis of sepsis. Furthermore, these high
levels also significantly declined 24 hours after taking antibiotics and can be used to
potentially monitor treatment responsiveness and predict clinical outcomes [143].
Alsabani et al. (2022) who also demonstrated that IL-6 & IL-8 can distinguish between

SIRS & Sepsis in adult ICU patients [144].However, it is well known that cytokine levels
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can also be elevated due to other reasons such as SIRS caused by injury or surgery

and various immune diseases [130].

1.8.2 Lipopolysaccharide-binding protein (LBP)

LBP is a protein made in the liver that binds to lipopolysaccharide (LPS), which is the
prominent component of the outer membrane of gram-negative bacteria, resulting in
the LPS-LBP complexes [130, 145]. This complex acts according to the LBP level, in
the enhancement or inhibition of LPS signals [130]. Increasing serum LBP levels of
up to 2-3-fold normal levels have been demonstrated in septic patients than in non-
septic patients [146]. Sakr et al. (2008) have illustrated that in the ICU, the
concentration of LBP was also increased in septic patients with MOF [147]. However,
the study also suggested that LBP could not discriminate between sepsis patients

without MOF and non-septic patients.

1.8.3 C-reactive protein (CRP)

CRP is a protein released by the liver as an acute-phase protein and regulated by IL-
6. CRP levels are elevated in inflammation, tissue damage, infection, stroke and
cardiovascular disease [148, 149]. CRP has been illustrated as a valuable marker in
infection diagnosis and monitoring of antibiotic medication [150]. Also, the CRP
plasma concentration has been reported to correlate with the severity of infection
[151]. A large multicentre study was performed within 891 patients diagnosed with
sepsis in the ICU. CRP gave significant results on day 3 in response to antibiotic
medication and could differentiate between survivors and non-survivor patients over 5

days [152]. However, CRP levels cannot early distinguish between survivors and non-
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survivors in septic patients [153]. Li et al. (2022) demonstrated that CRP levels were
elevated in septic burns but were not statistically distinguishable from those in non-
septic burns [155]. Additionally, high levels of CRP are found in patients after major
operations and with no signs of sepsis. CRP elevation therefore does not specifically
reflect the occurrence of sepsis [154]. Although CRP can be a useful marker in daily
monitoring for studying antibiotic therapy efficacy within patients with sepsis, since
CRP can be elevated after major surgery, it is non-specific and unreliable for

diagnosing sepsis.

1.8.4 Procalcitonin

Procalcitonin (PCT) is a precursor protein of calcitonin that has been described as a
biomarker of sepsis and is secreted from many different organs during an infection
including the liver, kidney, lungs, spleen and colon [130]. PCT production occurs in
response to infection which also dramatically decrease during recovery [156]. Wacker
et al. (2013) illustrated that PCT is a helpful marker in early sepsis diagnosis with good
sensitivity and specificity of 77% and 79% respectively [157].

PCT has been reported as a more specific marker than CRP with a closer correlation
with infectious severity and MOF [158]. Furthermore, PCT measurement can
distinguish between survivors and non-survivors of sepsis. Tschaikowsky et al. (2002)
have illustrated that PCT levels showed a more pronounced and consistent decline in
survivors of sepsis compared to CRP levels, making PCT a potentially more reliable
biomarker for monitoring septic patients [154]. Consequently, PCT is being used more
and more as a supplementary or substitute indicator for CRP, especially in the medical
evaluation of patients who are suspected or confirmed to have bacterial infections

[159].
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1.8.5 Lactate

Serum lactate has also been associated as a marker of severe sepsis [160]. It has
been demonstrated that serum lactate reflects both anaerobic metabolism and hypo-
perfusion of tissues in septic patients. Septic patients with liver and kidney failure
results in the elevation of serum lactate levels due to the inability of clearance of lactate
[161]. Anaerobic metabolism can influence the lactate concentration due to tissue
hypoperfusion and anaerobic glycolysis [162]. In 2009, high serum lactate levels were
associated with increased risk of mortality in severe sepsis [161]. In contrast,
Nguyenet et al. (2004) demonstrated that early lactate clearance resulted in good
prognosis for patients with severe sepsis [160]. Therefore, monitoring serum lactate

can be a potential marker for the risk of mortality in sepsis.

1.8.6 Mid-regional proadrenomedullin (MR-proADM)

MR-proADM is a new hormone biomarker which is claimed to behave in a similar
fashion to cytokines during inflammation and infection [163]. Adrenomedullin (ADM)
consists of 52 amino acids, is synthesised in the adrenal medulla, secreted during
stress and has several biological actions, including vasodilation, antimicrobial and anti-
inflammation effects [130]. Although ADM levels have been reported to be increased
during sepsis, measurement is associated with technical challenges due to its rapid
clearance from the circulation [164]. MR-proADM is a peptide derived from ADM and
has also been shown to reflect the ADM level in the plasma of septic patients [165].
Christ-Crain et al. (2005) demonstrated that proADM concentration is significantly
higher in patients with severe sepsis and patients with septic shock. Also, the study
could distinguish between patients with SIRS and severe sepsis [164] suggesting that

it could be a useful biomarker.
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1.8.7 Angiopoietin

Angiopoietin is an endothelial vascular growth factor that plays a role in the
maintenance, development, and repair of blood vessels. There are four sub-types;
Ang-1, Ang-2, Ang-3 and Ang-4 [166]. Ang-1 acts to stabilise endothelium, while Ang-
2 disrupts endothelial integrity to promote vascular leakage [130]. Ricciuto et al. (2011)
described that measurement of Ang-1 and Ang-2 levels are associated with the
mortality risk of septic patients. Ang-1 levels were low in contrast to high Ang-2 levels
in non-surviving patients [167] suggesting it is an informative biomarker for monitoring

septic patients.

1.8.8 High-mobility group box 1 protein (HMGB1)

HMGBL is a nuclear protein that has several biological actions both in and outside the
cells depending on its location, binding status, and molecular redox condition [168].
HMGBL1 is considered to be a cytokine mediator as it can be secreted by either
macrophages, monocytes, platelets or by necrotic cells [169]. HMGB1 has been
reported as a late mediator in severe systemic inflammation in mice [170]. HMGB1
serum and tissues levels increase during sepsis [171]. Sunden-Cullberg et al. (2005)
assessed HMGBL in patients with sepsis, severe sepsis, and septic shock. The study
outcomes show a delay in the HMGBL1 kinetics but with a sustained high concentration
during the period of the study. However, there was no correlation between HMGB1
levels and sepsis severity, in which there were significant lower HMGBL1 levels in non-
survivors compared to survivors [172]. The study of Karlsson et al. (2008) illustrates
HMGBL levels could not be used to discriminate between survivors and non-survivors

[173].
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1.8.9 Macrophage migration inhibitory factor (MIF)

MIF is defined as a cytokine that has a critical role in immune responses during sepsis
[174]. MIF concentrations have been reported to be high in patients with severe sepsis

and can distinguish between non-survivors and survivors [175].

1.8.10 Biomarkers of complement proteins in sepsis

The complement system is part of the innate immune system that rapidly recognises
and eliminates infection [176]. Complement plays a key role against infection by
generating several proteins that participate in innate system recognition of foreign
organisms by opsonisation and chemotaxis as well as causing direct lysis [177].
Activation of the complement system is initiated through three pathways; 1) Classical
pathway; 2) Lectin pathway; 3) Alternative pathway (Figure 1.5) [178]. Sepsis is
associated with activation of complement factors 3 and 5 (C3a and C5a) [179]. C3a
and C5a regulate the inflammatory response by increasing vascular permeability, and
promoting the extravasation and chemotaxis of leukocytes [177]. C3b and C5b
enhance phagocytosis through opsonisation [180]. In a mouse model of sepsis, the
three pathways of complement are all activated resulting in increased levels of C5a

[180]. Increased C5a levels have been reported in patients with severe sepsis [181].
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Figure 1.5: The complement cascade. Complement is activated via the classical
pathway through antigen-antibody complexes or through the alternative and lectin
pathways by non-immunological substances like endotoxin. In both of the classic and
lectin pathways, C3 convertase cleaves C3 to form C5 convertase (C2b, C4b, C3b
complex). In the alternative pathway, C3 convertase cleaves C3 to form the complex
(C3b, Bb, C3b plus C3a). C5 convertase cleaves C5 to C5a, and C5h. C5b binds to
C6 and C7. The complex of C5b,6,7 binds to C8, and C9 to form C5b,6,7,8,9 complex
which is known as membrane attack complex that results in microbial lysis and
cytotoxicity. The figure has been modified using BioRender Software based on Figure
1 of " Bench-to-bedside review: The role of Cl-esterase inhibitor in sepsis and other
critical illnesses” By Singer et al. [178].
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1.9 Disseminated intravascular coagulation (DIC)

Disseminated intravascular coagulation (DIC) is an acquired disease characterized by
systemic coagulation activation [95]. DIC results in widespread vascular thrombosis
that leads to insufficient blood supply to the body organs thereby significantly
contributing to organ dysfunction and failure. Subsequently, because of ongoing
coagulation activation, platelet and coagulation protein depletion can occur which can
then induce severe bleeding from different sites in the tissues [95]. A key precursor to
DIC is sepsis-induced coagulopathy (SIC), which is defined by a combination of
sepsis-related organ dysfunction and abnormalities in coagulation tests, including
prolonged prothrombin time and a reduced platelet count. SIC criteria provides identify
patients at risk of progressing to overt DIC [96].

Furthermore, sepsis is a significant factor in promoting DIC [97], which has an
incidence of 35% in severe sepsis [98]. Traumatic and thermal injuries are significant
contributors to DIC, primarily by releasing tissue-derived substances, such as
thromboplastin, into the bloodstream. Thromboplastin, also known as tissue factor
(TF), is a transmembrane glycoprotein that is a major activator of the extrinsic
coagulation pathway. It is produced by injured tissues following burns or trauma,
leading to excessive thrombin production and widespread coagulation [99-101]. Also,
DIC is considered as a contributor to MODS due to thrombosis causing insufficient
blood supply [103]. The diagnostic criteria for overt DIC are defined by the International
Society on Thrombosis and Haemostasis (ISTH) scoring system defines overt DIC
using platelet count, prothrombin time, fibrinogen levels, and D-dimer concentrations.
A score 25 indicates overt DIC, while a score <5 suggests non-overt DIC, requiring

continuous monitoring(Table 1.4) [104].
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Table 1.4: The ISTH criteria for DIC diagnosis

Parameter Criteria Points
Platelet Count >100 x 10°/L 0
50-100 x 10°/L 1
<50 x 10°/L 2
Fibrin-Related Marker | No increase 0
Moderate increase 2
Strong increase 3
Prothrombin Time <3 seconds 0
(PT) 3-6 seconds 1
>6 seconds 2
Fibrinogen Level >1 g/L 0
<1g/L 1

1.9.1 Coagulation in thermal and traumatic injuries

30

Coagulation is the process of blood clotting, essential for preventing bleeding during
vascular injuries [106]. Coagulation factors regulate this process, which are proteins
involved in haemostasis, divided into pro-coagulation factors that promote clotting and
anti-coagulation factors that inhibit it. They act sequentially to form a blood clot, with
careful regulation to prevent excessive clotting. These factors also interact with
platelets and blood vessel walls to create a stable clot, minimising bleeding [107].

The process of blood clot formation involves a series of managed steps to control
haemostasis and prevent excessive clotting. In the coagulation cascade, both intrinsic
and extrinsic pathways converge on factor X, activating various clotting factors. Tissue

injury and the release of TF activate factor VII in the extrinsic pathway. Meanwhile,




damage to the endothelium activates factors Xll, XI, IX, and VIII in the intrinsic
pathway. Both pathways ultimately activate factor X, where the complex of activated
factors X and V converts prothrombin into thrombin. Thrombin is a key enzyme in
coagulation, as it transforms fibrinogen into fibrin, leading to the formation of the blood

clot (Figure 1.6) [108, 109].
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Figure 1.6: Coagulation cascade and clot formation process. The coagulation
cascade consists of three interconnected pathways: the intrinsic pathway, extrinsic
pathway, and common pathway, all converging to produce a stable fibrin clot. The
intrinsic pathway is initiated by damage to the endothelial surface, leading to the
sequential activation of factor XIl (Xlla), factor Xl (Xla), and factor IX (IXa), which
combines with activated factor Vllla to activate factor X. The extrinsic pathway begins
with tissue injury, where TF binds to and activates factor VII (Vlla), which also activates
factor X. Both pathways converge in the common pathway, where activated factor Xa,
in complex with activated factor Va (prothrombinase complex), converts prothrombin
(factor 1) into thrombin (Ila). Thrombin subsequently cleaves fibrinogen (factor I) into
fibrin (Ia). Factor Xllla stabilises the fibrin strands, forming a cross-linked fibrin clot.
The figure is modified using BioRender Software based on “The Therapeutic Potential
of Anticoagulation in Organ Fibrosis” By Oh et al. (2022) [182].
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Pro-coagulation factors like fibrinogen, thrombin, and TF work through intrinsic,
extrinsic, and common pathways to form a fibrin mesh stabilising the platelet plug.
Anticoagulant factors, including antithrombin Ill, protein C, and protein S, regulate
clotting by inhibiting excessive thrombin activity and coagulation factor cleavage. This
balance ensures that clots form only at sites of vascular injury, preventing unnecessary
clotting in healthy vessels [109].

The coagulation cascade collaborates with platelets and the walls of blood vessels to
form a stable clot that helps to stop bleeding. When a blood vessel is injured, platelets
adhere to the subendothelial matrix by interacting with von Willebrand factor (VWF)
and collagen, both of which are essential for clot formation. Activated platelets release
granules that contain pro-coagulation substances such as ADP, thromboxane A2, and
fibrinogen, promoting platelet aggregation and attracting more platelets to the injury
site. Additionally, thrombin plays a crucial role by activating more platelets and
stabilising the clot through Factor XllI-mediated fibrin crosslinking, reinforcing the
haemostatic plug [109, 110].

In burns and trauma, coagulation pathways are disrupted due to extensive tissue
injury and the systemic inflammatory response. Released TF from injured tissues
initiates the extrinsic coagulation pathway by activating factor VII, creating the TF-Vlla
complex, leading to thrombin production and fibrin clot formation [110, 111].
Burn injuries result in significant endothelial damage, exposing subendothelial
collagen and VWF, hence enhancing platelet adhesion and aggregation. Concurrently,
pro-inflammatory cytokines, including IL-6 and TNF-a, enhance coagulation by
elevating TF expression on monocytes and endothelial cells [112]. These pathways
create a hypercoagulable state that encourages microvascular thrombosis. In trauma,

hypoperfusion and acidosis further enhance thrombin production while inhibiting
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anticoagulation, particularly the protein C pathway. This imbalance promotes clot

formation and can lead to DIC in severe trauma [113, 114].

1.9.2 Fibrinolysis in burns and trauma

Fibrinolysis is the physiological process that prevents fibrin clots' formation after
controlled haemorrhage. This process ensures that the coagulation mechanism does
not remain constant, preserving vascular patency in balance with coagulation [115].
Plasmin is a serine protease that plays a crucial role in fibrinolysis by degrading fibrin
polymers. As a result, fibrin degradation products provide feedback inhibition on the
coagulation process [116].

In burns and trauma, fibrinolysis is often dysregulated, shifting between
hyperactivation and inhibition. Initially, fibrinolysis is increased due to elevated levels
of plasminogen activator, which leads to excessive degradation of blood clots.
However, as the condition progresses, a shutdown of fibrinolysis commonly occurs,
marked by higher levels of plasminogen activator inhibitor-1 (PAI-1) [117-119].

In burns, endothelial damage and systemic inflammation drive fibrinolytic imbalance.
High circulating levels of D-dimer, a fibrin degradation product, indicate ongoing
fibrinolysis but also serve as a marker of excessive thrombin generation and clot
turnover [120]. Similarly, trauma-induced coagulopathy features a hyperfibrinolytic
phase during the initial injury, followed by fibrinolytic suppression due to PAI-1
overexpression, which promotes microvascular thrombosis and contributes to MOF
[22, 121].

Burn and trauma patients experience poorer outcomes due to fibrinolytic shutdown,

which exacerbate DIC and impairs tissue perfusion. Blood flow to important organs is
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further compromised and the risk of MODS and MOF increases due to the persistence

of fibrin-rich thrombi, which is caused by decreased fibrinolysis [21, 122].

1.10 Multiple organ failure (MOF)

MOF is considered a major cause of mortality in patients with trauma and burns [123,
124]. Organ failure has been demonstrated within one or many of the pulmonary,
adrenal, cardiac, haematological, hepatic, renal, central nerve system,
gastrointestinal, and vasomotor systems [125]. It has been demonstrated that MOF
causes 10.5% of total mortality amongst traumatic patients [123]. Also, a retrospective
study in severe burns patients between 1999 and 2005 in Finland demonstrated 40%
mortality was caused by MOF [124]. In 2019, research examining data from a
database, including patients from six burn centres in the United States between 2003
and 2009, revealed that 30% of 322 adult patients with severe burns developed MOF
[126].. The mechanism of occurring MOF is also poorly understood. Some studies
have suggested that DIC is an independent factor that significantly contributes to MOF
[128]. It has been demonstrated that the presence of thrombi in vessels of patients
with severe sepsis leads to organ dysfunction [129]. Other studies show that reactive
oxygen species, neutrophil enzymes and cytokine elevation might also play important
roles in MOF, especially in patients with severe sepsis [128]. Understanding the
pathophysiology of MOF in traumatic and burns patients with severe sepsis may
provide not only useful biomarkers but potentially aid in the therapeutic management

of MOF.
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1.11 Neutrophils
1.11.1 Background/overview

Neutrophils play a crucial role in the response to burns and trauma injuries, acting as
the initial responders to injury and infection. After an injury occurs, neutrophils rapidly
recruited to the affected site, providing a first line of defence against pathogens [183,
184]. In patients who developed sepsis, the dysregulation of neutrophils can
exacerbate inflammation, impair the clearance of bacteria, and lead to
immunosuppression due to excessive degranulation or release of neutrophil
extracellular traps (NETSs) [185].

Neutrophils are the main subtype of leukocytes of the innate immune system
characterised by a multi-lobular nucleus and are synthesised by the bone marrow (BM)
through a process that is controlled by granulocyte colony (G-CSF) and inflammatory
cytokines such IL-6, and released into the blood downstream as mature terminally
differentiated cells [186, 187]. The circulation lifespan of neutrophil is very short at
about 8 hours in humans [181]. Neutrophil function is an important part of the innate
immune response for the rapid elimination of pathogens [188]. The attraction of
neutrophils to infected sites is essential in preventing bacterial and fungal infections
[189]. Neutrophils consist of different subsets, including high-density neutrophils
(HDNs) and low-density neutrophils (LDNs). These subsets can arise in situations
such as burns and sepsis. HDNs are known for their strong ability to kill and eliminate
bacteria, while LDNs, which are linked to severe inflammation and sepsis, leading to
immunosuppression that can lead to further complications and poor outcome [185].
Neutrophils induce pathogen killing through either phagocytosis, degranulation, or
generation of neutrophil extracellular traps (NETs) (Figure 1.7) [188]. Neutrophil

phagocytosis engulfs and eliminates pathogens via intracellular killing in the
36



phagosome through generation of reactive oxygen species (ROS) [190].
Degranulation releases neutrophil granules that contain enzymes, such as elastase,
gelatinase B, and myeloperoxidase, with high effectiveness in bacteria killing [191].
Neutrophils can also release their chromatin, composed of DNA and histones, and
antimicrobial proteins such as myeloperoxidase and neutrophil elastase to form NETs

to ensnare trap and kill infections [192].
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Figure 1.7: The three major killing mechamisims mediated by neutrophils.
Phagocytosis is the process of engulfing and killing pathogens. Degranulation causes
the release of the neutrophil granules. Neutrophil extracellular traps (NETs) are
released and contain chromatin and antimicrobial agents to ensnare and Kill
pathogens. The figure is modified using BioRender Software based on “Neutrophil
recruitment and function in health and inflammation” By Kolaczkowska et al. [189].
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1.11.2 Chemotaxis

Neutrophil chemotaxis is the process of migration to the infected site of the tissue
[193]. Normally, neutrophils do not interact with the vessel wall. However, during tissue
infection, adhesion of neutrophils to the endothelial cells of blood vessels occurs due
to the interaction between the adhesion receptors of neutrophils and endothelial cell
ligands, followed by activation of neutrophils and extravasation and migration to the
infected site through the basement membrane (Figure 1.8) [194]. Selectins are
glycoprotein molecules known as surface adhesion molecules and include E-selectin
which is expressed on activated endothelial cells, L-selectin that is expressed on
leukocytes, and P-selectin which is expressed on both activated platelets and
endothelial cells [195]. Chemokines and inflammatory mediators that are produced at
the infected site, such as TNF-a, IL-8, C5a and others, induce transient neutrophil
adhesion via inducing selectin expression, and results in neutrophil rolling [196, 197].
Also, cytokines and chemokines control the activation and migration of neutrophils to
the specific locality within the infected tissue [198]. Activated neutrophils enhance the
expression and function of 1 and B2 integrins to mediate firm adhesion. Firm
adhesion is mediated by several proteins of B2 integrin family such as Lymphocyte
function-associated antigen-1 (LFA-1 or CD11a/CD18) and macrophage-1 antigen
(Mac-1 or CD11b/CD18) that contributes to arrest of neutrophil rolling on endothelial
cells [199, 200]. CD11b/CD18 expression has been indicated to be increased during
inflammation in traumatic and thermal injuries as it has an important role in mediating
firm adhesion of neutrophils to the endothelium [201].

Moreover, CXC chemokine receptor 2 (CXCR2) is a transmembrane G protein—
coupled receptor that is multi-functional in promoting neutrophil function including

degranulation, phagocytosis, integrin activation, phagocytosis, respiratory burst, cell
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movement, and transmigration [202]. CXCR2 is a key chemokine receptor that
therefore promotes neutrophil adhesion [203].

Neutrophils transmigrate from venules into the narrow pathways between endothelial
cells to the infected site, which is induced and controlled by chemokines and cytokines
[197]. Neutrophil transmigration also requires chemoattractants that promote the
process successfully. Formyl— methionyl-leucyl-phenylalanine (FMLP), C5, IL-8, and
leukotriene B4 are involved in transmigration via stimulation of chemokine receptors
that are expressed on the neutrophils [83]. Furthermore, C5aR (CD88) and CR1
receptor (CD35) on neutrophils are complement receptors and have a critical role in
neutrophil chemotaxis, degranulation, and microbe recognition during inflammation.

[204].
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Figure 1.8: Neutrophil chemotaxis occurs in response to infection. Cytokines,
chemokines, and lipid mediators activate vascular endothelial cells that lead to
expression of chemokines and selectins on their surfaces. Activated neutrophils bind
to selectins by their ligands and start rolling on the endothelial cells through their
interaction with selectins. The rolling of neutrophils is slowed down by integrins, which
are stimulated by chemokines and selectins, until neutrophils become arrested. Also,
integrins mediate neutrophil crawling through endothelial cells and the vascular
basement membrane. Then, neutrophil transmigration begins at the junction of
endothelial cells. Neutrophils release protease enzymes that enable them to
transmigrate to the extravascular space. After that, the neutrophils track a
chemoattractant gradient until they reach the infected tissue site and initiate attacking
pathogens through phagocytosis and NETs release. Pathogens are Kkilled by
granulocyte contents and by released ROS. Finally, the neutrophils are eliminated by
apoptosis. The figure has been modified using BioRender Software based on Figure
1 of “Re-Examining Neutrophil Participation in GN” By Caster et al. [205].

1.11.3 Phagocytosis and Exocytosis

Phagocytosis is an essential function of neutrophils that contributes to killing bacteria
[206]. Neutrophils can kill bacteria very fast within minutes. Furthermore, a single
neutrophil can kill more than 50 bacteria [207]. Neutrophil antimicrobial killing can be
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performed by direct engulfment of bacteria or by releasing of neutrophil enzymes in
order to kill bacteria [208]. Neutrophils have the ability to identify and recognise
pathogens through toll-like receptors (TLR) which are expressed on their surface, such
as TLR-2 and TLR-4 that recognise gram-positive and gram-negative bacteria
respectively [209]. Also, Neutrophils express Fc receptors (such as CD16, and CD32)
and complement receptors (for example; CD35, and CR3) which enhance
phagocytosis [210].

The process of phagocytosis after engulfment delivers the pathogen to the
phagosomal lumen to initiate killing. At the phagosomal lumen wall, the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase allows the production of ROS,
creating a toxic medium for the engulfed pathogen [199]. The neutrophil pH also
regulates the phagocytosis process and enzyme activity including Myeloperoxidase
(MPO), cathepsin G, and elastase [211, 212].

Degranulation (exocytosis) occurs when the neutrophils translocate their granules to
the plasma membrane resulting in their expression on the cell surface or release into
the local environment [208]. Exocytosis is activated by various mediators such as
immunoglobulin G (IgG), N-formyl-methionyl-leucyl-phenylalanine (FMLP), Ca?*,
guanosine triphosphate (GTP), and hydrolysis of adenosine triphosphate (ATP) [213,
214]. Upon exocytosis, neutrophils release antimicrobial proteins, enzymes (such as

elastase), and ROS for the purpose of the extracellular killing of pathogens [214].

1.11.4 Apoptosis

Aged neutrophils can also undergo apoptosis or programmed cell death, in the
absence of either pathogen agents or cytokines, before their removal by macrophages

[215]. Neutrophil apoptosis prevents the uncontrolled release of cytotoxic components
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of neutrophils to the extracellular environment [216]. Death of neutrophils occurs
spontaneously within hours to days through apoptosis and their lifespan can be
extended or shorted by modulating apoptosis agents [217]. Neutrophil apoptosis is
influenced by several inflammatory modulating agents such as LPS, GM-CSF, and
TNF-a that have a capacity in increasing the tyrosine phosphorylation for various
proteins that regulate the extracellular signals [215]. Also, neutrophil apoptosis can be
stimulated by either extrinsic (such as TNF-a) or intrinsic pathway stimuli (such as
ROS or release of cytochrome C into the cytosol) [218, 219]. Apoptotic neutrophils are
subsequently phagocytosed by macrophages for the benefit of eliminating
inappropriate inflammatory responses [220].

Bcl-2 protein members such as anti-apoptotic (Mcl-1, Bcl-XL) and proapoptotic (Bad,
Bax) agents are involved in neutrophil apoptosis regulation [221]. Mcl-1 has a dynamic
function in the control neutrophil apoptosis [222]. Mcl-1 expression prevents apoptosis
and extends the lifespan of neutrophils during infection and immune response status
[223]. Also, other Bcl-2 members such as the proapoptotic Bax-a and the antiapoptotic
Bcl-XL can regulate neutrophil apoptosis [217]. Inappropriate neutrophil apoptosis

could result in negative outcomes and promote disease.

1.11.5 Neutrophil action in sepsis during trauma and burns

Neutrophils migrate in response to the infection through the coordinated process that
has been outlined above. Upon neutrophil arrival to the infected site, neutrophils
perform a variety of defence mechanisms for killing and eliminating pathogens.
Microbes are recognized by the neutrophil receptors, followed by producing
inflammatory chemokines and cytokines, oxidant generation, and initiating killing of

microbes by phagocytosis, degranulation, and NET generation [197].
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Neutrophil morphological changes have been indicated after trauma that includes
increases in cell size, membrane flexibility, and shape modification that led neutrophils
to be elongated [183]. Neutrophil transmigration within blood vessels toward the
infected site involve interactions between the neutrophil and different components on
endothelial cells and pericytes in the presence of mediators also leading to changes
in neutrophil morphology [224]. For example, activated complement C5a has been
demonstrated to contribute to neutrophil morphological changes through increase the
cell membrane elasticity and the cell size by cytoskeleton polymerization, thus
regulating neutrophil migration to the infected site [225].

However, migration of neutrophils to the tissues in trauma and burns is associated
with rapid granulopoiesis resulting in changes in neutrophil heterogeneity that is
characterized by either low density neutrophils (LDNs), immature granulocytes (IGs)
low density granulocytes (LDGs), granulocytic-myeloid derived suppressor cells
(GMDSCs), or immunosuppressive neutrophils [226]. Neutrophil heterogeneity also
causes impaired defence and immune function. For instance, LDNs which are
mononucleated neutrophils can be found during trauma and expresses arginase
activity at a high level that could link to the function of T-cells leading to impaired
immunity [226, 227].

In septic burns and trauma, neutrophils have a dual function in the pathophysiology of
sepsis, acting as essential mediators of antimicrobial defence while also contributing
to organ dysfunction. Dysregulated neutrophil activity in sepsis may trigger adverse
effects on host tissues by releasing proteases and pro-inflammatory mediators,
exacerbating systemic inflammation [228]. Impaired neutrophils function by disrupting
their ability to perform critical processes such as phagocytosis, chemotaxis, ROS

production, and the formation of NETSs, limiting pathogen clearance, increasing the risk
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of secondary infections and exacerbating immunological dysregulation [229, 230].
Impaired neutrophils exhibit a reduced chemotactic distance and a lower number of
cells capable of responding to signals, which hinders their ability to reach injured sites
[231]. Furthermore, neutrophil accumulation of diverse organs during the initial phase
of the burn indicates that they may serve as a source of ROS. The generation of
ROS subsequent to a severe burn may inflict compromise on peripheral organs. The
inflammation caused by a burn injury is also present in uninjured tissues, disrupting
the balance between ROS generation and elimination, thus leading to oxidative stress
that exacerbates endothelial damage, induces microvascular thrombosis, and impairs
tissue perfusion [232]. Dysregulated neutrophil function can transition from protective
to pathogenic, resulting in systemic inflammation, coagulopathy, and MOF.
Furthermore, dysregulated neutrophil hyperactivation and excessive NET formation

might facilitate immunothrombosis, coagulopathy and DIC [233].

1.11.6 Neutrophil dysfunction in trauma and burns

Multiple neutrophil abnormalities have been reported in patients with burns and trauma
in the immune response to the infection site but also in the attacking and killing bacteria
mechanisms [234]. Neutrophil dysfunction is therefore a problem that may impact

upon immune dysfunction in trauma and burns.

1.11.6.1 Dysregulation of Chemotaxis

Adhesion abnormalities of activated neutrophils during migration have been observed
in septic patients due to impaired expression of adhesion molecules or chemotaxis

signalling that can lead to neutrophil paralysis [235]. Subsequently, these paralysed
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neutrophils can reverse migrate and reflow into the circulation resulting in organ
damage of internal organs such as the liver, kidneys, and lungs [236]. The causes of
neutrophil paralysis are not fully understood. The occurrence of neutrophil paralysis
and dysfunction of adhesion could also be due to successful bacterial immune evasion
mechanisms through disruption of the orientation of activated neutrophils away from
infected site [234]. CXCR2 has been observed to be reduced in patients with severe
sepsis [237]. Tarlowe et al. (2005) illustrated that downregulation of CXCR2 during
severe inflammation leads to hyporesponsiveness to IL-8 in traumatic patients [238].
This suggests that reduced CXCR2 can affect neutrophil adherence which contribute

to MOF [239].

1.11.6.2 Dysregulation in ROS generation

Dysregulation of the immune response in sepsis in the presence of cytokines and ROS
released by circulating activated neutrophils at distal sites to the main infected tissue
can also lead to MOF [239]. In addition, neutrophils produce immunosuppressive
phenotypes in states of immaturity and altered expression of cytokines [204]. Itis being
considered that the immunosuppression that is induced by sepsis is now a clinical
syndrome for survivor patients, with increased risk of recurrent hospital admissions
and mortality [240].

The phosphatidylinositol-3-kinase (PI3K) pathway plays a critical role in regulating
several cellular processes that include cell proliferation, differentiation, and
inflammatory responses [241]. PI3K is an intracellular signalling in neutrophils and
contributes to their chemotaxis and accumulation at the infected site [242]. During
severe sepsis, activated PI3K pathway signalling leads to suppression of nuclear

factor kappa-light-chain-enhancer of activated B cells (NF-kB) proinflammatory
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mediators’ responses such as the production of cytokines, respiratory burst, and
enhancement of apoptosis resistance [241]. Activation of the PI3K family member
(PI3K-Akt) pathway has been reported as a negative regulator. It acts on the
suppression of LPS and TNF-a production and nitric oxide synthase induction [243].
ROS is normally released by cells including neutrophils as a defence response and
promotes dysfunction of endothelium by oxidation of cellular signalling proteins, for
example, tyrosine phosphatases [244]. Uncontrolled and overproduction of ROS
results in organelle and cell membrane damage that causes metabolic and structural
dysfunction of neutrophils [244]. It has been reported that burns and traumatic patients
with sepsis produce abnormal ROS levels in contrast to healthy volunteers as controls
[245]. Therefore, uncontrolled ROS production increases mortality risk as it contributes
to neutrophil dysfunction and organ dysfunction [234].

Furthermore, excessive levels of ROS lead to tissue injuries, which can be through
peroxidation of the lipid membrane and induce acute organ inflammation [246]. Ogawa
et al. (2008) have reported that spontaneous production and circulated ROS are higher
in elderly patients than in younger patients, which could reflect changes in age-

associated immune dysregulation [247].

1.12 Neutrophil Extracellular Traps (NETS)
1.12.1 NETs Structure and Function

NETs are extracellular fibres generated by activated neutrophils and are composed of
granular and nuclear components [248]. Brinkmann et al. (2004) first described the
unique structure of NETs consisting of smooth fibres with a diameter of 15-17 nm and
globular domains between 25 and 28 nm. The fibres consist of neutrophil DNA with

embedded proteins such as elastase, cathepsin G, and myeloperoxidase from the
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primary granules and lactoferrin and gelatinase from the secondary and tertiary
granules, respectively. The major component of NET structure is chromatin or DNA,
as the structures can be disintegrated by treatment with deoxyribonuclease (DNase).
In addition, nuclear histones (H1, H2A, H2B, H3, and H4) are also important structural
components that have role in DNA packaging and compaction [249]. As the main
function of the neutrophils is the first line of defence in microbe elimination, NETs are

a newly described method for ensnaring and killing infections [250].

1.12.2 Molecular basis of NET generation

During inflammation, NET generation is stimulated in response to different agents that
include pro-inflammatory mediators such as IL-8 and LPS, and microbes such as
bacteria or fungi [251]. The formation of NETs is activated by several mediators that
induce NETosis by several processes. MAC-1 integrin has been indicated as an initial
mediator by changing cytoskeletal morphology of the neutrophil as a prelude to
facilitating the breakdown both of nuclear and plasma membranes for releasing NETs
[252]. ROS also contributes to NET formation as an initial mediator. Fuchs et al. (2007)
have illustrated that activated neutrophils generate a high level of ROS by activation
through NADPH oxidase resulting in the release of NETs [253]. Activated neutrophils
also become flat and adhere to the substratum [254]. After that, the nucleus chromatin
undergoes de-condensation mediated by the actions of NE and MPO destroying the
core histones linkages such as H1 and H3 [255]. This allows the outer and inner
membranes to separate gradually from each other [254]. Finally, the nuclear
membrane is subsequently damaged which leads to chromatin expansion and then
extracellular ejection which will be then mixed with granular antimicrobial factors.

[250].
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NETosis is the term that is used for describing neutrophil cell death by NET generation
as a host defence mechanism [256]. NETosis has been described as the disruption of
the nuclear membrane through the mechanism of cell death that is termed “Suicidal
NETosis” [257]. However, it has been demonstrated that NET formation is not caused
by necrotic or apoptotic mechanisms [258]. NETs can also be formed with
maintenance of normal neutrophilic functions that include chemotaxis and
phagocytosis and this is termed “Vital NETosis” [259].

Mitochondrial NETosis is a recent discovered NETosis pathway that highlights the
involvement of mitochondria in NET generation [260]. The creation of ROS in the
mitochondria and the release of mitochondrial DNA (mtDNA) are essential for the
formation of extracellular traps in this pathway [261]. All mechanisms of vital, suicidal,
and mitochondrial NETosis play an important role in the elimination of microorganisms

[259, 262].

1.12.2.1 Vital NETosis

The vital NETosis pathway can be triggered by stimuli such as LPS from Gram-
negative bacteria and lipoteichoic acid (LTA) from Gram-positive bacteria, IL-8, TNF-
a, granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage
inflammatory protein (MIP) and through platelet-neutrophil interaction. These stimuli
cause changes in the structure of the cell's cytoskeleton in neutrophils, without
activating NADPH oxidase. This results in vesicle generation that contain antimicrobial
proteins and chromatin [263-265]. LPS stimulates host recognition receptors to induce
rapid vital NETosis [266].Toll-like receptors (TLR) such as TLR4 have been described
molecular patterns that induce vital NETosis formation [267]. Neutrophils can

distinguish between LPS serotypes from different bacterial sources due to structural
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variations of lipid A in the LPS. These differences influence the activation of TLR4 and
initiate various signalling pathways, including the mitogen-activated protein kinase
(MAPK) pathway. As a result, neutrophils release NETs that are unique to specific
bacterial serotypes. However, platelets enhance this response by boosting neutrophil
activation through P-selectin interactions. This amplifies LPS-induced NET formation
and strengthens the immune defence against particular pathogens [268]. Vital
NETosis also facilitates rapid effective defence against microbes in the bloodstream
and tissues [263]. Vital NETosis is characterised by rapid NET formation occurring
between 5 and 60 minutes [266, 269]. Pilsczek et al. (2010) demonstrated that NETs
can form within 10 minutes when neutrophils are stimulated by staphylococcus aureus
[269]. This rapid process of vital NETosis requires efficient trafficking of the DNA from

the intracellular (nucleus) to the extracellular environment [266].

1.12.2.2 Suicidal NETosis

NET formation has described as suicidal NETosis that is distinct from both necrosis
and apoptosis [253]. NETs formation occurs by changing the morphology of the
nucleus through decondensation and eventual release and externalisation of
chromatin [266]. Suicidal NETosis is a NADPH oxidase-dependent pathway that can
be induced by pathogens, cytokines, inflammatory mediators and phorbol 12-myristate
13-acetate (PMA). These stimuli trigger the activation of NADPH oxidase, an enzyme
complex responsible for generating ROS within the neutrophil promoting chromatin
decondensation and the breakdown of nuclear and granular membranes [253, 269,
270]. Suicidal NETosis is caused by the nuclear translocation of NE and MPO causing
histone degradation that leads the decondensation of the chromatin and ending with

membrane disruption and NET release [271]. PMA has been reported as an in vitro
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stimulating agent for NET generation [253]. PMA and IL-8 also contribute to NETosis
with the DNA covered with histones and neutrophil elastase (NE) [263]. Interestingly,
Abrams et al. (2019) have demonstrated that high levels of IL-8 plasma in patients
with trauma significantly contribute in NET generation when incubated with purified
neutrophils, and NET formation is substantially blocked by inhibiting IL-8 [272].

NADPH oxidase produces ROS as an initial mediator that leads to chromatin
decondensation, NE and MPO degradation of histones linkages which facilitate the
web of DNA to be mixed with the granules, followed by releasing of NETs through the
membrane to the extracellular environment. The suicidal NETosis process requires
between 120 to 140 minutes to be occur which takes significantly longer than vital

NETosis [266].

1.12.2.3 Mitochondrial NETosis

Mitochondria are organelles located within cells that carry out a range of vital functions
and main sources of cellular energy and also produce many biosynthetic intermediates
such as lipids, and amino acids [273]. Additionally, they play a role in cellular stress
responses, including apoptosis, innate immunity, and hypoxia. In addition to its
intracellular functions, mitochondria can also impact an organism's physiology by
controlling communication between cells and organs [274].The initiation of
mitochondrial NETosis generally involves the stimulation of neutrophils by pathogens,
inflammatory cytokines, stress within the mitochondria, or tissue damage, among other
stimuli. NETosis initiation is the result of a sequence of intracellular events triggered
by activation signals [262, 274, 275].

Mitochondrial NETosis refers to mitochondrial DNA (mtDNA) being released along

with other components of NETs [261]. While classical NETosis is mainly dependent
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on the expulsion of nuclear DNA, additional studies have shown that mitochondria can
also play a role in the formation of NETs under specific circumstances [261, 264, 276].
Activated neutrophils undergo metabolic reprogramming, increasing mitochondrial
ROS generation, which is essential for mitochondrial NETosis. High mitochondrial
ROS levels can damage and permeabilise the mitochondrial membrane. This releases
mtDNA into the cytoplasm. NET-related proteins such as histones, elastase, MPO
interact with mtDNA in the cytoplasm. These interactions help mtDNA bind to
neutrophil chromatin and other granular proteins [277]. In essence, two distinct
mechanisms of mtDNA exteriorization are suggested: (A) an initial release into the
cytosol, followed by vesicle fusion with the plasma membrane, wherein the DNA is
externalised; and (B) fusion between the plasma membrane and mitochondria,
resulting in the direct release of the DNA content into the extracellular environment.
The second mechanism has not been conclusively demonstrated [278]. The
differences between vital, suicidal, mitochondrial NETosis pathways in NET formation
are illustrated in Figure 1.9 and Table 1.5.

The mechanisms governing the development of NETosis pathways in injured patients
remain incompletely understood. However, evidence suggests that NETosis is
influenced by the type and severity of stimuli, the immunological microenvironment,
and the phase of the immune response. Vital NETosis occurs during the early stages
of infection or inflammation, enabling neutrophils to release NETs while maintaining
their viability [263, 279, 280]. In contrast, suicidal NETosis mostly been triggered by
chemical stimulants such as PMA. Despite this, suicidal NETosis was observed in
advanced stages of infection or inflammation, characterized by neutrophil death to
release NETSs, typically triggered during severe inflammatory conditions such as

chronic granulomatous disease (CGD) and preeclampsia [253, 280, 281]. Finally,
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mitochondrial NETosis promotes NET formation and maintains neutrophil functionality

by releasing mitochondrial DNA. This process is linked to mitochondrial stress and is

crucial in chronic inflammatory diseases and autoimmune disorders like systemic

lupus erythematosus (SLE), as well as in elderly trauma patients [282-284].

Table 1.5: Comparisons between vital, suicidal, and mitochondrial NETosis [261, 263,

266, 278].

Properties of

Vital NETosis

Suicidal NETosis

Mitochondrial

NETs NETosis
The nature of | LPS, LTA, TNF-qa, and PMA, IL-8 pathogens,
stimulus GM-CSF inflammatory

cytokines, and stress

Formation time

Minutes (5-60 minutes)

Hours (120-140
minutes)

15 minutes to 3 hours

The
mechanism
employed for
NETs

Needs to smuggle the
DNA to the extracellular
environment by DNA
vesicular trafficking from

Requires NADPH
oxidase, MPO and NE
mediators to complete
the NETs formation

High mitochondrial
ROS levels

releasing nuclear envelope, cross process

through the cytoplasm

and the plasma

membrane.
Fate and Maintain the integrity of Cell Death Maintain the integrity
Function membrane and can still of membrane
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Figure 1.9: NET formation pathways. NETS generation can occur through three different
pathways; vital, suicidal, and mitochondrial NETosis. Vital NETosis can occur either by
released LPS or LAT from bacteria, released TNF-a, or by the interaction between TLR4
activation of platelets and subsequent binding with CD11a on neutrophils, or activation of
TLR2 and CR3 in the presence of pathogens such as E. coli and staphylococcus aureus. The
nucleus loops become aggregated, becoming round in shape and then decondensed DNA
and vesicles are formed. Finally, NETs are released via nuclear budding of vesicles and the
neutrophil still maintains its outer membrane for the purpose of capture bacteria. Suicidal
NETosis pathway is initiated by either PMA, IL-8, or pathogens. NADPH oxidase acts in
releasing NETs. Translocation of NE, MPO, and cathelicidin antimicrobial peptides (LL-37)
lead to chromatin decondensation, and nuclear membrane disruption. The nucleus contents
are mixed with granular proteins. NETs are extracellularly released through the outer
membrane rupture and neutrophil cell death subsequently occurs. Mitochondrial NETosis
caused by either neutrophils response to infection or stress within mitochondria. ROS Levels
increase lead to mitochondrial membrane rapture and mtDNA release to the cytoplasm.
Interactions occur between mtDNA and histones, MPO, and NE help to bind with other
granules protein, followed by mtDNA and vesicle fusion through the plasma membrane. The
figure has been modified using BioRender software from Figure 2 of " How Neutrophil
Extracellular Traps Become Visible " by de Buhr et al. [257] and Figure 6 of “New Perspectives
on the Importance of Cell-Free DNA Biology” by Bronkhorst et al. [285].
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1.12.3 Histones

Histones are proteins with a cationic charge and consist of four subgroups which are
H1 as a linker histone, H2 (H2A, and H2B), H3, and H4 [286]. Histones play an
important role in DNA packaging and compaction [287]. Mostly, the DNA of eukaryotes
are super-coiled by the histones that leads to formation of nucleosomes in which
histones regulate DNA replication, transcription, and repair [288]. Approximately 147
base pairs of the DNA is wrapped twice around a histone core (H2A, H2B, H3, and
H4) [289]. H1 is the linker that binds the entry and exit points for the wrapped DNA
with histone core [290]. All histones have N-terminal tails that are extended from the
core structure and rich in residues of the amino acids of lysine and arginine. These
amino acids are characterized by flexibility that undergoes post translation
modifications such as methylation that regulates chromatin function, ubiquitination,
acetylation and phosphorylation that play a role in gene regulation and replication
[291]. Although, histones are important in the packaging of DNA into the nucleus,
extracellular histones exhibit significant immunostimulatory and toxicity effects. When
histones are released during tissue injuries, extracellular histones contribute to cellular

damage and can cause organ dysfunction [292].

1.12.4 The Role of Histone Modifications in NET Formation

Histone modifications regulate de-condensation of chromatin during NETosis. Histone
citrullination is considered to facilitate de-condensation of chromatin during the
process of NETosis [293]. For example, citrullination of H3 (CitH3) facilitates the rapid
de-condensation of chromatin [294]. As histone modification regulates chromatin

structure, it also controls nuclear functions. Peptidyl arginine deiminase 4 (PAD4) is a
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nuclear enzyme that mediates gene expression through controlling arginine
citrullination and methylation in histones [295]. PAD4 converts the histone's arginine
residues to citrulline, lead to extensive de-condensation of chromatin resulting in
dismantling and swelling of the nucleus through NETosis [296]. Histones have been
considered to be highly toxic extracellularly to the surrounding space of released NETs
and have the ability to enhance thrombosis [297]. Interestingly, CRP has been shown
to neutralize histones. CRP binds to histones, which leads to the prevention of histone-
induced calcium influx into cells, thereby reducing histone cytotoxicity [298]. In
inflammation, NETs are produced in response to microbes which also can release
histones during NETosis [292]. Extracellular histones can also be released from
necrotic cells and contribute to endothelial cell dysfunction, organ failure, and mortality
[299]. In addition, it has been reported that histones play a role in enhancing sterile
inflammation through overproduction of cytokines by TLRs [300]. Extracellular
histones can also prevent extracellular DNA degradation resulting in autoimmune
stimulation, and formation of anti-nuclear antibodies [291]. Furthermore, it has been
suggested that PAD-4 crucially contributes to the pathological events of venous

thrombosis [297].

1.12.5 Cell Free Deoxyribonucleic Acid (cfDNA)

CfDNA are small fragments of DNA found circulating in the blood plasma or serum
[301]. CfDNA can be released through several cellular processes, including necrosis,
apoptosis, and by NETosis [302]. As NETs are composed of DNA, high levels of
circulating cfDNA/NETs have been observed in septic patients [73]. Hampson et al.
(2017) have shown that plasma and serum cfDNA levels were significantly elevated in

burns patients with sepsis at days 7 and 14 postburn comparing with healthy
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volunteers and non-septic patients. The study suggested that cfDNA could be used as
a diagnostic/prognostic biomarker for sepsis in patients with burns [74]. The average
level of cfDNA has been reported in healthy individuals between 42.1 and 111.5 ng/ml.
In contrast, in septic patients cfDNA levels were significantly higher by more than 10
fold (between 1160 and 2240 ng/ml) [240]. Additionally, Meng et al. (2012) and
Altrichter et al. (2012) have demonstrated that the cfDNA levels are elevated after
major trauma and burns and are persistently high for all measured time points up to
days 7-10 post-injury, respectively [73, 303]. This suggests that cfDNA can be a
potential marker in determining the severity of inflammation among traumatic and

burns patients.

1.12.6 NETs in trauma and burns

NETs are one of the key neutrophil defence mechanisms in killing and eliminating
microbes. NETs are often released during severe trauma and burns as a response to
sterile injury and subsequent infection [73, 304]. It has been reported that NETs can
be generated within < 60 minutes at the local site of sterile injury and inflammation
[305]. However, high cfDNA levels might increase the mortality risk in patients with
burns and trauma. Margraf et al. (2008) have illustrated that patients with multiple
trauma have been observed with a significant high level of cfDNA, and those who
were diagnosed with more than 800 ng/ml of cfDNA have subsequently correlated with
sepsis, MOF, and death [306]. Additionally, Altrichter et al. (2010) have shown that 7
of 37 patients with severe burns died during the first month of burns injuries, where
they have been evaluated with significantly high cfDNA levels [73]. Despite the
importance of NETs in fighting microbes, NETs can also contribute to further

complications such as DIC and MOF, particularly through excessive NETosis. To
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mitigate the pathogenic consequences of NETs, recombinant human
deoxyribonuclease | (DNase 1), commonly known as dornase alfa, has been utilised
to degrade extracellular DNA. By breaking down NETs in pulmonary secretions,
dornase alfa has shown promise in clinical trials for reducing mucus viscosity in
patients with cystic fibrosis. This therapeutic approach highlights the potential of
DNase-based treatments for managing NET-related complications in various

inflammatory disorders [307].

1.12.7 Excessive NETosis

Despite the improvement in survival rate in burns and traumatic patients, sepsis and
MOF remain a significant problem for increasing mortality. Regardless of the primary
function of NETs in defence against microbes, excessive NETosis can also play a
negative role within infected patients. Excessive NETosis has been shown to induce
MODS in several conditions [308]. Excessive NETosis contributes negatively to
several diseases including ARDS and cystic fibrosis, and can also induce
immunothrombosis, diabetes, SLE, and Rheumatoid arthritis (RA) [309]. Excessive
NETosis results in circulating cfDNA that could be directly associated with the
occurrence of main organ failure. Tanaka et al. (2014) have illustrated that cfDNA is
not only elevated in plasma but increased in the lung pulmonary capillaries and
postcapillary venules of hepatic sinusoids [311]. NET-released chromatin within
capillary plexi within organs has been suggested to not only disturb blood flow but also
cause tissue hypoxia and MOF [312]. Czaikoski et al. (2016) have shown evaluated
the correlation between NET levels in blood and MODS occurrence in septic patients
and mice. Elevated NET levels in the blood contribute to the pathological

complications that leads to MODS. NET degradation using recombinant DNase
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reduces organ failure and endothelial cell damage [308]. Although previous studies
have illustrated the significant importance of cfDNA in monitoring sepsis and
inflammation severity, measuring circulated large fragments of cfDNA in whole blood
is also important for evaluating excessive NETosis post-injury and understanding their
contribution to MODS and DIC. Otawara et al. (2018) demonstrated circulating NET
chromatin derived from neutrophils in blood circulation after major burns in rat models
using a microfluidic assay [313]. Moreover, Sakuma et al. (2022) demonstrated the
presence of circulating large chromatin fragments in treated whole blood with PMA in
vitro using a microfluidic assay designed to capture circulating NETs [314]. It is
therefore important to understand NET complexity and distinguish its formation and
function in healthy and in pathological inflammatory responses, and as a potential

biomarker of sepsis and poor outcomes.

1.12.8 Platelet-neutrophil interactions

Although neutrophils and platelets play important roles in inflammation and host
defence, platelets can form complexes with neutrophils when stimulated appropriately.
Platelet-neutrophil interactions can be measured in several conditions, including
inflammation and sepsis [315]. Platelets have also been recently demonstrated as a
key stimulator of NET formation in which platelet TLR4 contributes to NET generation
to ensnare pathogens [258]. Platelets promote vital NETosis by acting as immune
sentinel cells for infections. Stimulation of platelet TLR4 by LPS induces platelet
activation to promote platelet-neutrophil complexes by binding of platelet P-selectin to
neutrophil P-selectin glycoprotein ligand-1 (PSGL-1). The interaction is further

stabilised through platelet glycoprotein Iba interactions with neutrophil MAC-1 [315].
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In addition, other platelet receptors, including CD40 ligand (CD40L) and glycoprotein
allbB3, facilitate platelet interactions with neutrophils, promoting NETosis [316, 317].
However, platelet neutrophil interactions have also been indicated by significantly
contributing to the initiation of thrombosis through NET generation. NETs that are
formed in vasculature can also further interact with circulating platelets, leading to
platelet adhesion and activation, which causes thrombosis [318]. In addition, NETs
can also promote thrombus formation through binding of tissue factor (TF), FXII, and
VWEF [315]. Savchenko et al. (2014) have investigated patients diagnosed with venous
thromboembolism (VTE) including deep vein thrombosis (DVT) and pulmonary
embolism (PE). The study indicates that NET accumulation with the presence of
histone H3 enhances the organisation and formation of thrombi [319]. Furthermore,
degrading NETs has been reported in thrombolysis in mice by the action of DNase
[320]. It has illustrated that DNase | promotes NET degradation and thrombolysis
[321]. Although it is clear that NETs have a positive effect on the defence against
microbes, they are double-edged swords and excessive or untimely NETosis may
promote venous thromboembolism and/or MODS/MOF. This opens up the possibility

of using anti-NET therapies e.g., DNase to treat DVT and MOF.

1.12.9 Solute Carrier Family 44 Member 2 (SLC44A2)

Solute Carrier Family 44 Member 2 (SLC44A2) is a choline transporter protein and
represents the human neutrophil antigen-3 (HNA-3 antigen) as a target for
alloantibodies in transfusion medicine [322]. The location of SLC44A2 is on
chromosome 19p13.2 and involves 22 exons but with two isoforms SLC44A2-1 and
SLC44A2-2 that differ from each other by an amino acid substitution at the position

461 of exon 7, in which the genetic code substitution of Arg154 represents SLC44A2-
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1 (HNA-3a) and GInl154 represents SLC44A2-2 (HNA-3b) [323]. Structurally,
SLC44A2 consists of 10 domains spanning the membrane, with interconnected
intracellular and extracellular loops [324]. Furthermore, the incidence of the single
nucleotide polymorphism (SNP) indicative of both SLC44A2-1 and SLC44A2-2 alleles
have been measured in several populations, including African American, Caucasian,
Han Chinese, Thai, Japanese, Brazilian, and Tunisian etc [323].

The function of SLC44A2 is yet to be fully defined. However, its deficiency causes
spiral ganglion degeneration, loss of hair and hearing in mice [325]. Also, SLC44A2
deficiency has been associated with transfusion-related acute lung injury and Meniere
disease in humans [324].

Moreover, several studies have explored the potential role of SLC44A2 in thrombosis.
Tilburg et al. (2018) have evaluated the role of SLC44A2 in haemostasis using mice
lacking SLC44A2 (SLC44A2-/-) and SLC44A2-positive mice (SLC44A2+/+). They
induced vascular damage in muscle arterioles using laser damage and observed
impaired fibrin accumulation in SLC44A2-/- mice, particularly those with an FVB
background. Additionally, SLC44A2-/- mice with a B6 background exhibited
diminished platelet accumulation and impaired response to injury compared to
SLC44A2+/+ mice. These findings suggest SLC44A2 may play a role in the
haemostatic response to injury [322].

Similarly, Zhi et al. (2020) assessed 18 SNPs in 2,655 individuals, finding SNP
rs2288904 of SLC44A2 significantly associated with heightened risk of post-
orthopaedic surgery DVT. This SNP, expressed in multiple tissues, correlated
significantly with SLC44A2 expression levels, highlighting its potential role in DVT
susceptibility [326]. Tilburg et al. (2020) further explored the role of SLC44A2 in VTE

using SLC44A2-deficient mice in two separate VTE models: a hypercoagulability
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model induced by small interfering ribonucleic acid (SiRNA) and a flow restriction
(stenosis) model. In the hypercoagulability model, SLC44A2 deficiency did not affect
initial VTE outcomes but led to decreased plasma fibrinogen and VWF levels
alongside increased blood neutrophils compared to wild-type mice. In the stenosis
model, SLC44A2-deficient mice exhibited significantly smaller thrombi, suggesting a
potential role for SLC44A2 in VTE pathogenesis, particularly in neutrophil-dependent
mechanisms [327].

Regarding the previous studies, several possibilities that involved SLC44A2 in
thrombosis. It is suggested that SLC44A2 is associated with the risk of DVT and VTE,
while lacking SLC44A2 might be contribute to thrombosis defective upon injuries. It
has been suggested that the risk of SLC44A2 for VTE could be due to platelet-
neutrophils interactions [327]. The glycoprotein allbB3 is an integrin family member
present on the platelet plasma membrane as a transmembrane protein [328]. allb3
is the major integrin expressed on platelet membrane and plays an important action in
platelet aggregation and clotting [329]. allbB3 is activated by, thrombin, adenosine
diphosphate (ADP), and thromboxane A2 through signalling pathways of G protein-
coupled receptors [330]. Constantinescu-Bercu et al. (2020) found that VWF binding
to platelets primes them to facilitate platelet-neutrophil interactions via allb@3
activation on the platelet surface subsequently binding to SLC44A2 on neutrophils.
This process leads to neutrophil extracellular trap (NET) formation, increasing blood
clot size. Blocking allbB3 reduces platelet-neutrophil interactions, while anti-SLC44A2
antibodies hinder neutrophil binding to platelets. Additionally, a mutation in SLC44A2
(SNP rs2288904-A) weakens its binding to allbf3 [331]. These findings describe the

critical key role of allbf3 and SLC44A2 in platelet-neutrophil interactions, which could
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be a novel therapeutic target to prevent thrombosis in burns and traumatic injury
patients.

Furthermore, Bennett et al. (2020) explored the association between SLC44A2 and
VTE. Their study revealed that SLC44A2 is expressed on human and mouse platelets
and plays a role in VTE, regulated by platelet mitochondrial energy. SLC44A2
mediates choline transport into mitochondria, essential for ATP generation, with
platelets lacking SLC44A2 showing reduced ATP production upon activation. The
study suggests that defects in SLC44A2 may lead to low choline metabolism,
potentially contributing to thrombosis. However, the exact function of SLC44A2 in
thrombosis remains incompletely understood, necessitating further investigation into

its role in haemostasis, NET formation, and thrombosis [332].

1.12.10 NETs Degradation

Once NETs are formed, it is important that they are cleared effectively through natural
degradation mechanisms to prevent their dissemination and continued presence in the
blood. DNase is found in the body fluids including serum and urine and acts to degrade
DNA including NETs [303]. In vitro, incubation of NETs with DNase | results in the
degradation of the majority of NETs (nearly 90%) [333]. Fuchs et al. (2010) have
illustrated the dynamics of NET degradation by DNase 1. Incubation of NETs with
DNase 1 in specific conditions release histones to the culture supernatant which
indicate that DNase 1 separates the histones from the chromatin fibres resulting in the
liberation of cfDNA. In addition, DNase 1 has been shown to inhibit platelet
aggregation to the NETs [318]. However, patients with DNase 1 deficiency or impaired
NETs degradation can suffer from the persistence of NETs that contribute to tissue

damage and autoimmune diseases [334]. Impaired NET degradation have been
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indicated in a group of patients with SLE, illustrating the presence of DNase | inhibitors
[335]. It has been observed that circulating NETs are increased after burns and
trauma injuries with reduced DNase activity. Also, it has been shown that treating the
blood samples with excess DNase significantly degrades NETs [303, 313].

Moreover, DNasel-like 3 (DNaselL3) is a DNase member that play a role in apoptosis
mechanisms through chromatin cleavage as described in vitro [336, 337]. DNasellL3
is produced and secreted mainly by macrophages in tissues and dendritic cells [338].
Lazzaretto et al. (2019) have shown that DNasellL3 has capability to degrade NETs
in vitro [339]. In addition, Jimenez-Alcazar et al. (2017) have evaluated the role of
DNasel and DNasellL3 in NET degradation in a mice model. The study shows that
NET formation led to intravascular clot formation in the absence of both DNasel and
DNasell3 that subsequently led to occurrence of MOF and mortality [340].

Moreover, macrophages also have an important role in NET degradation through
uptake and digestion [341]. Macrophages are distributed around the body tissues and
recognised as effector cells in repairing tissue and for the resolution of inflammation
[342]. Macrophages can be stimulated by endocrine and paracrine signals or directly
stimulated through tissue surface receptors or immune cells during injuries [343].
Although DNase is important in NET degradation and can prevent intravascular
thrombi formation by NETs, macrophages have also been described with a significant
capability for NET degradation [344]. Haider et al. (2020) examined the role of
macrophages in NET degradation by using human blood samples in vitro and murine
models in vivo. The study shows that macrophages are able to degrade NETs
dramatically and can be inhibited by preventing micropinocytosis [341]. DNase | has

therapeutic advantages in the degradation of NETs and the mitigation of related
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inflammation, considering that clinical use demands critical evaluation of its limits and

possible harmful effects [307, 345]

1.12.11 Actin

Actin is abundant in the cytoskeleton and plays an important function in eukaryotic cell
functions through maintenance of cell morphology, endocytosis and exocytosis
trafficking, movement, motility, and cell division [346]. Actin can be found in two main
states which are globular actin (G-actin) and filamentous actin (F-actin) that represent
monomeric and helical polymer forms, respectively [347]. G-actin gathers into the
polymers of F-actin, in which this form is highly regulated with an equilibrium
depending on ATP [348]. Many complex activities of cells depend on G-actin and F-
actin beside other proteins [349]. Binding of actin with ATP, the polymerisation results
in G-actin to F-actin conversion and activates adenosine triphosphatase (ATPase) that
activates the actin filament for motility [350]. Filaments also support internal
mechanical mechanisms, intracellular material movement and cell motility [349].

However, the release of actin filaments into the circulation acts as a DAMP and is
associated with several complications including hepatic necrosis, respiratory distress
syndrome, and septic shock [351]. In addition, extracellular actin contributes to
vascular dysfunction during tissue trauma [352]. Released actin is normally regulated
by actin scavenging proteins which are vitamin D-binding protein (VDBP) and gelsolin
that work together to remove actin from the circulation [351]. Major tissue damage
following severe burns can release circulating actin excessively, in which this released
actin from necrotic and damaged cells inhibits DNase | directly [353]. Thereby, DNase
| activity can be protected or controlled by the actin scavenging system [354]. Bareyre

et al. (2001) have illustrated that following brain trauma, actin is shown to be contribute
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to DNase | inhibition [348]. Recently, Dinsdale et al. (2019) have shown that cfDNA
accumulation following thermal injuries is due to the effect of actin on reducing DNase
activity and that the scavenging system can also protect DNase 1 activity to prevent
excessive NETosis and MOF [353].

The actin scavenging system consists of gelsolin and VDBP that have a critical role in
rapid actin depolymerization and clearance of actin filaments from the circulation [355].
Gelsolin is an actin modulating protein that plays an important role in cytosolic
transition through reducing the distribution of actin filaments [356]. Circulating gelsolin
levels in healthy individuals are between 174 and 278 pyg/mL and are decreased during
severe injuries and inflammation [357] including in major trauma and burns [358]. It is
suggested that reduced or depleted gelsolin is due its binding to extracellular actin
after cell damage following major trauma and burns [359].

VDBP also called Gc globulin is a plasma protein that binds and transport vitamin D
but is also involved in the actin scavenging system [360]. The normal circulating VDBP
level is between 137 and 559 ug/mL [361]. VDBP levels can be increased due to
pregnancy or decreased due to increased binding to actin in patients with liver failure,
trauma, septic shock, and MODS [362, 363]. The role of gelsolin and VDBP is
important in the clearance of extracellular actin through the mechanism of the actin
scavenging system [364].

Lee et al. (1992) have described the role of actin scavenging system (Figure 1.10).
The function of actin scavenging system is initiated by forming complexes of
monomeric actin and gelsolin. The severing process begins through binding of gelsolin
to F-actin which results in breakdown of the filaments to two separated fragments.
Within the same time capping process is begun by gelsolin binding to the barbed ends

of actin filaments. Both severing and capping processes depolymerize F-actin and
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inhibit of additional monomers to F-actin. Then, it is followed by trapping actin
monomers by VDBP within high affinity complex and cleared mainly by the liver,

kidneys and spleen [351].

/ F-actin > E-dctin Gelsolin
Gelsolin
al . ”
2K Mg
Gce-protein

G-actin /——— G-actin G-actin-Gelsolin

Gce-protein-G-actin—»Cleared by Liver

Figure 1.10: The actin scavenging system. Extracellular actin consists of filaments
(F-actin) and monomers (G-actin). The scavenging system process is initiated by
binding gelsolin to F-actin to liberate G-actin forming G-actin-gelsolin complexes. The
G-actin-gelsolin complex interacts with VDBP (Gc-protein). Then, Gelsolin is liberated
and VDBP traps G-actin to be removed by the liver. The scheme has been modified
using BioRender software from Figure 1 of " The extracellular actin scavenger system
in trauma and major surgery " By Benny Dahl [365].

1.13 Platelets in burns

Platelets are small blood cells generated from megakaryocytes in the bone marrow,
playing a crucial role in sustaining haemostasis by promptly reacting to vascular
damage, aggregating at the injured vascular site and promoting clotting to prevent and
stop blood loss [366]. In addition to their function in haemostasis, platelets are
essential for wound healing and the modulation of immunological responses. Platelets
facilitate tissue repair and regulate inflammation at the injury site through the release

of cytokines and growth factors [367, 368].
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Following vascular injury, platelet activation constitutes a crucial initial phase in
haemostasis, facilitating prompt stopping of haemorrhage and tissue repair. The
endothelial disruption exposes subendothelial matrix proteins, including collagen and
VWEF, which promote platelet adhesion [369]. Upon adhesion, platelets experience
activation, marked by morphological alterations, degranulation, and the activation of
surface integrins such as allbB3, facilitating platelet aggregation [370, 371]. The
release of agonists from platelet granules, such as ADP, thromboxane A2, and
serotonin, enhances this process by recruiting more platelets to the injury site,
accelerating the conversion of prothrombin to thrombin and facilitating the formation
of fibrin and the stabilisation of the platelet plug [372]. However, platelet
hyperactivation in response to severe injuries can lead to thrombotic complications,
coagulation dysfunction, thrombocytopenia and prolonged inflammation [24, 373,

374).

1.13.1 Platelet dysfunction

Platelet dysfunction is a significant consequence after severe burns and trauma,
characterised by the impairment of platelets to execute their essential haemostatic
function, such as adhesion, aggregation, and secretion. This dysfunction is
characterised by compromised platelet activation, diminished aggregation ability, and
irregular interactions with the coagulation cascade and vascular endothelium [375-
377].

Additionally, released DAMPs post severe thermal and trauma injuries such as
HMGB1, DNA, histones, and S100A8/A9 contribute to inducing platelet dysfunction
post injuries [373, 375]. Platelet dysfunction often manifests early after burns and

trauma injuries as a result of the initial inflammatory response and mechanical injury
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[100, 375]. Platelet dysfunction after injuries is characterised by platelet exhaustion
(hyperactivation) mainly by the role of released VWF, TF, and DAMPs, impaired
platelet adhesion due to elevated proteases post-injury, such as thrombin and plasmin,
and impaired platelet aggregation as a result of low circulating fibrinogen [375, 378-
380]. Complications related to platelet dysfunction encompass an elevated risk of
microvascular thrombosis, DIC, extended bleeding, thrombocytopenia, impaired
wound healing, and cardiovascular disease (CVD), leading to poor clinical outcomes

and increased mortality risk [22, 374, 381, 382].

1.13.2 Thrombocytopenia

Thrombocytopenia is characterised by a reduction in platelet count, which is a
prevalent consequence after severe injury and trauma. Following an acute injury, the
systemic inflammatory response to the endothelial damage cause high consumption
of platelets, leading to low circulating platelet levels [373]. This process is frequently
exacerbated by the activation of coagulation pathways, which promote further platelet
consumption during clot formation. Furthermore, trauma-induced thrombocytopenia
correlates with poor clinical outcomes, such as extended hospitalisation, elevated
death rates, and incidence of bleeding and infection [383]. Thrombocytopenia in burns
is usually observed within the first 24 to 48 hours post-injury, followed by a rebound
thrombocytosis and a gradual restoration to normal levels over a period of 2 to 4
months [100].

Platelet hyperactivation induced by systemic inflammation, results in both platelet
consumption and functional impairment, hence sustaining thrombocytopenia during
the healing phase [384]. Moreover, the sequestration of platelets in the spleen and the

reduction of bone marrow activity due to the inflammatory response lead to further
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diminish platelet production and availability [385]. Patients with burns and trauma
exhibit platelet depletion and dysfunction, complicating their clinical treatment and
frequently necessitating platelet transfusions and measures to reduce the risks of
bleeding and thrombosis [386]. Glas et al. (2024) have illustrated that
thrombocytopenia serves as an early indicator of serious complication and a predictor
of poor outcomes in severe burns, which is also associated with established poor
prognostic indicators such as degree of burn, ABSI score, inhalation injury and the
incidence of sepsis [387]. Previously, Cato et al. (2018) illustrated that early
thrombocytopenia is a useful biomarker for indicating sepsis and mortality.
Additionally, reduced peak levels of platelet counts are strongly associated with 50-
day mortality [388]. The early decreases in platelet counts and lower peak levels are
key indicators of sepsis risk and mortality in burn and trauma patients, highlighting the

importance of platelet monitoring for predicting adverse outcomes.

1.13.3 Clotting Dysfunction (Coagulopathy)

Coagulopathy is characterised by procoagulant and antifibrinolytic alterations, as well
as impaired activity of the natural anticoagulant systems which is observed in patients
shortly after a burn injury. This is also observed in patients with sepsis after severe
traumatic injury [389]. Coagulopathy represents a critical complication in the
management of severe thermal and traumatic injuries, contributing significantly to
thromboembolic complications, MOF, morbidity and mortality [121, 390]. The
pathogenesis of coagulopathy involves complex processes, such as systemic
inflammatory reactions, damage to the endothelial cells, and imbalances in the levels
of pro-coagulant and anti-coagulant substances [109]. Coagulopathy is classified into

two phases: the early or acute phase, which occurs in early admission days post
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thermal or traumatic injuries, and the late stage, which occurs much later in both burns
and trauma patients [389, 391].

In trauma the acute coagulopathy phase frequently occurs due to the rapid activation
of the protein C pathway and systemic hypoperfusion. This leads to hyperfibrinolysis
and the fast depletion of coagulation components [392]. The acute trauma-induced
coagulopathy (TIC) is a condition that occurs as a result of a combination of reduced
blood flow, tissue damage, and inflammation. This condition leads to both bleeding
and the formation of blood clots [393]. TIC occurs early following trauma injuries, with
the prevalence of TIC increasing with the severity of the injury, affecting approximately
38% of severe trauma patients [383, 394]. Acute coagulopathy in trauma can also
occur due to secondary variables such as acidosis, hypothermia, and hemodilution
[395]. However, in thermal injuries, tissue-type plasminogen activator (t-PA) levels are
frequently elevated during the acute phase, which occurs immediately following injury
and is characterised by substantial fibrinolysis and coagulation activation, often
resulting in a hypercoagulable state [389]. The late phase of coagulopathy in thermal
and trauma patients is primarily caused by severe sepsis or surgical procedures.
Coagulopathy following an injury is marked by alterations that promote blood clotting
and hinder fibrinolysis. This can result in the development of DIC and MOF [389, 396].
Premature procoagulant changes distinguish acute burn-induced coagulopathy,
compromised fibrinolytic systems, and dysfunction of platelets [397]. The criteria of
acute coagulopathy in burn and trauma patients were defined by prolonged activated
partial thromboplastin time (aPTT) and international normalised ratio (INR) levels with
> 60 seconds and >1.5, respectively [389, 398]. However, the inaccuracy of standard
plasmatic clotting tests further adds to the clinical challenges of characterising

coagulopathy in burn patients. Newer viscoelastic techniques, such as
70



thromboelastography (TEG) and rotational thromboelastometry (ROTEM), provide
better diagnostic tools by allowing for real-time evaluation of fibrinolysis and blood
clotting activities. It is well-known that most patients with severe burns arrive at the
hospital in a hypercoagulable condition. However, a lot of variation is probably related
to the severity of the damage [397]. According to a 2018 study by Huzar et al., who
analysed 65 burn patients with TBSA levels of more than 15%, 60% of the patients
were associated with hypercoagulopathy at admission, whereas 24% were diagnosed
with hypocoagulopathy [399]. Additionally, Wiegele et al. (2019) examined 20 patients
admitted with severe burns (>20% TBSA) and found that all of them were diagnosed
with hypocoagulopathy based on ROTEM and thrombin-generating tests [400].
Moreover, Pusateri et al. used TEG in 115 patients within 4 hours of thermal injury and
found three admission fibrinolytic phenotypes: high fibrinogen levels or fibrinolytic
shutdown (30% of burns); normal fibrinogen levels or physiologic (60%); and low
fibrinogen levels or hyperfibrinolytic (9%). Burns with fibrinogen levels or
hyperfibrinolytic had more severe burns (TBSA > 20%). Admission hyperfibrinolysis
was linked to a roughly 13-fold increased mortality risk and a 5-fold quicker time to
death compared to individuals with normal fibrinogen [120]. A frequent consequence
of severe burns, can lead to late coagulopathy, especially whether it develops early or
late in the clinical course, such as sepsis and surgery with burn wound excisions that
could cause considerable blood loss and coagulopathy [389].

VWEF is a substantial contributor to the coagulopathy that is observed in patients who
have experienced burns or trauma. Elevated levels of VWF are suggestive of
endothelial damage and contribute to the development of a hypercoagulable state in
the context of severe burns. As a consequence of endothelial injury and systemic

inflammation, VWF increases, facilitating platelet aggregation and adhesion, thereby
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exacerbating coagulopathy [401]. VWF is regulated by the metalloprotease
ADAMTS13, which cleaves and prevents spontaneous VWF—platelet interactions
[402]. Several studies have observed significantly high VWF levels and decreased
ADAMTS13 following inflammation and tissue damage compared to healthy controls

[403-405].

1.13.4 Aims and Hypothesis

Our research hypothesises that excessive NETs and neutrophil-derived cfDNA
contribute to further complications in burns and trauma, playing a significant role in the
development of immunothrombosis, leading to DIC and MOF. Released soluble
factors post-injury, particularly IL-8, are likely major mediators of this response,
contributing to neutrophil activity and can trigger NET formation. This cascade leads
to sustained inflammation and immune dysregulation, thereby heightening the risk of
complications associated with excessive NETosis. We also hypothesise that high MW
VWEF levels will be increased post-burn injury with consumption of ADAMTS13. This
will cause consumption of platelets and trigger further NET generation, increasing risk

of immunothrombosis in response to injury and infection.
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The aims of the study are: -

Provide a comprehensive analysis of circulating NET-derived chromatin in
patients with burns and trauma, focusing on both the quantitative and
gualitative aspects of cfDNA generation and degradation.

Investigating circulating large chromatin structures derived from NETSs in
whole blood in patients with burns.

Determine the potential role of IL-8 in NET generation in patients with burns.

Investigate haematological and neutrophil parameters in severe thermal injury
using an automated haematological analyser/flow cytometer.

Investigate the classical changes in platelet count dynamics following severe
burn injury and measure platelet physiological thrombus formation in vitro
using the T-TAS system with both AR and HD chips.

Investigate the relationship between post-burn injury VWF and ADAMTS13

levels with platelet function and NET formation.
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Chapter 2: Materials and
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2 Materials and Methods
2.1 Study design and ethical approval
2.1.1 Study design

This research includes data from two observational studies: The Scientific
Investigation of the Biological Pathways Following Thermal Injury-2 (SIFTI-2), and the
Golden Hour (GH) Study targeting trauma patients.

SIFTI-2 is an ongoing observational cohort study at Queen Elizabeth University
Hospital Birmingham enrolling patients with moderate-to-severe burn injuries: 215%
and 220% of the total body surface area (TBSA) in adults and children, respectively
[406]. Patients are admitted and recruited through the major trauma and burns centres
at the Queen Elizabeth Hospital Birmingham. Daily blood samples are collected from
patients from hospital admission to day 14 post-burn, as well as at day 28, and months
3, 6, 12 and 24 post-injury. Clinical data are collected and held in anonymous
databases that contain clinical assessments, injury severity and key biomarkers.
Sepsis was diagnosed according to classical ABA criteria [78].

This study was approved by the research ethics committee (REC

reference:16/WM/0217) [406].

The GH study was initiated in 2014 and supported by the National Institute for Health
Research (NIHR). The GH study enrols adult patients (=18 years old) in the pre-
hospital setting who have sustained a traumatic injury with a suspected injury severity
score (ISS) >8. Blood samples are obtained immediately (pre-hospital by emergency
care teams) within 1 hour of injury (TO) and at two subsequent in-hospital timepoints;

4-12 hours (T4-12) and 48-72 hours (T48-72) following injury [407]. The study received

75



ethical approval from the North Wales Research Ethics Committee - West (REC
reference: 13/WA/0399, Protocol Number: RG_13-164).

Clinical evaluations, assessment of damage severity, and important biomarkers are
all included in the anonymised clinical data stored in databases for both SIFTI-2 and

GH studies.

2.1.2 Patient cohorts

A total of 96 burn patients were included in the in SIFTI-2 study. The median age of
patients was 49 years (range 16—84 years), and the median burn size was 32% total
body surface area (TBSA) (range 15-85%). The incidence of sepsis was 51.2% and
mortality was 20.8%. Septic status was not determined for 12 patients due to early
mortality from non-septic causes or study withdrawal. Detailed patient demographics
are displayed in Table 2.1.

The GH study enrolled 147 adult trauma patients. The most common cause of injury
was a road traffic collision (53.1%). Their ages ranged from 18 to 95 years, and their
average ISS was 25 (ranging from 9 to 66) (Table 2.2). The average duration of
the blood sample before hospitalisation was 42 minutes following injury, with a range

of 13-60 minutes.
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Table 2.1: Burn patients demographics
Characteristic Burns patients (n=96)
Age, years (range) 49 (16-84)
Gender, (M:F) 74:22
% TBSA (range) 32 (15-85)
% FT TBSA (range) 11 (0-80)
Inhalation injury (Y: N) 39:57
Mechanism of injury
Flash, n (%) 7 (7.29)
Flame, n (%) 79 (82.29)
Flame and flash, n (%) 5 (5.20)
Electrical, n (%) 1(1.04)
Scald, n (%) 4 (4.17)
ABSI (range) 8 (2-14)
Baux (range) 80 (34-143)
rBaux (range) 89 (39-160)
SOFA 6 (0-17)
Sepsis Y:N (%) 43:41(51.2)
Mortality Y: N, (%) 20:76 (20.83)

Abbreviations: TBSA (total body surface area), FT (Full-thickness), ABSI (A Body
Shape Index), Baux (a burn mortality prediction system), rBaux (revised Baux
indication), SOFA (Sequential Organ Failure Assessment).

e Baux s a prediction system for burn-related mortality that calculates the probability

of death by adding the patient's age to the percentage TBSA.
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e rBaux is modified Baux score accounting for inhalation injury with improvement in
death prediction.

e SOFA score is a clinical tool for organ function and failure rate assessment.
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Table 2.2: GH patients demographics

Characteristic Trauma patients
(n=147)
Age, years (range) 42 (18-95)
Gender, (M:F) 126:21
Time to pre-hospital 41 (13-60)

sample, minutes post-injury (range)

ISS (range)” 25 (9-66)
NISS (range)* 37 (9-75)
Admission GCS score (range) 10 (3-15)

Mechanism of injury

Fall, n (%) 30 (20)

AIP, n (%) 33 (22)

Blunt, n (%) 6 (5)

RTC, n (%) 78 (53)
ICU-free days (range) 19 (0-30)
Hospital-free days (range) 7 (0-29)
Mortality, n (%) 24 (16.3)

Data are expressed as mean (range) unless otherwise stated. # Information relating
to ISS and NISS was available for 137 patients. A/P, Assault/Penetrating; GCS,
Glasgow coma scale; ICU, Intensive care unit; ISS, Injury severity score; NISS, New
injury severity score; RTC, Road traffic collision.
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2.2 Blood sampling

Blood samples were collected from the SIFTI-2 cohort of 96 thermally injured patients
with TBSA 215% at multiple time points: days 1 to 14, day 28, and months 3, 6, 12
and 24 post-injury. The samples were drawn into BD Vacutainers® (BD Biosciences,
UK) containing either tri-sodium citrate or Z-serum clotting activator, which were
utilised to prepare platelet-free plasma (PFP) and serum, respectively. For patients
enrolled in the GH study, additional blood samples were collected at three specific
post-injury time points: pre-hospital (<1 hour), 4-12 hours, and 48-72 hours post-
injury. In pre-hospital settings, samples were obtained either during intravenous
cannulation or via venepuncture. The vacutainers were stored at room temperature
during transport to the hospital. Upon arrival, samples were processed within 1 hour
by a single researcher who provided 24/7 coverage. In parallel, blood samples were
also collected from 20 healthy controls (HCs) who voluntarily participated in the study,

providing baseline samples for comparison and control analyses.

2.3 Whole blood analysis

A full blood count was immediately performed on each sample using the Sysmex-
XN1000 analyser (Sysmex, Milton Keynes, UK), with blood collected in vacutainers
containing sodium citrate or EDTA as the anticoagulant. Quality control material (XN
check, Sysmex UK) was measured daily to ensure instrument performance throughout
the study. The instrument is also enrolled into a monthly national external quality
assurance scheme to further validate instrument performance in comparison with all
clinical laboratories across the UK and within and between different instrument groups

(UKNEQAS, Watford, UK).
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2.4 Whole Blood Parameters measured

Analysed Full blood count (FBC) data for burn patients enrolled in the SIFTI-2 study,
as well as healthy controls (HC; N=20), were directly collected from the XN1000
instrument. The FBC analysis encompassed a comprehensive evaluation of key
haematological parameters, including platelet counts and white blood cell (WBC)
subtypes, such as neutrophils, lymphocytes, monocytes, eosinophils, and immature
granulocytes (IGs). In addition to these standard FBC metrics, extended parameters
were collected to analyse further insights into the functionality and characteristics of
these cell types.

3 different platelet counts were measured including the platelet impedance count
(PLT-I), the platelet optical count (PLT-O) and fluorescent platelet (PLT-F) count along
with mean platelet volume (MPV) and the Immature platelet fraction (IPF). In addition,
the instrument provides extended WBC parameters for the morphology, functionality,
and maturity of all leukocyte populations. Neutrophil and monocyte extended
parameters provide changes in cell function and maturity, offering valuable information
about the immune system's reaction to infection and inflammation. Neutrophil and
monocyte X illustrate cell granularity and internal complexity. by side scatter diffraction
in the Sysmex analyser, which reflects the cytoplasmic structure of the cell. The
neutrophil and monocyte Y parameters measure the fluorescence intensity, and the
nuclear maturity. It provides insights into the cell RNA/DNA content and overall cellular
activity. Neutrophil and monocyte Z parameters provide a comprehensive evaluation
of cells by integrating X and Y parameters, expressing the width of dispersion in cell
size. Furthermore, Neutrophil reactive intensity (RI) evaluate cell activation state by
assessing fluorescence intensity, reflecting cells reactive changes, while neutrophil

granularity index (Gl) evaluates cell granularity. Lymphocyte extended parameter RE
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(reactivity) evaluate the cellular reactivity, while lymphocyte AS (antibody-synthesising
lymphocytes) measure the levels of antibody synthesis activity particularly in B
lymphocytes. For ex vivo investigation, neutrophil parameters were also being
measured and data collected for treated and untreated whole blood and isolated

neutrophils with ionomycin as described in sections 2.9.1 and 2.9.2.

2.5 Preparation of platelet free plasma

Tri-sodium citrate vacutainers were centrifuged at 2000 x g for 20 minutes at 4°C to
obtain platelet-poor plasma (PPP). Following this initial centrifugation, the PPP was
carefully separated and subjected to a second centrifugation at 13,000 x g for an
additional 20 minutes at 4°C to ensure the removal of any residual platelets. The
resulting platelet-free plasma (PFP) was aliquoted into appropriate storage tubes and

stored at -80°C for future analysis.

2.6 Preparation of serum

Serum was prepared by allowing z-serum clotting activator vacutainers to sit at room
temperature for 30 minutes, followed by centrifugation at 1,620 x g for 10 minutes at

room temperature. The serum was aliquoted and stored at -80°C.

2.7 Platelet function measurement

Platelet function was measured using the Total Thrombus-formation Analyser System

(T-TAS) (Zacros, Fujimori Kogyo Co. Ltd., Tokyo, Japan). The instrument uses chips
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stored at 4°C to maintain stability with the same batches of each chip were used
throughout this study. The AR chip is coated with collagen and tissue factor within an
80 um depth flow chamber measured at 600 s and is dependent on platelet count.
The HD chip is also coated with collagen and tissue factor but within a 50 pum thick
flow chamber measured at 1200 s and can be used to measure thrombocytopenic
samples. To perform the test, chips were prewarmed to room temperature and 20 pl
CaCTlI reagent (Corn-derived trypsin inhibitor and CaCl2) was added to gently mixed
citrated whole blood (480 pl) immediately prior to testing to inhibit activation of the
coagulation contact pathway. Treated blood was then tested within both AR and HD
chips in parallel both incubated within the instrument at 37°C. The test activated both
primary and secondary haemostasis resulting in thrombus formation and occlusion of
blood flow in the chips. The following parameters were recorded:- OST (Occlusion
Start Time) is the lag time for the flow pressure to reach 10 kPa due to partial occlusion
of the capillary; OT (Occlusion Time) is the lag time for the flow pressure to reach 60
kPa with full occlusion of the capillary; The AUC (Area Under the Curve) is the area
under the flow pressure versus the time curve (overall thrombus formation) i.e. lower

values reflect slower thrombus formation (Figure 2.1).
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Figure 2.1: T-TAS parameters measured during thrombus formation. T-TAS
assesses thrombus formation by monitoring changes in flow pressure over time. The
Onset Time (OST) marks is the time when the pressure reaches 10 kPa, indicating
partial capillary occlusion. The Occlusion Time (OT) is recorded when the pressure
reaches 60 kPa, signifying full capillary occlusion. The Area Under the Curve (AUC)
represents the overall thrombus formation; lower AUC values indicate slower rates of
thrombus formation. This comprehensive measurement system enables the
guantification of clot formation dynamics in response to platelet function and
coagulation. This figure has been modified from ZACROS Corporation-T-TAS product
information using BioRender software [408].
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2.8 Neutrophil isolation from healthy donors ex vivo

Blood samples were collected from healthy volunteers into EDTA vacutainer tubes
through venepuncture of the antecubital vein. An FBC test was performed for each
sample using the XN-1000. Blood was then transferred into a sterile 50 ml Falcon tube
(ThermoFisher, Cheshire, UK), and 1 ml of 2% Dextran (Sigma-Aldrich, Poole, UK)
was added for each 6 ml of blood and kept at room temperature for 30-40 minutes.
This procedure allows the sedimentation of RBCs and platelets with subsequent layers
comprising white blood cells (WBC). After 30-40 minutes, the WBC-rich layer was
transferred carefully onto the top of a discontinuous density gradient of Percoll (Sigma-
Aldrich, Poole, UK) to isolate neutrophils from the WBC-rich buffy coat. The Percoll
gradient consists of 2.5 ml of 80% Percoll diluted with 1x saline in distilled water at the
bottom and 5 ml of 56% Percoll above the 80% Percoll layer in 15 ml Falcon tubes
(ThermoFisher, Cheshire, UK). After transferring the WBC-rich layer, tubes
subsequently were centrifuged for 20 minutes at 220 x g without brake at room
temperature. After centrifugation, the supernatant of plasma and peripheral blood
mononuclear cells (PBMCs) were discarded, and the neutrophil layer at the 56-80%
Percoll interface was extracted and transferred into a sterile 15 ml Falcon tube.
Extracted neutrophils were suspended in RPMI 1640 medium (Sigma-Aldrich, Poole,
UK) containing 10% heat-inactivated foetal bovine serum (FBS), 2 mM glutamine, 100
U/ml penicillin, and 100 pg/ml streptomycin (Sigma-Aldrich, Poole, UK) and
subsequently centrifuged at 461 x g for 10 minutes at room temperature. After
centrifugation, the supernatant was discarded, and neutrophils were resuspended in
RPMI-1640 medium and diluted to the desired final concentration. The cell count was
measured by the XN-1000, and the final concentration was modified according to the

individual experiment (Figure 2.2).
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Figure 2.2: Neutrophil isolation ex vivo. The diagram illustrates the stepwise
process of isolating neutrophils from whole blood using a Percoll gradient. First, whole
blood is mixed with 2% dextran and allowed to settle for 30-40 minutes, separating a
WBC-rich layer. This layer is collected and transferred to the top of a prepared Percoll
gradient, consisting of 80% and 56% Percoll. Following centrifugation at 220 x g for
20 minutes without a bake, neutrophils are isolated in the dividing layer between 80%
and 56% Percoll. The plasma and peripheral blood mononuclear cells (PBMCs) at the
top of the Percoll gradient are separated. The neutrophil layer is carefully extracted at
56-80% Percoll interface, transferred into a fresh 15 ml Falcon tube, and centrifuged
at 461 x g for 10 minutes. After washing, the supernatant is discarded, leaving pelleted
neutrophils. Finally, the isolated neutrophils are resuspended in RPMI medium. A 100
ul of suspended neutrophils is prepared for analysis using the XN-1000 analyser to
quantify neutrophil counts. The figure was created using BioRender Software.
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2.9 NET generation ex vivo
2.9.1 NET generation from isolated neutrophils
Isolated neutrophils (2x10%-4x108) resuspended in RPMI media supplemented with
10% FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin were
dispensed into 12 well cell culture plates (Corning, Flintshire, UK), glass chamber
slides (BD Biosciences, Berkshire, UK) for 4 hours at 37°C and 5% CO:2 with the
following stimuli:

e 250r50nM PMA.

e Burn patient serum samples categorised as containing low (<150 pg/mL),

medium (150-500 pg/mL) or high (>500 pg/mL) levels of IL-8.
e 100 pg/ml recombinant human IL-8 (Fine-Test Biotech, Boulder, US).

e 4 puM ionomycin

Post-incubation, cells seeded in glass chamber slides were fixed with 4%
paraformaldehyde (Sigma-Aldrich, Poole, UK) for 30 min. After fixation, supernatants
were collected into 0.5 mL Eppendorf tubes and centrifuged at 2200 x g for 2 minutes
at 4°C to remove any remaining cells and debris, aliquoted and stored at -80°C for the
measurement of release cfDNA of treated samples. HC and burn serum samples were
also incubated in separated wells without cells as background for generated cfDNA
levels in vitro. In some samples, 1 pg/mL of human IL-8 monoclonal antibody (R&D
Systems, MAB208-100, Abingdon, UK) or a mouse IgG1l isotype control (R&D
systems, Abingdon, UK) was incubated for 15 min in isolated neutrophils at 37 °C and
5% COz2 before treating cells with serum or recombinant IL-8 to inhibit the production

of NETs by IL-8. To inhibit the potential degradation of generated NETs by DNase I,
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some serum samples were also treated with 2.5 pM Actin (Sigma-Aldrich, Poole, UK)
for 30 min prior to incubation to inhibit serum DNase | activity to prevent NET

degradation.

2.9.2 NET generation from whole blood

500 pl of tri-sodium citrate vacutainers of whole blood from healthy volunteers were
aliquoted into 1.5 ml Eppendorf tubes, stimulated with 25 nM PMA, 4 uM ionomycin or

vehicle control, and incubated for 4 hours at 37°C and 5% COa..

2.10 Fluorescence microscopy analysis and quantification of generated NETs

Treated isolated neutrophils, in glass chamber slides with either with 25 nM PMA, HC
or burns serum samples, recombinant IL-8 in vitro as described in section 2.9.1 were
washed with sterile PBS and stained for 5 min with 5 uM SYTOX green. After washing
with PBS, cells were incubated with in PBS containing 1% BSA for 1 hour. Post-
blocking, cells were washed and incubated with 1 pg/mL anti-citH3 Ab or isotype
control (Abcam, Cambridge, UK) overnight at 4°C. Cells were washed with PBS
containing 1% BSA and stained with 0.1 pg/mL Donkey anti-Rabbit IgG secondary
antibody conjugated to Alexa Fluor™ 568 for one hour in the dark. Finally, cells were
washed with PBS containing 1% BSA and analysed by fluorescent microscopy using
and Olympus IX71 epifluorescence microscope at x 20 magnification and analysed
using ImageJ software (version 1.54f). Quantification of generated NETs was
performed by ImageJ software by adjusting the image area using a calibrated scale
slide to ensure accurate size measurement. Empty areas within images were

measured to calculate the value through the Summarised Analysis function. The mean
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value of each imported image was then subtracted to eliminate background
interference. NETs were identified by adjusting the threshold to detect generated
NETs, and noise was eliminated to ensure accurate quantification. The number of
generated NETs in selected fields was automatically counted using the Analyse
Particles function. Finally, generated NETs number/mm? was calculated by the

following formula:

NET 2 Number of analysed particles
s/mm” = Length x width of measured image area

2.11 Microfluidic capture of NET derived chromatin

Capturing circulated neutrophil extracellular traps (NETs) from burns whole blood was
performed by employing the microfluidic assay developed by Sakuma et al. (2022) to
capture circulating neutrophil extracellular traps (NETs) from whole blood [314]. NETs
were captured from untreated and PMA-treated whole blood samples and isolated
neutrophils as described in sections 2.9.1 and 2.9.2. Circulating NETs in the whole
blood of burns samples were measured at 4 timepoints; days 1, 4, 8, and day 14 post-
injury. The microfluidic chips were obtained in collaboration with Dr Daniel Irimia from
Harvard University. Briefly, microfluidic chips were prepared by removing gases from
them in a desiccator under vacuum for 10 minutes and then loaded with 100 uL of
phosphate buffer solution (PBS) (Sigma-Aldrich, Poole, UK) by inserting it through the
outlet using a 200 pL pipette until the entire device was completely filled with the fluid
and left for 5 minutes to ensure the chip contained no air bubbles. A buffer well was
then attached to a 10 mL syringe (Fisher Scientific, Leicestershire, UK) connected to
Tygon tubing measuring 12 cm in length and with an inner diameter of 0.02 inches
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and an outer diameter of 0.06 inches (VWR International Ltd, Leicestershire, UK) that
tubing was then attached to a 22-gauge blunt needle measuring half an inch length
(Needlez, Hoyland, UK) to connect the tubing to the syringe. The syringe was
subsequently attached to a syringe pump (PhD 2000 Programmable, Harvard
Apparatus, Holliston, MA) and configured to operate in 'Refill' mode at a flow rate of
10 yL/min. The desired volume was set to 50 pL. After the observation of PBS moving
through the pipe, the pump was stopped, and the PBS was replaced in the buffer
reservoir with a total volume of 100 yL of sample that was diluted 1:10 with 5 yM
SYTOX green (ThermoFisher, Cheshire, UK) in PBS, and samples were processed to
be withdrawn by the adaptor (Figure 2.3). Next, samples were washed and blocked
with 100 pl of 1% bovine serum albumin (BSA) (Sigma-Aldrich, Poole, UK) in PBS by
adding to the reservoir, and the device was set at a rate of 10uL/min for 2 minutes and
incubated for 1 hour at room temperature. Post-blocking, 1 pg/ml anti-citrullinated
histone antibody (anti-citH3 Ab) (Abcam, Cambridge, UK) (anti-citH3 Ab) was drawn
into the chip at a rate of 10 yL/min for 2 minutes twice. After the flow was stopped,
chips were wrapped within aluminium foil and incubated in the dark overnight at 4°C.
Post-incubation, chips were washed with 50 yL PBS containing 1% BSA [.0.1 pg/ml
Donkey anti-Rabbit IgG secondary antibody conjugated to Alexa Fluor™ 488
(ThermoFisher, Cheshire, UK) was then drawn through the device at 10 pyL/min for 2
minutes and incubated for 1 hour and wrapped in aluminium foil. After incubation,
chips were washed with 50 yL PBS containing 1% BSA. Captured NETs were
visualised by fluorescent microscopy using an Olympus IX71 epifluorescence
microscope at x4 magnification. To quantify captured NETs, Images were manually
arranged and stitched together using the Mosaic J plugin in ImageJ software (version

1.54f). Images were imported into Mosaic J, and overlapping regions were manually
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aligned to create a seamless composite image. The resulting image provided a
comprehensive view of the sample, allowing for consistent analysis across the entire
area of interest. Images were cropped at fixed dimensions to select the area of the
post-stitching. Appropriate thresholds were applied for cropped images, and NET-
derived chromatin fibres were quantified by image analysis by setting the area at 100
um? with a value of 0-0.5 shape circularity. The total area of NET derived chromatin

(um?) was measured for each tested sample.
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Figure 2.3: Microfluidic chip capture of NET derived chromatin. (A) A microfluidic
device including 8 channels was designed for capturing NETs from whole blood. (B)
A single microfluidic device flow diagram showing the blood loading reservoir, post-
array designed for NET capture, and an outflow channel. The post-array composed of
micropillars (post-patches) that effectively trap chromatin fibres as blood flows through
the channel. (C) Detailed schematic of the post-patch array, illustrating the flow
direction of blood. NET fibres (blue) are captured in the post-patches, while bypass
channels allow for cell and oligonucleotide flow. This figure has been modified using
BioRender software from Figure 1 of “Microfluidic capture of chromatin fibres
measures neutrophil extracellular traps (NETS) released in a drop of human blood” by
Sakuma et al. (2022) [314].
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2.12 Fluorometric assay for cfDNA measurement

2.12.1 CfDNA levels in HC, burns, trauma PFP samples and extracted cfDNA in

vitro.

A Fluorescence-based assay was performed to measure cfDNA concentrations in
plasma samples obtained from HC, trauma and burns patients as well as extracted
cfDNA in vitro from HC, trauma, and burns plasma, and extracted cfDNA from
degraded generated NETs with MNase and DNase | in vitro (Sections 2.12 and 2.15).
Frozen samples were thawed for 5 minutes at 37 °C. Samples were vortexed for 5
seconds. cfDNA levels was measured using the method developed by Goldshteub et
al. (2009) [409]. 10 pL of plasma or extracted cfDNA in vitro was transferred into wells
of a 96-well flat-bottomed black plate (Corning, Flintshire, UK). The plates were then
stained with 0.1 mM SYTOX green with a total volume of 150 pL at room temperature
for 10 minutes. A standard curve was generated by incorporating Lambda DNA
(ThermoFisher, Cheshire, UK) from 1000 ng/mL to O ng/ml. Fluorescence was
measured using a BioTek Synergy 2 fluorometric plate reader (NorthStar Scientific
Ltd., Sandy, UK) with excitation and emission wavelengths set at 485 and 528 nm,

respectively.

2.12.2 Levels of generated cfDNA in the supernatant of treated isolated
neutrophils ex vivo

The levels of generated cfDNA in the supernatants of treated neutrophils ex vivo, as

described in section 2.9.1, were measured by first thawing frozen samples for 5

minutes at 37 °C, followed by vortexing for 5 seconds. The measurements were

conducted as outlined in section 2.12.1, with the only difference being the
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concentrations of the samples and SYTOX Green. A total of 50 pL of the cell-free
supernatants of untreated and treated neutrophils with PMA, HC or burns serum IL-8,
or the supernatants of incubated serum or actin alone without cells was transferred to
a 96-well flat-bottom black plate and stained for 10 minutes at room temperature with

0.5 mM SYTOX Green, bringing the total volume to 100 pL.

2.13 DNA extraction from plasma samples

Stored PFP samples of burns, trauma, and HC were thawed for 5 minutes at 37°C.
Samples were vortexed for 5 seconds, and DNA was extracted using the DNeasy
Blood and Tissue kit and protocol (Qiagen, Manchester, UK). 200 uL of plasma was
transferred into Eppendorf tubes (1.5 ml). 20 uL of proteinase K and 200 yL of AL
Buffer were added to the samples, and the mixture was thoroughly vortexed before
incubation at 56°C for 10 minutes. After incubation, 200 uL of ethanol (96-100%) was
added to precipitate DNA, followed by vortexing to ensure uniform mixing. Samples
were then transferred into DNeasy Mini spin columns, placed in 2 ml collection tubes
and centrifuged at 26000 x g for 1 minute. The flow-through was discarded, and the
spin columns were transferred into 2 ml collection tubes and washed with 500 uL of
AW1 Buffer and centrifuged at 26000 x g for 1 minute. The flow-through was
discarded, and samples were transferred into 2 ml collection tubes and washed with
500 uL of AW2 Buffer, followed by centrifugation at 20,000 x g for 3 minutes. The spin
columns were then transferred into a 1.5 microcentrifuge tube, and the DNA in the
spin columns was eluted by adding 200 yL of AE Buffer and incubated at room
temperature for 1 minute. Finally, tubes were centrifuged at 26000 x g for 1 minute

and stored at -80°C.
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2.14 Qualitative Analysis of cfDNA sizes by agarose electrophoresis.

CfDNA size of extracted cfDNA (base pairs (bp)) was measured using the Agilent 2100
Bioanalyzer (Agilent, Cheshire, UK) following the manufacturer's Agilent high
sensitivity DNA kit and protocol. Firstly, the gel-dye mix was prepared by equilibrating
the High Sensitivity DNA dye concentrate and the gel matrix at room temperature for
30 minutes and followed by vortex for 10 seconds to ensure complete mixing. 15 pL
of the dye was then transferred into the gel matrix vial, and vortexed for 10 seconds.
The gel-dye mix was then transferred into the top receptacle of a spin filter and
centrifuged at 2240 g for 10 minutes at room temperature. The gel-dye mixture was

then stored at 4°C.

To measure cfDNA sizes, the gel-dye mix was placed in room temperature for 30
minutes in dark. A high sensitivity DNA chip was placed on the chip priming station.
9 uL of the gel-dye mix was pipetted into the designated well on the chip, and the
plunger on the chip priming station was set to 1 ml and pressed down until it locks into
place. After 60 seconds, the plunger was released and allowed to return to the 0.3 ml
mark. The chip was then primed by pulling the plunger back to the 1 ml position, and
9 uL of the gel-dye mix was pipetted into each of the designated wells. Next, 5 pL of
high-sensitivity DNA concentrate markers (35/10380 bp) were loaded into the well
marked with a ladder symbol and into each of the 11 sample wells. Then, 1 pL of the
DNA ladder was pipetted into the designated ladder well, and 1 pL of each extracted
DNA sample was added to the sample wells. After loading samples, the chip was
carefully placed into the adapter of the IKA vortex mixer and vortexed at 2400 rpm for
60 seconds to ensure proper mixing of the gel-dye mixture and DNA. Finally, the chip

was inserted into the Agilent 2100 bioanalyser and the high sensitivity DNA software
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was selected to perform electrophoresis to measure the DNA size of each loaded

sample.

2.15 Measurement of circulating nucleosomes by ELISA

Nucleosome levels in burns and HC were measured in PFP samples using the Nu.Q®
Discover H3.1 ELISA Assay, reference number 1001-01-03 (Volition Diagnostics Ltd,
London, UK). Initially, the kit reagents, including assay standards, buffer, and kit
controls, were allowed to reach room temperature for 30 minutes. Stored plasma
samples at -80°C were thawed at 37°C for 5 minutes and vortexed for 5 seconds.
Finally, samples were diluted 1:20 (10 pL sample and 190 pL of the reagent diluent).
The ELISA plate was washed 3 times with 200 pL of diluted wash buffer and blotted
dry. Subsequently, 80 uL of assay buffer was added to each well, followed by 20 pL
of the standards, controls, or diluted plasma samples. The plate was sealed and
incubated at room temperature on a microplate incubator with orbital shaking at 700
rpm for 150 minutes.

After incubation, the wells were washed 3 times with wash buffer, blotted dry and 100
uL of the HRP-labelled detection antibody to each well, and sealed and incubated on
the shaker for 90 minutes at 700 rpm. Wells were then washed x 3 before adding 100
pL of substrate solution -3,3',5,5'-Tetramethylbenzidine (TMB) (Cell Signaling
Technology, Leiden, The Netherlands) to each well. Plates were sealed and incubated
for 20 minutes on the shaker in the dark at 700 rpm. Finally, the reaction was then
stopped by adding 100 uL of stop solution to all wells and mixed for 1 minute on the
shaker. The optical density of each well was immediately measured using a BioTek

Synergy fluorometric plate reader (NorthStar Scientific Ltd., Sandy, UK) set at 450 nm.
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2.16 Degradation of NETs in vitro

1.5 x108/ml of isolated neutrophils from healthy donors (as described in Section 2.8)
were seeded into 12 well cell culture plates (Corning, Flintshire, UK) and treated with
50 nM PMA with a total volume of 1000 ul RPMI supplemented with 2 mM glutamine,
100 U/ml penicillin, and 100 pg/ml and incubated for 4 hours at 37 °C and 5% CO:..
Post incubation. NETS were washed 3 times with PBS. Then NETs were degraded
with 10 U/ml DNase (Roche, Mannheim, Germany) supplemented with 2 mM
magnesium chloride (MgCL2) or with 10 U/ml micrococcal nuclease (MNase) (New
England Biolabs, Herts, UK) supplemented with 50 mM Tris (hydroxymethyl)
aminomethane-hydrogen chloride (Tris-HCI) and 5 mM calcium chloride (CaClz) and
pH 7.9 in a total volume 500 ul with Hanks' Balanced Salt Solution (HBSS) with no
MgCL:2 or CaClz (ThermoFisher, Cheshire, UK) for 20 minutes at 37°C and 5% COa.
Immediately, post-incubation supernatants of degraded NETs were aliquoted and
centrifuged at 4°C for 2 minutes at 2200 x g. The supernatants were aliquoted and
stored at -80°C. Degraded NETs were extracted (section 2.13) and DNA size and

levels were measured as described in Section 2.14. and 2.12.1, respectively.

2.17 Quantification of circulated IL-8 in burns serum

IL-8 levels post-burn were measured in serum samples using a Bio-Plex Pro Human
Cytokine Assay kit (Bio-Rad Laboratories Ltd, Hertfordshire, UK), following
manufacturer's guidelines. The assay is a magnetic bead-based system, where beads
conjugated with IL-8 antibodies are mixed with serum samples. Prior to analysis, all
reagents were equilibrated to room temperature. The assay standard stock was

reconstituted with 500 pL of Bio-Plex® sample diluent HB. The assay beads were
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vortexed for 20 seconds, and 50 pL of the bead mixture was added to each well of a
96-well assay plate.

Serum samples were thawed in a water bath at 37°C for 5 minutes, followed by
vortexing for 5 seconds. The samples were then diluted at a ratio of 1:4 with the
provided reagent diluent (20 pL of serum and 60 pL of reagent diluent). Then, 50 pL
of the diluted serum samples, standards, and blanks were added to their respective
wells. After adding the samples, the plate was covered with aluminium foil and
incubated at room temperature on a platform shaker for 30 minutes at 300 rpm. After
incubation, the plate was washed twice with 100 pL of 1x wash buffer per well. Next,
25 L of detection antibody was added to each well, and the plate was incubated for
an additional 30 minutes on the shaker at 300 rpm. Following this incubation, the plate
was washed twice with 100 pL of 1X wash buffer per well. Then, 50 pL of 1x
Streptavidin-PE (SA-PE) was added to each well, and the plate was incubated for 10
minutes on the shaker. Followed by washing twice more with 100 pL of 1x wash buffer
per well. 125 pL of assay buffer was added to each well, and the plate was placed on
the shaker for 30 seconds before being analysed using the Luminex BioPlex 200
System (Bio-Rad Laboratories Ltd). Data were analysed using Bio-Plex Manager
software (Bio-Rad Laboratories Ltd), and the fluorescent intensity for each
well recorded. The concentration of IL-8 was calculated using a 5-parameter logistic
(5PL) regression standard curve, which was generated from the fluorescent intensity

of the standard curve wells.

2.18 Enzyme linked immunosorbent assay (ELISA)

All ELISA were performed as per manufacturer’s instructions. Briefly, 96-well plates

were pre-coated with a specific capture antibody and incubated overnight. The plates
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were then washed, diluted standards and samples were added to the wells. After
incubation, wells were washed, followed by the addition of specific detection
antibodies. After the washing step to remove unbound components, substrate solution
was added to develop the colormetric reaction. A stop solution was then added to stop
the reaction, and absorbance was measured at the specified wavelength using a

microplate reader.

2.18.1 Quantification of VWF by ELISA

VWF was measured in PFP samples using a human VWF ELISA kit, catalogue
number DY2764 (R&D Systems, Abingdon, UK). First, a 96-well microplate was
coated with 100 pL per well of diluted Human VWF Capture Antibody then sealed and
incubated overnight at room temperature. Next day, stored PFP samples were thawed
at 37°C for 5 minutes and vortexed for 5 seconds. The plates were aspirated and
washed with wash buffer three times, ensuring the complete removal of liquid. The
wells were then blocked with 300 uL of reagent diluent to avoid non-specific binding
and incubated for at least 1 hour at room temperature, followed by aspiration and
washing 3 times with wash buffer. Standards ranging from 3000 to 0 pg/ml were
prepared according to the manufacturer's instructions. Samples also were prepared
with a dilution factor of 1:100; 2 pL of each sample diluted with 198 uL of reagent
diluent. 100 pL of standards or samples were added to the wells and incubated for 2
hours at room temperature. After aspiration and washing, 100 uL of detection antibody
solution was added to each well, followed by another 2 hours of incubation. The wells
were rewashed, and 100 pL of diluted Streptavidin-HRP (Horseradish Peroxidase) at
1:40 dilution and incubated for 20 minutes in the dark to ensure proper binding.

Following a final wash, 100 yL of substrate solution was added to each well and
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incubated for 20 minutes at room temperature in the dark. To stop the reaction, 50 uL
of stop solution was added, and the optical density (OD) of each well was immediately
measured at 450 nm using the BioTek Synergy fluorometric plate reader with

wavelength correction at 570 nm.

2.18.2 Quantification of ADAMTS13 by ELISA

ADAMTS13 was measured in burns PFP using a human ADAMTS13 ELISA Kkit,
catalogue number DY4245 (R&D Systems, Abingdon, UK). First, a 96-well microplate
was coated with 100 pL per well of diluted Human ADAMTS13 Capture Antibody then
sealed and incubated overnight at room temperature. The next day, stored PFP
samples were thawed at 37°C for 5 minutes, and vortexed for 5 seconds. Plates were
washed with wash buffer three times, ensuring the complete removal of liquid. The
wells were then blocked with 300 uL of reagent diluent to avoid non-specific binding
and incubated for at least 1 hour at room temperature, followed by aspiration and
washing 3 times with wash buffer. Standards ranged from 50 to 0 ng/ml were prepared
according to the manufacture instructions. Samples also were prepared with a dilution
factor of 1:100; 2 uL of each sample diluted with 198 uL of reagent diluent. 100 uL of
standards or samples were added to the wells and incubated for 2 hours at room
temperature. After aspiration and washing, 100 pL of prepared detection antibody was
added to each well, followed by another 2 hours incubation. The wells were washed
again, and 100 pL of diluted Streptavidin-HRP 1:40 was added and incubated for 20
minutes in the dark to ensure proper binding. Following a final wash, 100 uL of
substrate solution was added to each well and incubated for 20 minutes at room

temperature in the dark. To stop the reaction, 50 L of stop solution was added, and
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the OD of each well was immediately measured at 450 nm using the BioTek Synergy

fluorometric plate reader with wavelength correction at 570 nm.

2.19 Statistics

Appropriate statistical approaches were utilised to analyse in vitro and clinical patient
data. The data type (parametric or non-parametric) and whether it comprised repeated
measures or independent comparisons determined the statistical test. Each part of the
analysis was tested using several forms of experimental data, patient biomarker

comparisons, and prediction models.

2.19.1 Statistical analysis of in vitro experiments

The results of the in vitro tests were analysed using GraphPad Prism (version 10.0).
We assessed the normality of the data distribution with the Kolmogorov-Smirnov test.
For parametric data, we compared experimental groups using One-Way ANOVA.
Tukey's multiple comparisons test for group-to-group comparisons. For parametric
data, Dunnett's multiple comparisons test to compare each experimental group with
the control. We used the Kruskal-Wallis test for non-parametric data and the Friedman
test for non-parametric and repeated measures. Additionally, paired t-tests were

conducted for comparing treated versus untreated samples.
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2.19.2 Analysis of generated data from burns and trauma patients

For data collected from burn and trauma patients, statistical comparisons among
different patient groups (such as septic, non-septic, and healthy controls) were
performed using One-Way ANOVA for parametric data and the Kruskal-Wallis test for
non-parametric data. To examine the interaction between time and patient status,
Two-Way ANOVA was utilized. Mann-Whitney U tests were conducted at specific time
points to compare differences between groups. Linear regression models were
developed to describe relationships between variables. Additionally, Pearson or
Spearman correlations were employed to assess associations between continuous

variables where appropriate.

2.19.3 Logistic regression analyses

Logistic regression models were developed to assess the relationship between various
haematological parameters and the risk of sepsis. Odds ratios (ORs) and 95%
confidence intervals (Cls) were calculated to quantify these associations. The model's
discriminatory power was evaluated using the area under the receiver operating
characteristic curve (AUROC), while predictive accuracy was measured using the
Brier score. Both univariable and multivariable models, including models that
incorporated the Revised Baux score, were compared to determine improvements in

predictive performance, including models that incorporated the Revised Baux score.

¢ (Odds Ratio (OR): Indicates the probability of an outcome, for example; risk of
sepsis incedence. OR >1 indicates an increased possibility, whereas an OR

<1 indicates a decreased possibility.
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Area under the receiver operating characteristic curve (AUROC): Evaluate the
capacity of the model to differentiate between outcomes, for example; sepsis
VS non-sepsis. An elevated AUROC signifies superior discriminatory capability.

The AUROC scores can be interpreted as the following:
0.5-0.6: Poor discrimination.

0.6-0.7: Acceptable, minimal predictive power.

0.7-0.8: Moderate discrimination.

0.8-0.9: Good, excellent discrimination.

>0.9: Outstanding, high discriminatory power.

The 95% Confidence Interval (Cl): defines the range in which actual OR is

expected to fall within 95% of the time, signifying accuracy.

The Revised Baux score (rBaux): A vital predictive tool for assessing mortality
risk in severe burn patients by combining the patient age and TBSA, and can

be adjusted for inhalation injuries.

Brier Score: evaluate predictive accuracy by measuring the difference between
predicted chances and actual outcomes; a lower score indicates better
accuracy. A score <0 indicates perfect accuracy, >0 to 0.25 is generally

acceptable predictive accuracy, and >0.25 Indicates less predictive accuracy.
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2.19.4 Longitudinal data analysis

Longitudinal data were analysed using linear mixed-effects models, which accounted
for variability within subjects over multiple time points. This approach enabled the
assessment of trends in the measured parameters over time. Additionally,
comparisons among septic, non-septic, and healthy groups were made at each
individual time point. Mean values and 95% ClIs were reported for these group

comparisons, and p values were used to determine statistical significance.

2.19.5 Regression models

Multiple logistic regression models were used to evaluate the relationship between
biomarkers and clinical outcomes, including sepsis. The AUROC was calculated to
determine the predictive value of these biomarkers over time. A 95% Cls was applied,
and the model's performance was assessed using both univariable and multivariable

approaches.
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Chapter 3: Qualitative and Quantitative
Analysis of Circulating NET-Derived Nucleic

Acid after Severe Thermal Injury
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3 Qualitative and quantitative analysis of circulating NET-derived nucleic

acid after severe thermal injuries
3.1 Introduction

Neutrophil-derived chromatin and cell-free DNA (cfDNA) are critical components of
generated neutrophil extracellular traps (NETS) during the immunological response to
injuries and infections [410]. During NET generation (NETosis), neutrophil-derived
chromatin and cfDNA are released extracellularly to capture and neutralise pathogens
and microorganisms [250]. Released NETs into the extracellular environment are
fibres consisting of nuclear chromatin, histones, granular antimicrobial proteins such
as myeloperoxidase (MPO), neutrophil elastase (NE) and cathepsin-G [249, 411].
Upon injury and infections, neutrophil activation is triggered by DAMPS, bacterial
PAMPSs, viruses, pro-inflammatory cytokines such as tumour necrosis factor- a (TNF-
a), IL-B1 and IL-8 to undergo NETosis [411-414]. Upon neutrophil stimulation for NET
formation, the chromatin undergoes decondensation, including enzymatic citrullination
of histone H3 by peptidylarginine deiminase 4 (PAD4), leading to a depletion of
positive charge in arginine residues, diminishing the connection between histones and
DNA, hence facilitating the unravelling of chromatin [415-417]. The citrullination of
histone H3 (CitH3) is a key feature of NETosis, allowing for the expulsion of chromatin
into the extracellular environment as cfDNA [418, 419].

However, while neutrophils are vital for preventing infection, excessive activation can
contribute to secondary tissue damage and exacerbate inflammation, delaying healing
and potentially leading to further systemic complications [420]. Korkmaz et al. (2017)
highlighted a substantial correlation between the pro-coagulant status of the
microvascular endothelium in the burn site and the presence of NETs, suggesting

excessively generated NETs are involved in coagulation-related thrombotic
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complications in burn patients [421]. Narasaraju et al. (2011) have shown evidence
that more tissue and endothelial damage occurs due to excessive NETosis, which
promotes microvascular thrombosis and contributes to the immunopathology of
respiratory failure [422]. Additionally, excessive NETosis leads to an increased
coagulation state by activating the vascular endothelium and by interacting with
platelets and the coagulation system, causing platelet aggregation and clotting in the
microvessels, leading to DIC and MOF [311, 423].

Deoxyribonucleases (DNases) play a critical role in regulating and degrading
generated NETs by cleaving the DNA backbone. This enzymatic activity is essential
for preventing the excessive inflammation, clotting and tissue injury that are caused
by the accumulation of generated NETs [309]. However, degradation of generated
NETs with DNase | releases high levels of cfDNA [335, 424]. The process of degrading
NET derived large fragments of chromatin by DNase | subsequently releases smaller
fragments of cfDNA into the circulation [285, 425]. Several studies have reported
significant elevation in cfDNA levels following trauma and severe burn injuries [73, 74,
306, 426, 427]. Additionally, circulating cfDNA has been increasingly recognised as a
critical biomarker in the aftermath of injury and inflammation, as it indicates immune
response activation and tissue damage. Dwivedi et al. (2012) and Altrichter et al.
(2010) have reported that elevated levels of cfDNA following severe thermal and
trauma injuries were strongly associated with sepsis incidence, increased mortality
and poor clinical outcomes, suggesting that cfDNA could be a reliable biomarker for
predicting the prognosis of septic patients [73, 428]. Furthermore, Hampson et al.
(2017) have demonstrated that cfDNA biomarker is a strong early predictor of sepsis

following severe thermal injuries [74]. These results emphasise the potential of cfDNA
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as a biomarker for the surveillance of inflammation and injury, which can provide
valuable insights into patient management and therapeutic strategies.

Circulating cfDNA fragments post injuries have been reported with sizes varying
between 140-170 base pairs (bp) [429-432]. Measuring cfDNA post-severe thermal
injuries or trauma is essential for evaluating inflammation severity and predicting
patient outcomes. Several studies have measured cfDNA using different sources of
samples for the measurement, including serum, heparin plasma, and citrate plasma.
Measuring cfDNA post-severe thermal injuries or trauma is associated with several
challenges. CfDNA levels in serum samples were reported with higher levels than in
plasma samples, suggesting the presence of non-specific binding proteins or more
released DNA during the clotting [433-435]. Also, cfDNA analysis in EDTA and citrated
plasma were reported to be more accurate than in heparinised plasma due to the
leucocyte activation and interference with PCR-based cfDNA assays due to heparin's
inhibitory effects on polymerase activity [436, 437]. However, the possibility of
contamination with leukocyte DNA in either serum or EDTA tubes, tri-sodium citrate
anticoagulation is now mostly preferred [436, 438, 439].

Importantly, the preparation processes for measurement of plasma cfDNA typically
involve centrifugation, which potentially results in the loss of large, undigested
chromatin fragments due to their size and density. Consequently, the larger chromatin
fragments of generated NETSs are therefore excluded from analysis in plasma. This is
supported by Sakuma et al. (2022), who demonstrated the presence of circulating
large chromatin fragments within in vitro PMA-stimulated whole blood using a
microfluidic assay designed to capture circulating NETs. [314]. This provides a more
comprehensive approach for detecting the true nature of circulating DNA, including

these larger chromatin structures in clinical samples and settings.
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Therefore, this study aims to provide a comprehensive analysis of the post-injury
dynamic changes in circulating NET-derived chromatin and cfDNA in patients with
burns and trauma, focusing on both quantitative and qualitative analysis of nucleic

acids within whole blood, plasma and from experiments with in vitro NET release.

3.2 Results
3.2.1 Circulating plasma levels of cfDNA following severe burns and trauma

NET-derived cfDNA levels in post-injury platelet-free plasma (PFP) of burns and
trauma patients (detailed patient cohort and demographics in sections 2.1.2, Table 2.1
and 2.2) were measured and compared to cfDNA levels of healthy controls (HC).
Figure 3.1 shows that plasma cfDNA levels were significantly elevated in both burns
and trauma patients compared to HC. Figure 3.1A illustrates that cfDNA levels in burns
were significantly increased on days D1 to D3 (p <0.05), D4 (p <0.01), and D5 to14 (p
< 0.0001). cfDNA levels in trauma patients were also significantly increased at all
measured timepoints (TO, T4-12h, and T-48-72h) (p <0.0001) compared to HC cfDNA

levels (Figure 3.1B).
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Figure 3.1: Quantification of cfDNA in burns and trauma plasma. Plasma cfDNA
levels across time following burn injury (n=96) (A) and trauma (n=135) (B). Data at
each timepoint was compared to healthy control (HC) (n=10) values using One way
ANOVA (Kruskal-Wallis test). p values; * <0.05 for SIFTI2 patients, * <0.001 for GH
patients. Orange bands show the median levels of cfDNA.

3.2.2 CfDNA as a biomarker of sepsis following severe thermal injury.

CfDNA levels were significantly increased in septic burns compared to non-septic
burns on days 7-14, with a peak of increased levels on day 8 (p <0.001) (Figure 3.2
A). The longitudinal analyses in Figure 3.2 B shows cfDNA levels are rapidly increased
in the early days post burns in both septic and non-septic burns with high elevation
observed between days 7 and 14 compared to HC. The levels were significantly
elevated in septic burns compared to non-septic burns between days 7 and 14. The
prognostic modelling in Table 3.1 evaluated the cfDNA association with sepsis post
severe thermal injuries. The odds ratio (OR) for cfDNA and sepsis on day 1 was 1.133
(95% CI: 0.944 to 1.359), with an area under the receiver operating curve (AUROC)

of 0.599 (95% CI: 0.472 to 0.727), The association of cfDNA levels and sepsis were
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then significantly increased on days 7, 14 and 28, peaked at day 14 with an excellent
discrimination between septic and non-septic burns with an OR of 1.154 (95%: 1.022

to 1.303) and an AUROC of 0.823 (95% CI: 0.711 to 0.934), .
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Figure 3.2: CfDNA levels in septic and non-septic burns. (A) Comparison between
cfDNA levels in septic (blue) and non-septic burns (red). CfDNA levels were
significantly increased in septic burns on days 7-14 compared to non-septic burns. (B)
Longitudinal model analysis was performed using linear mixed-effects models to
examine the changes in cfDNA dynamics in septic burns (blue), non-septic burns (red),
and healthy controls (HC; green). The lines represent the means for each group, while
the shaded regions indicate the 95% confidence intervals. CfDNA levels were rapidly
increased from day 1 to day 28 in both septic and non-septic burns with peak
elevations on days 7-14 compared to HC levels. The levels of septic burns were
significantly increased compared to non-septic burns on days 7-14. Data in (A) were
analysed using two-way ANOVA test (Tukey's multiple comparisons test), p *** <
0.001, * < 0.01, * < 0.05.
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Table 3.1: Prognostic modelling of cfDNA for sepsis prediction in septic and
non-septic burns
Day Sepsis Odds Ratio AUROC Brier
Yes No OR 95% CI AUROC | 95% CI Score
1 39 39 1.133 (0.944t01.359) 0.599 (0.472 t0 0.727)  0.243
2 35 31 1.115 (0.941t01.321) 0.595 (0.456 t0 0.735) 0.243
3 36 36 1.096 (0.949to01.266) 0.633 (0.502t0 0.764) 0.244
4 35 31 1.076 (0.922to01.255) 0.595 (0.453t0 0.738) 0.246
5 37 32 1.110 (0.971to1.269) 0.669 (0.536 to 0.803) 0.239
6 32 29 1 1.068 (0.968t01.177) 0.658 (0.517 t0 0.800) 0.241
7 35 31 1.105 (0.997to01.224) 0.738 (0.610 to 0.865) 0.227
14 31 29 ' 1.154 (1.022t01.303) 0.823 (0.711 t0 0.934) 0.207

28 23 19 | 1.199 (0.897to 1.603) 0.756 (0.595t00.917) 0.236

3.2.3 Characterisation of the qualitative nature of plasma cfDNA in burn and
trauma patients

To determine the qualitative nature of circulating NET-derived cfDNA in burns and
trauma, cfDNA was extracted from platelet-free plasma and measured by a high-
sensitivity DNA electrophoresis analyser. Figure 3.3 shows the time course of post
injury burns samples (D1-D28) from a single patient with severe thermal injury (65%
TBSA). Figure 3.3 A lllustrates the size of the cfDNA in base pairs (bp) with a
prominent nucleosome band apparent between 140 to 170 bp (red arrow) [440] in
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lanes 3-11 (days 2 - 28). In contrast, no bands were detected in HC (green arrow, lane
2, Figure 3.3A). Furthermore, there was no detectable DNA less than 7000 bp in lane
2 (day 1). In Lanes 3 and 4 (days 2 and 3), bands just less than 7000 bp became
visible and coincided with the appearance of a faint 150 bp band, and the density of
the 150 bp band increased on subsequent days and correlated with measured cfDNA
concentrations in plasma (Figure 3.3B). Figure 3.3C shows the gel densitometry of the
DNA peaks measured in the samples. Blue and black arrows show the lower and
higher calibration peaks at 35bp and 10,380bp, respectively. The red arrows illustrate
DNA bands at ~150bp in the majority of burns samples compared with the negative
healthy donor sample (HC). The density of the ~150 bp nucleosome bands (Figure
3.3A) also correlated with measured cfDNA concentrations (Figure 3.3B). Figure 3.4
shows other representative examples for measured cfDNA size in a further 4 burns
patients. Figure 3.4A shows the electrophoresis gels of measured extracted DNA size
on days 1-28 for each burn patient (Lanes 2-11) compared to HC in Lane 1 (green
arrow), corresponding to measured plasma cfDNA concentrations for each one in
Figure 3.4B. The densities of measured nucleosome band bands (at the red arrows)
in Figure 3.4A correlated with measured cfDNA concentrations in those burns plasma
in Figure 3.4B. Interestingly, there was some heterogeneity observed between
patients with a prominent nucleosome band in the day 1 sample from the 4™ burns
patient.

Golden Hour trauma plasma samples are shown in Figure 3.5. Although the
predominant nucleosome band of ~ 150 bp is observed further nucleosome oligomers
(i.e. ~ 300 and 450 bp) were also present within all 3 trauma patient samples at TO (<
1 hour post-injury). Fainter nucleosome bands but no oligomers were detected at ~150

bp at 4-12h and 48-72h post-injury (Figure 3.5A, Lanes 3-11) A HC (Lane 1) and a D8
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burn sample (Lane 2) were also run as negative and positive controls. The densities

of the nucleosome bands also correlated with measured cfDNA levels in trauma

patients (Figure 3-5B) and with the densitometry peaks in Figure 3-5C.
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Figure 3.3: Measurement of chromatin and cfDNA size in burns. DNA size within
plasma samples from a SIFTI-2 burns patient. (A) The red arrow shows the DNA bands
at ~140-170 bp representing nucleosomes. Lane L is the calibration ladder. The green
arrow (Lane 1) shows a healthy sample (HC). Lanes 2-11 are days 1 - 28 post-injury.
(B) Time course of the changes in cfDNA concentration over 28 days post-injury in
SIFTI-2 A-028. (C) Gel densitometry shows examples of the DNA peaks measured in
the samples. The blue and black arrows show the lower and higher calibration peaks
at 35bp and 10,380bp, respectively. The red arrows show DNA at ~140-170 bp in
burns samples compared with the healthy donor sample (HC). DNA peaks correlated
with nucleosome density(A) and measured plasma-cfDNA concentrations (B).
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Figure 3.4: Measurement of chromatin and cfDNA size in burns. The figure
illustrates the DNA size within plasma samples from a further four SIFTI-2 burns
patients. (A) illustrates 4 electrophoresis gels for each burn of measured extracted
DNA sizes on days 1-28. The green arrow in Lane 1 represents the HC. Lanes 2-11
are days 1-28 post-injury. The red arrows indicate nucleosome DNA fragments (~140-
170 bp). (B) shows the corresponding plasma cfDNA levels.
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Figure 3.5: Chromatin and cfDNA size measurement in trauma (GH patients). (A)
DNA size within GH Trauma patients (TP) plasma samples compared to HC and a D8
sample from a burns patient (BP). The red arrow shows the nucleosome bands at 140-
170bp. The green arrow shows the DNA of a healthy donor. TO for all trauma patients'
samples shows that larger nucleosome oligomer sizes were detected. (B) Time course
of the changes in cfDNA concentrations measured for trauma samples. High cfDNA
concentrations were significantly associated with the density of the nucleosome
bands. (C) Densitometry shows the DNA band peaks.
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3.2.4 Generation of nucleosomes from digestion of NETS in vitro

To validate that NET degradation by digestion leads to the generation of nucleosomes
of ~150 bp, we stimulated purified neutrophils with PMA to generate NETSs in vitro.
NETs were degraded with either 20U/ml MNase or 10U/ml DNase | or left undigested.
Figure 3.6 shows that NET degradation with either MNase (Lane 4) or DNase | (Lane
5) resulted in the generation of nucleosome bands of ~150 bp compared to controls of
a commercial nucleosome preparation (Lane 1), normal HC plasma (Lane 2), and
undegraded NETs (Lane 3) (Figure 3.6A). Densitometry analysis in Figure 3.6B

confirms the DNA peaks with nucleosome bands of ~ 150 bp.
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Figure 3.6: Measurement of chromatin and cfDNA size generated by digestion
of isolated NETs. (A) Lanes 1 and 2 show the commercial nucleosome (Com. Nuc.)
and healthy control (HC). Lane 3 is untreated (UT) NETs. Lanes 5-6 show the DNA
size for treated NETs with 20U MNase or 10U DNase | for 20 minutes, respectively.
Treated NETs with MNase and DNase | have generated nucleosomes in Lanes 4 and
5. (B) Densitometry showing the DNA band peaks measured for commercial
nucleosome, HC, UT NETS, and treated NETs with MNase and DNase | samples. Blue
and black arrows illustrate the lower and higher calibration peaks at 35bp and
10,380bp, respectively. The red arrows show nucleosome peaks. DNA peaks
correlated with nucleosome densities of the purified nucleosome, generated
nucleosomes by MNase and DNase I.

3.2.5 Circulating nucleosome H3.1in burns

3.2.5.1 Levels of circulating nucleosome H3.1 post thermal injury

Measured circulated nucleosomes H3.1 (NuQ. H3.1) by ELISA in burns were
significantly elevated on days 1, 7, 10, and 14 compared to the levels in HC (Figure

3.7).
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Figure 3.7: Quantification of circulating NuQ. H3.1 post thermal injuries. Plasma
NuQ. H3.1 levels on days, 1, 7,10,14, and 28 following burn injury (n=36) were
measured by ELISA and compared to HC (n=10). Levels were significantly elevated
on days 1, 7, 10, and 14 compared to the levels measured in HC. Data at each
timepoint was compared to healthy control values using One way ANOVA (Kruskal-
Wallis test); *p<0.05, ****p<0.0001. Orange bands show the median levels of NuQ.
H3.1.

3.2.5.2 NuQ H3.1 levels are significantly correlated with cfDNA levels in severe

thermal injuries

We investigated the correlation between circulating NuQ. H3.1 and cfDNA levels within
the identical samples and cohort of burns patients (n=39) (days 1, 7, 10, 14, and 28)
to assess the relationship between these two biomarkers. As shown in Table 3.1, a
significant positive correlation was observed between NuQ. H3.1 and cfDNA levels
from day 1 through day 28 post-injury. On day 1, there was a moderate but significant
correlation (p =0.0033) with an R value of 0.4583. The strength of the correlation
increased over time, peaking on day 10 (R = 0.8001, p < 0.0001) and day 14 (R =
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0.8156, p < 0.0001). By day 28, the correlation remained significant (p = 0.0006) with
an R value of 0.5587. Overall, across all measured time points, the correlation
between NuQ. H3.1 and cfDNA was highly significant (p < 0.0001) with a strong R

value of 0.7282 (Figure 3.8).
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Figure 3.8: NuQ. H3.1 correlation with cfDNA levels post severe burn injury.
There was a significant overall correlation between plasma NuQ. H3.1 and cfDNA
levels overall post-injury time points measured in thermal injuries (n = 39). [Spearman
p value]: *** < 0.0001, R value =0.7282.
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Table 3.2: The correlation between plasma levels of NuQ. H3.1 and
cfDNA over time post severe thermal injury (N = 39)
Days Number of | Correlation (Y/N) p Value R Value
Burn
Patients
DAY 1 39 Y ** 0.0033 0.4583
DAY 7 37 Y *** 0.0005 0.5446
DAY 10 37 Y xxx <0.0001 0.8001
DAY 14 37 Y *** <0.0001 0.8156
DAY 28 34 Y rrx 0.0006 0.5587
Overall 177 Y *** <0.0001 0.7282

3.2.5.3 Dynamics of circulating NuQ. H3.1 and cfDNA levels in septic and non-

septic burns

Levels of circulating NuQ. H3.1 and cfDNA in burn (n=39) were further analysed using
longitudinal analysis to understand the dynamics and differences between both
biomarkers in septic and non-septic burns and compared to HC levels in measured
timepoints. Figure 3.9A illustrates the combined trends for NuQ. H3.1 and cfDNA with
both biomarkers peaking around day 12 post-burn. NuQ. H3.1 levels were also
consistently higher than cfDNA. Figure 3.9B and 3.9C further illustrate the divergence

between burns who developed sepsis or not. In both Figure 3.9B and 3.9C, septic

Spearman p value: **p<0.01, **p<0.001
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burns exhibited significantly higher levels of NuQ. H3.1 (Figure 3-9B) and cfDNA

(Figure 3-9C) compared to non-sepsis patients and healthy controls.

Parameter

H nuakz

cfDNA

Parameter Value

Days

s

=l Yes

No
9 He

Sepsis
—| Yes

No
E3 He

NuQ. H3.1 (ng/ml)
cfDNA (ng/ml)

Days

Figure 3.9: Dynamics of NuQ. H3.1 and cfDNA levels in burn injury. The levels of
NuQ. H3.1 and cfDNA post burns (n=39) were compared by performing a longitudinal
modelling assay, using linear mixed-effects models to investigate the relationship
between time and either cfDNA or NuQ. H3 levels, illustrating the mean values and
95% CI for each measured timepoint. (A) lllustrates the longitudinal modelling for the
combined trends of NuQ. H3.1 (purple) and cfDNA (orange) levels in burn patients
were associated with a similar trend, with values peaking around 12 days post-thermal
injury, reaching higher levels of NuQ. H3.1 compared to cfDNA. (B) specifically
compares NuQ. H3.1 levels between burn patients who developed sepsis (blue), those
who did not develop sepsis (red), and HC (green). NuQ. H3.1 levels were significantly
elevated in septic burns patients, particularly around day 12, compared to non-septic
burns and controls. (C) shows the cfDNA levels across the same groups, with septic
burns exhibiting higher levels compared to non-septic burns and HC.
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3.2.5.4 A comparative analysis of circulating NuQ. H3.1 and cfDNA Levels post

thermal injuries in sepsis progression

To further investigate elevated NuQ. H3.1 and cfDNA levels in septic burns, we
performed a prognostic analysis for sepsis prediction on measured timepoints. In this
study, 51.2% of recruited burn patients developed sepsis between days 2 and 28, with
the majority of cases occurring on days 5-7. Table 3.2 shows the association of
measured levels with sepsis were higher in cfDNA than in NuQ. H3.1. The potential of
sepsis prediction on day 1 is higher in cfDNA with an odds ratio (OR) of 1.989 (95%
Cl: 0.833to 4.750) and an AUROC of 0.69 (95% CI: 0.520 to 0.861) compared to NuQ.
H3.1 with an OR of 1.115 (95% CI: 0.881 to 1.412) and an AUROC of 0.587 (95% CI:
0.399 to 0.775). By day 14, cfDNA outperforms NuQ. H3.1 in sepsis prediction, with a
higher OR (2.002, 95% CI: 1.072 to 3.741) and AUROC (0.923, 95% CI: 10.822 to
1.000) levels. We investigated sepsis progression by performing prognostic modelling
combined cfDNA and NuQ. H3.1 levels to see if this improves the performance
comparing to the univariable models. Table 3-3 shows the combined modelling of
cfDNA and NuQ. H3.1 did not significantly improve the performance of sepsis
prediction on day 1, but the performance resulted in a stronger association with sepsis
ondays 7, 10, 14, and day 28. For example, on day 7, the association of the combined
model with sepsis was with an AUROC of 0.815 (95% CI: 0.660 to 0.971). Adding the
revised Baux Score to the combination of cfDNA and NuQ. H3.1 further improved the
performance, particularly on day 1, and was stronger with an AUROC 0.88 (95% CI:
0.779 to 0.993) compared to the combination of cfDNA and NuQ H3.1 that was with

an AUROC 0.693 (95% ClI: 0.522 to 0.863).
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Table 3.3: A Comparative Analysis of NuQ. H3.1 and cfDNA Levels post thermal
injuries (burns=39).

Day | Type | Sepsis | Sepsis | Odds | 95% CI AUROC | AUROC Brier
Yes No Ratio 95% ClI Score
NuQ. |23 16 1.115 | (0.881to 0.587 (0.399to | 0.237
H3.1 1.412) 0.775)
1 [ciDNA |23 16 1.989 | (0.833to 0.69 (0.520to | 0.217
4.750) 0.861)
NuQ. |22 15 1.134 | (0.954 to 0.676 (0.493to | 0.22
H3.1 1.347) 0.859)
7 [cfDNA [ 22 16 1.532 | (1.037 to 0.773 (0.609to |0.198
2.264) 0.936)
NuQ. |22 15 1.352 | (1.059 to 0.815 (0.667to |0.175
10 | H3.1 1.726) 0.964)
cfDNA | 22 16 1.818 | (1.087 to 0.881 (0.758to | 0.154
3.040) 1.000)
NuQ. |21 16 1.235 | (1.000 to 0.792 (0.641to |0.194
14 | H3.1 1.525) 0.942)
cfDNA | 22 16 2.002 | (1.072to 0.923 (0.822to | 0.139
3.741) 1.000)
NuQ. |20 14 6.168 | (1.115to 0.779 (0.621to |0.176
28 | H3.1 34.13) 0.936)
cfDNA | 20 16 5.704 | (1.472to 0.884 (0.774to | 0.157
22.10) 0.995)
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Table 3.4: Sepsis prediction models using cfDNA, NuQ. H3.1, and Revised Baux

Score (burns=39).

Day | Sepsis | Sepsis | Model Combination | AUROC | 95% CI Brier
Yes No Score

cfDNA + NuQ. H3.1 | 0.693 (0.522t0 0.863) | 0.216
1 23 16 cfDNA + NuQ. H3.1 + | 0.886 (0.77910 0.993) | 0.145

Revised Baux

cfDNA + NuQ. H3.1 | 0.815 (0.660t00.971) |0.184
7 22 15 cfDNA + NuQ. H3.1 + | 0.894 (0.79 to 0.998) 0.137

Revised Baux

cfDNA + NuQ. H3.1 | 0.879 (0.755t0 1.000) | 0.152
10 |22 15 CfDNA + NuQ. H3.1 + | 0.876 (0.748 10 1.000) | 0.131

Revised Baux

cfDNA + NuQ. H3.1 | 0.920 (0.818t0 1.000) | 0.141
14 21 16

cfDNA + NuQ. H3.1 + | 0.890 (0.774 t0 1.000) | 0.142

Revised Baux

cfDNA + NuQ. H3.1 | 0.939 (0.867 t0 1.000) | 0.110
28 |20 14 cfDNA + NuQ. H3.1 + | 0.943 (0.859 to 1.000) | 0.082

Revised Baux

3.2.6 Circulating NET derived chromatin in whole blood following severe

thermal injury

Circulating NET derived chromatin in whole blood samples was measured using the

chip based capture method developed by Sakuma et al. (2022) [314]. To validate the

method, chromatin was initially captured from normal whole blood (WB) (Figure

3.10A), and isolated neutrophils (NEUTS) with both stimulated with and without PMA.

Captured chromatin specifically derived from NETs was labelled with SYTOX green

and Citrullinated Histone H3. The area was measured by ImageJ software. The area

of captured chromatin from both PMA-treated WB or NEUTs was significantly
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increased (p <0.05 and p <0.01 respectively) compared to untreated controls (Figure

3.10B).
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Figure 3.10: Captured circulating NETs from stimulated neutrophils and whole
blood. (A) Fluorescent images of SYTOX green stained captured NETs across the
microfluidic chip from untreated whole blood (WB) and treated WB with PMA
(WB+PMA). The scale bar represents 1Imm. Magnification of white squared area as
confirmation of neutrophil-derived chromatin fibres, the chromatin fibres were double-
stained with SYTOX green and anti-citH3 Ab (labelled with Donkey anti-Rabbit 19G
secondary Ab) to verify the overlap between citrullinated histone-positive regions and
DNA. The scale bar represents 0.5 mm. (B) A comparison between the area of
captured NETs (um?) from untreated (UT) and treated WB and neutrophils with PMA.
The area of captured NETs was significantly higher from treated WB and NEUTs with
PMA compared to UT WB and NEUTS, respectively. Data was analysed using Paired
t test. p value *< 0.05, **<0.01.
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Circulated NET-derived chromatin was then measured within whole blood at Days 1,
4, 8 and 14 following burn injury. Figure 3.11 is a representative example of captured
circulated NETs from whole blood from a burns patient with 29.2% TBSA. Day 1
sample (~ 23 hours post-burn) shows increased area of captured NETs stained with
SYTOX green compared to days 4, 8 and 14. A magnified image was double-labelled
with SYTOX green and Anti-CitH3 Ab, confirming the captured chromatin was
generated from NETs. The composite shows the co-localisation. Figure 3.12A shows
a representative image of captured chromatin from another burns patient with 28.5%
TBSA, labelled with SYTOX green with a significantly increased area on day 1 sample
(~ 19 hours post-burn) compared to days 4, 8 and 14 post-injury. Magnified images
were also double-labelled with SYTOX green and citrullinated histone H3 to confirm
the origin from NETSs. The area of captured NETs from PMA-treated WB samples and
D1 post-burn were significantly increased (p < 0.001 and p < 0.01 respectively)

compared to UT WB (Figure 3-12B).

126



SYTOX Green Anti-Cit H3 Ab Composite

£
m M
omn

Figure 3.11: Captured circulating NETs in whole blood following severe burn
injury. Captured circulated NETs in whole blood samples from a burns patient within
microfluidic chips were increased on day 1 compared to days 4, 8 and 14. The scale
bar represents Imm. A magnification of the white squared area on the day one sample
as confirmation of NET derived chromatin fibres double-stained with SYTOX green
and anti-citH3 Ab (labelled with Donkey anti-Rabbit IgG secondary Ab).
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Figure 3.12: Captured circulating NETs in whole blood following severe burn
injury. (A) Captured circulated NETs by the microfluidic chips were increased on day
1 than days 4-14. The scale bar represents 1Imm. A magnification of the white squared
area on the day one sample as confirmation of NET-derived chromatin double-stained
with SYTOX green and anti-citH3 Ab. (B) A comparison between the area of captured
NET from HC whole blood, treated WB with PMA and captured NETs from burns WB
on days 1, 4, 8, and 14. The area of captured NETs were significantly higher in PMA-
treated WB and in day 1 of burns WB compared to HC. Captured NETs area on days
4, 8, and 14 were not significantly higher compared to HC. Data was analysed using
One way ANOVA (Kruskal-Wallis test). p value ***<0.001, **< 0.01.
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3.3 Discussion

Monitoring circulating NETs and NET-derived cfDNA is essential for comprehending
the inflammatory and neutrophil responses and pathophysiology of severe burns and
trauma. The potential of cfDNA as a biomarker for patient prognosis and a therapeutic
target has been underscored by the association between elevated levels and adverse
clinical outcomes, such as an increased risk of thrombosis and organ dysfunction [74,
441]. Our data confirm the presence of significantly high cfDNA levels following burn
and trauma injuries and its association with sepsis. In burn patients, cfDNA levels were
sustained and elevated across the majority of measured timepoints from admission till
day 28 post-injury. The cfDNA peak was between day 5 and day 28, indicating
substantial NET generation release and prolonged inflammatory response due to the
severity of inflammation and immune activation. The significant increase in cfDNA
levels in septic burns in our study confirms their enormous potential as an early
biomarker for sepsis. High levels of cfDNA do seem to reflect ongoing NEToOsIs,
eliminating bacterial and pathogens invasion, as several studies demonstrated the
correlations between cfDNA levels and NET production during severe inflammation
and sepsis [442]. Severe sepsis is characterised by the extensive infiltration of
neutrophils into the affected tissue and distant organs, NET formation occurs, resulting
in the release of decondensed chromatin and, consequently, the generation of high
levels of cfDNA [443]. Our data indicates that cfDNA is associated with poor
discrimination of sepsis on day 1 with an AUROC of 0.599 (95% CI: 0.472 to 0.727).
The association, however, increased between days 7 and 28, peaked at day14, with
an improved AUROC of 0.823 (95% CI: 0.711 to 0.934). Our findings on cfDNA levels
confirm our previous studies that also show significantly increased cfDNA levels in

septic burns, suggesting a potentially useful marker for sepsis detection burn severity
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and mortality [73, 74, 444]. In addition, trauma patients show a rapid and sustained
increase in cfDNA levels (TO, T4-12h, T48-72h), indicating an immediate pre-hospital
response to the impact of trauma and sterile injury on neutrophils. Our findings confirm
previous studies demonstrating increased cfDNA levels following severe thermal and
trauma injuries [73, 74, 306, 426, 427]. Importantly, measurements have also
confirmed that the cfDNA is not only derived from human nuclei but is associated with
the presence of citrullinated histone H3 as a specific marker of NETosis [74, 407]. The
DNA is therefore not derived from infections or other cells in the body injured or
activated either during or subsequent to injury.

Analysis of the qualitative nature of the cfDNA and the use of a nucleosome specific
ELISA suggests that our in-house assay of fluorescent DNA predominantly measures
a nucleosome fragment composed of ~150 base pairs. This is the basic building block
of DNA and contains an octamer of histones surrounded by a small strand of DNA
[445, 446]. Densitometry analysis of detected nucleosome bands in the
electrophoresis gels correlated with the measured cfDNA concentrations in plasma.
Interestingly, the results also appeared to be different between burns and trauma
cohorts, but this is probably a reflection of the differences in sample timing between
the 2 cohorts. In trauma, the sterile injury induced a very rapid acute and pre-hospital
(< 60 minutes from injury) appearance of nucleosome bands including higher
molecular weight oligomers of 300 and 450 bp. This also emphasizes the importance
and uniqueness of the golden hour study in the trauma field as we have also identified
this and many other early prehospital changes that are unique [407] within 24 and 72
hours the oligomers disappear with a single predominant 150 bp band remaining and
starting to fade as the cfDNA levels start to fall. As this study was designed to focus

on the ultra-early responses to injury we did not measure the longer term and
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dynamics of biomarkers over the first 14 days and a month post-injury as we did in the
burns cohort. In contrast, day 1 samples from burns were obtained at an average of
~ 8 hours post injury. Despite this there is only a faint nucleosome 150 bp band present
in the majority of the first few samples along with some higher MW DNA species
present. One burns patient did show a prominent nucleosome band at day 1 samples
(~16 hours post-burn) with 65% TBSA. This was confirmed by measuring the highest
levels of whole blood NET-derived chromatin at day 1 post injury using the microfluidic
chips. It is likely that nucleosomes are subsequently released by the action of DNase
on the large chromatin fragments released from the NETSs in the first few days following
burn injury (Figures 3.11, and 3.12). This hypothesis is further supported by the
previous findings of Dinsdale et al. (2020), who reported a significant reduction in
DNase | activity on day 1 post-burn [353].

Measuring extracted DNA size within trauma plasma samples shows the presence of
nucleosome oligomers within the < 1 h TO samples, suggesting that DNA degradation
by DNase | was not fully completed and digestion was continuing and T4-12h and T48-
72 trauma samples show single nucleosome bands without the oligomers. To validate
that degraded generated NETs by DNase | results in nucleosome generation post-
burn and trauma, we degraded generated NETs in vitro by 20U MNase and 10U
DNase | or left untreated. Data (Figure 3.6) shows that extracted DNA for digested
NETs with MNase and DNase | produced nucleosome bands at 140-170 pb, which
correlates with the positive control of commercial nucleosome and compared to
undetected DNA bands in HC and untreated NETs. Our data suggested that cfDNA in
burns and traumatic patients predominantly consists of nucleosomes generated from
degraded NETs by DNase I, which may be significant for understanding its potential

role in MODS and sepsis. DNase | is required for chromatin fragmentation to release
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nucleosomes into the extracellular environment [447]. The presence of nucleosome
oligomers in TO of trauma samples suggests that DNase activity rapidly mediated
chromatin fragmentation to release large nucleosomes extracellularly. Subtle changes
in the molecular size of the terminal nucleosome digestion product suggest that DNase
| can also digest the histones' linkers, resulting in a change in the size of the final
nucleosome product in the later samples.

Furthermore, digested chromatin by MNase also results in nucleosome-nucleosome
interactions forming oligomer structures [448]. Previously, it has been demonstrated
that DNase | has a role in the cleavage of free DNA, while DNase 1L3 can cleave
DNA-protein complexes such as histones [338, 449]. Our data demonstrate that 10U
DNase was capable of generating nucleosomes within 20 minutes of incubation.
Undetected DNA bands in measured extracted DNA in untreated NETs with either
MNase or DNase | suggest that generated NETs were larger than 7000 pb, which is
the maximum measurement of the highly sensitive gel detection chip by the Agilent
2100 bioanalyser.

In our study we measured circulating nucleosomes post severe thermal injuries in 39
burns (at days 1, 7, 10, 14, and 28) post burns using specific ELISA kits for detecting
nucleosome H3.1 and compared the levels to healthy controls. Our data shows
significant elevated circulated nucleosomes on days 1, 7, 10, and 14 post burns
compared to healthy controls. The increase was associated with significant and strong
correlation with cfDNA levels in burn. Our data confirms the previous results by Cato
et al. (2021) who demonstrated high circulated levels of nucleosomes in burns with
significant positive correlations with cfDNA levels [450]. In addition, Goswami et al.
(2022) demonstrated significant high nucleosome levels that were associated with

generated NET in trauma patients [451].
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Also, we conducted more analysis for NuQ H3.1 and cfDNA levels in burns. Our data
illustrate similar pattern for both through the longitudinal modelling. The dynamics of
circulating NuQ. H3.1 and cfDNA levels post-burn injury provided valuable insights
into the inflammatory response and sepsis prognosis. The observed peaks of both
biomarkers were around day 12 post-burn highlights the critical window in which
immune activation and sepsis prognosis are at their highest, corresponding to the
elevated release of nucleosomes and cfDNA into the bloodstream. These findings
suggest that circulating nucleosome H3.1 levels closely reflect cfDNA dynamics in
response to severe thermal injuries, further supporting the role of both biomarkers in
tracking inflammation and cellular damage in burn patients.

The comparison between septic and non-septic burn patients underscores the
significant prognostic value of these biomarkers. Elevated NuQ. H3.1 and cfDNA
levels in septic burns suggest their reliable indicators of sepsis. cfDNA shows a
stronger association with sepsis risk on day 1, with higher odds ratios and AUROC
values compared to NuQ. H3.1. The longitudinal assessment of sepsis prediction
revealed that the combined model of cfDNA and NuQ. H3.1 did not significantly
improve predictive performance on day 1, but it showed enhanced accuracy on
subsequent days (e.g., day 7 and day 10). This suggests that while cfDNA alone may
be more effective in early sepsis detection, combining cfDNA and NuQ. H3.1
enhances predictive accuracy as the inflammatory process evolves. Interestingly, the
addition of the Revised Baux Score to the combination model on day 1 substantially
improved the AUROC to 0.886, emphasizing the importance of integrating clinical
scoring systems with molecular biomarkers to improve sepsis prognosis in burn

patients.
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Monitoring circulating NETs post-severe injury is crucial, as elevated levels are
associated with increased risks of thrombosis, MOF, and poor clinical outcomes.
Sakuma et al. (2022) developed a novel microfluidic technique for measuring
circulating NETs in whole blood by capturing chromatin fibres [314]. This method
provided valuable insights into inflammatory and immune responses by offering a
precise and efficient method of quantifying NETs. We processed untreated and PMA-
treated whole blood and isolated neutrophils through the microfluidic devices to
validate the method. Our data illustrate that the area of captured NETs in PMA-treated
whole blood and isolated neutrophils were significantly higher than untreated controls.
We then applied this assay to capture circulating NETs following burn injuries on days
1, 4, 8, and day 14. Our data demonstrate a significant presence of whole blood
circulating NETs that were captured through the microfluidic devices following burn
injury. Captured circulated NETs were significantly high on the admission day (day 1)
and significantly decreased on days 4 and 14, with no significant decrease observed
on day 8. The temporal dynamics of NETs suggest a rapid and robust inflammatory
response immediately following the burn injury. Comparing captured NETs in HC and
PMA-treated whole blood with captured NETs in burns in our data shows that
significant NETs were generated on day 1 post-burn compared to healthy controls.

The existence of circulating NETs post-burn is a significant concern of their association
with heightened inflammation and risk of mortality. NETs contribute to SIRS,
exacerbating tissue damage and promoting a pro-coagulant state, subsequently
leading to DIC and MOF [442, 452]. Ng et al. (2020) found that increased levels of
circulating NET markers, such as neutrophil elastase (NE), citrullinated histone H3,
and cell-free DNA (cfDNA), exhibit a significant correlation with markers of

inflammation and damage to the endothelial cells [453]. Meanwhile, Dinsdale et al.
134



(2020) demonstrated a significant reduction of DNase | activities on day 1 post-severe
burn, which explains the cause of high levels of captured NETs on day 1 in our data
[353]. Fedorov et al. (2023) recently demonstrated excited circulated NETs in whole
blood of bacterial-infected patients using peripheral blood smear [454]. Therefore,
monitoring and targeting NET formation is crucial to mitigate these severe outcomes
and improve patient prognosis.

The formation of NETSs results in the release of chromatin, including DNA complexed
with histones, into the circulation [249] that subsequently undergoes degradation by
DNase | [303]. Elevated levels of biomarkers such as cfDNA, histones, and
interleukins reflect the extent of tissue damage and systemic inflammation, providing
an overview of insights into the patient's prognosis [285, 441], which helps identify
severe cases early and to potentially guide therapeutic strategies to improve future
patient management [74, 455].

Circulating released cfDNA has been implicated in exacerbating cytotoxicity and the
inflammatory response. cfDNA is released into the bloodstream and can activate
immune cells via Toll-like receptor 9 (TLR9), producing proinflammatory cytokines
[456]. This inflammatory cascade can cause tissue damage and organ dysfunction,
particularly in severe conditions such as sepsis and tumours [457]. Paunel-Gorgulu et
al. (2017) determined that cfDNA serves as an early indicator for inflammation caused
by Cardiopulmonary bypass and may contribute to endothelial damage following
cardiac surgery due to the elevation of endothelial cell injury markers ICAM-1 and
sCD141 (soluble thrombomodulin). CIDNA has the ability to enhance inflammation by
amplifying NETosis through a separate mechanism involving endosomal TLR9 and
ROS [458]. Yang et al. (2016) investigated how extracellular histones stimulate TF

expression in endothelial cells. Demonstrating that histones interact with Toll-like
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receptors (TLR2 and TLR4), activating the nuclear translocation of NF-kB (c-Rel/p65)
and AP-1 expression pathways. This activation increases TF expression, contributing
to thrombosis and coagulation [429]. Furthermore, circulating histones post-trauma
have been shown to induce endothelial injury, inflammation, and coagulation, serving
as principal mediators of trauma-induced lung injury and MOF in patients with sepsis,
trauma, and pancreatitis. Histone cytotoxicity was significantly reduced by heparin
[459, 460]. Recently, Medeiros et al. (2023) reported that histones on its own are
cytotoxic to endothelial cells and contribute to coagulation and inflammation
stimulation in septic mice. While DNA and nucleosomes were not associated with
significant impact, the application of DNase | to nucleosomes resulted in an increase
in cytotoxicity compared to nucleosomes, which was reduced by adding heparin
[461].0ur previous data demonstrated that nucleosomes could also neutralise the
anticoagulant effect of heparin in burns patients [388].

In conclusion, monitoring circulating NETs and NET-derived cfDNA is critical for
understanding the inflammatory response following severe burns and trauma. Our
study demonstrates that cfDNA levels are significantly elevated in burn patients
throughout most of the measured timepoints, with peaks observed between days 5
and 28, suggesting a prolonged inflammatory response and substantial NET
generation. In trauma patients, cfDNA levels showed a rapid increase, indicating an
immediate response to cellular damage within 1 hour from injury Moreover, we
observed that high levels of circulating NETs on day 1 post-burn using the microfluidic
assay for capturing NETSs, suggesting an immediate and rapid inflammatory response
to the injury. Our findings also demonstrated that the circulating cfDNA fragments post-
injury predominantly consist of nucleosome-sized fragments (~140-170 base pairs),

which appear in most patients from day 2 to day 28 post-burn. The absence of these
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nucleosome bands on day 1 in the majority of patients, coupled with the significant
presence of NETSs, suggests that initial injury responses are dominated by NET
formation, with subsequent nucleosome release by DNase I. The significant
generation of NETs and the presence of nucleosome oligomers, particularly in trauma
patients within the first hour post-injury, underscores the critical role of DNase | in
chromatin fragmentation and the release of nucleosomes. High levels of measured
circulated nucleosomes and its strong positive correlation with cfDNA levels revealed
the viability of those biomarkers on monitoring inflammation severity and sepsis
prognosis, providing potential strong biomarkers for early sepsis prediction diagnosis,
especially when combined with the Revised Baux Score. Our study underscores the
importance of monitoring circulating nucleosomes and NETs as biomarkers to
understand the dynamics of inflammation and coagulation post-severe injury. These
findings have significant implications for patient prognosis and could guide therapeutic
strategies aimed at mitigating the risk of DIC, MODS, and sepsis following severe

burns and trauma.
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Chapter 4: IL-8 Induces Neutrophil
Extracellular Trap Formation in Severe

Thermal Injury

138



4 IL-8 Induces Neutrophil Extracellular Trap Formation in Severe Thermal
Injury
4.1 Introduction
Neutrophils are front-line innate cells that can eliminate pathogens through three
distinct mechanisms: phagocytosis and the production of reactive oxygen species
(ROS), degranulation, and the formation of neutrophil extracellular traps (NETS).
Phagocytosis involves the engulfment and subsequent Kkilling of bacteria.
Degranulation refers to the release of such antimicrobial proteins as neutrophil
elastase and myeloperoxidase, which aid in destroying pathogens. The process of
neutrophils forming NETs was initially described by Brinkmann et al. in 2004 [249].
NETs are web-like structures comprised of chromatin, histones and antimicrobial
proteins released by neutrophils to capture and neutralise pathogens [250].
The mechanisms behind NET formation are still not fully understood and they occur
not only through diverse stimulations and multiple signalling pathways, but with
unknown interdependence. Although the major pathways described include suicidal
and vital NETosis or mitochondrial DNA (mtDNA) release [285, 462], it remains
controversial how both the suicidal and more rapid vital NETosis pathways co-exist
and which are more relevant in vivo. In the originally described suicidal pathway
induced by phorbol 12-myristate 13-acetate (PMA) or bacteria, neutrophils release
extracellular chromatin via the NADPH oxidase 2 (NOX-2) dependent pathway,
resulting in cell death [463, 464]. NOX-2 is an enzyme complex responsible for
generating ROS within the neutrophil and promotes chromatin de-condensation and
breakdown of nuclear and granular membranes [250, 463]. The vital NETosis (NADPH
oxidase independent) pathway can be induced through stimuli such as

lipopolysaccharide (LPS) from Gram-negative bacteria and lipoteichoic acid (LTA)
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from Gram-positive bacteria, interleukin-8 (IL-8) and tumour necrosis factor-alpha
(TNF-a). These induce cytoskeletal rearrangements within the neutrophil, leading to
the formation of vesicles containing chromatin and antimicrobial proteins [263, 264].
The mtDNA release pathway is initiated by neutrophils in response to infection or
stress within the mitochondria. MtDNA, along with nuclear chromatin and other
components of the NET, is subsequently transported into the cytoplasm and released
extracellularly [283]. Despite the advances in this field, more research is required to
fully understand the regulation and mechanisms of NETosis.

Although NETs are widely recognised as an initial line of defence against infection,
excessive NETs are double-edged swords as they have also been observed in
immunothrombosis [465]. This promotes disseminated intravascular coagulation (DIC)
[466, 467], impairing microcirculation flow and contributing to multiple organ failure
(MOF) [468]. Deoxyribonuclease | (DNase 1) is important for the homeostatic
regulation of NETs [303]. Dinsdale et al. (2020) and Hazeldine et al (2021)
demonstrated that DNase activity in serum is not only capable of eliminating NETS in
vitro, but it also can be inhibited by tissue-derived actin in burns and trauma resulting
in excessive unregulated NET formation [353, 469].

Excessive NETosis can therefore occur during acute inflammation and sepsis.
Laggner et al. (2022) and Otawara et al. (2018) have illustrated that severe thermal
injuries are associated with excessive NET production in humans and rodents,
respectively [313, 470]. However, NET formation is not just initiated directly by
microbes and PAMPs, but can also be triggered by a range of pro-inflammatory
mediators, including TNF-a, IL-8, activated platelets and activated endothelial cells
[471]. Furthermore, platelet—neutrophil interactions have been shown to substantially

contribute to initiating thrombosis via the rapid generation of NETs during vital NETosis
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[318]. Although we and others have demonstrated that NETs are generated in patients
with severe thermal injury, the pathophysiological mechanism(s) of NET generation in
trauma and burns remains unclear.

IL-8 is a key chemokine and inflammatory mediator, which induces adhesion molecule
expression on the vessel wall, stimulating neutrophil rolling, adhesion and migration
to the tissues [197, 472]. The biological effects of IL-8 are mediated by its binding to
CXCR1 and CXCR2, which are cognate G-protein-coupled CXC chemokine receptors.
This binding initiates a phosphorylation cascade by the activation of intracellular
signaling cascades, including PI3K/AKT, mitogen-activated protein kinase
(MAPK)/ERK, and Janus kinase (JAK)/STAT pathways, promoting cytoskeletal
reorganisation, chemotaxis and neutrophil activation as components of the
inflammatory response [473-476]. Moreover, IL-8 signalling includes calcium
mobilisation and the activation of small GTPases, including Rac and Rho, which
further modulate the dynamics of neutrophil motility and adhesion [477].

However, dysregulated signalling along the IL-8/CXCR1/2 axis has been recognised
as a potential contributor to immunopathology, which results in prothrombotic
activation, neutrophil degranulation and NET generation [478, 479]. Teijeira et al.
(2021) have illustrated that the concentrations of IL-8 needed to trigger NETosis in
human neutrophils are at least double those necessary for chemoattraction. IL-8-
induced NETosis relies upon the activation of different pathways compared to
chemotaxis, with NET formation less reliant on G-proteins and more dependent upon
ROS generation [480]. Abrams et al (2019) demonstrated that high IL-8 levels in
plasma or serum obtained from intensive care unit (ICU) patients significantly
contribute to NET formation. This study emphasised the therapeutic potential of

reparixin, an IL-8 inhibitor that blocks CXCR1/2 receptors, consequently decreasing
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NET production and reducing inflammation[272]. Moreover, Alsabani et al. (2022)
expanded upon these findings by employing mouse sepsis models, demonstrating that
inhibiting CXCR1/2 with reparixin significantly decreased NET production, MOF, and
death [144]. In addition, Nie et al (2019) have demonstrated that IL-8 contributes to
excessive NETosis in diffuse large B-cell lymphoma patients [481]. According to Kilic
et al. (2023), COVID-19 patients showed increased IL-8 levels, and serum from these
patients induced NETosis in vitro, which was reduced by co-culture with the IL-8
inhibitor, reparixin. [482]. Reparixin blocks IL-8 receptor CXCR receptors on
neutrophils, reducing recruiting neutrophils and NET mediation by IL-8 that has been
shown to be associated with survival improvement in critically ill patients, including
diabetic, COVID-19 and transplant patients [483, 484]. Other IL-8 inhibitors have been
clinically investigated, including Ladarixin, which blocks CXCR1/2, and CXCR2-selective
inhibitors such as SX-682 and AZD8309, which inhibit IL-8-induced neutrophil chemotaxis

[484]. Here, based on these observations, we aimed to determine the potential role of

IL-8 in NET generation in patients with severe thermal injury.

4.2 Results
4.2.1 Circulating IL-8 levels in thermal injury

Serum IL-8 levels were measured in healthy controls (HC, N=10) and in burns patients,
with patient demographics detailed in Chapter 2 (Section 2.1.2, Table 2.1).
Measurements were conducted from the day of hospital admission to month 24 post-
burn. Figure 4.1A illustrates longitudinal IL-8 levels in burns patients compared to HC,
with IL-8 levels significantly higher at days 3 and 5 post-burn (p < 0.05). Figure 4.1B
shows the comparison of IL-8 levels between burns patients who did or did not develop

sepsis. IL-8 concentrations were significantly higher at day 5 post-burn in patients with
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sepsis (p< 0.001). A comparison of IL-8 levels between patients with and without
sepsis and HC found IL-8 was significantly increased in patients who developed sepsis

compared to HC at days 3, 5, 7 (p < 0.001), 10 (p < 0.05) 12 and 14 (p< 0.01) (Figure
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Figure 4.1: IL-8 levels in thermal injury. (A) IL-8 levels in Healthy Control (HC) and
burns serum samples from admission to D14, D28, M3, M6, and M12. IL-8 levels were
significantly increased on days 3 and 5 compared to HC. (B) A comparison between
IL-8 levels in burns patients who developed sepsis or not. IL-8 levels were significantly
higher in septic than non-septic burns on D5. (C, D) IL-8 levels for non-septic and
septic burns, respectively, compared to HC. Non-septic burns were not significantly
different from HC. In burns patients who developed sepsis, IL-8 levels were
significantly increased on days 5-14 compared to HC. Burns data were compared to
HC using One-way ANOVA (Kruskal Wallis test). Septic and non-septic data were
compared using Two-way ANOVA. p value *** < 0.001, ** < 0.01, * < 0.05. (ns) not
significant.
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4.2.2 NET formation can be induced by IL-8 in serum from severe burns

patients

Fluorescence microscopy was used to assess the capacity of burns serum containing
IL-8 to induce ex vivo NET generation by neutrophils isolated from HC. Figure 4.2
shows a comparison of NET formation by untreated and PMA-treated neutrophils,
which served as negative and positive controls, respectively. Untreated neutrophils
retained their normal nuclear morphology and size. PMA stimulation induced NETs
consisting of extracellular chromatin labelled with SYTOX Green and an anti-CitH3
Antibody. Neutrophils treated with serum containing high levels of IL-8 also generated
NETSs. In contrast, neutrophils stimulated by serum from HC did not generate NETs
(Figure 4.2). Treatment with 100 pg/ml of recombinant IL-8 in either RPMI medium or

HC serum also induced NETSs (Figure 4.2).
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Figure 4.2: IL-8 induces ex vivo NETosis. Isolated neutrophils were untreated as a
negative control (UT) or stimulated with PMA (positive control), burn patient serum
containing a high IL-8 (H IL-8) level (725.49 pg/mL), HC serum, 100 pg/mL
recombinant IL-8 or HC serum supplemented with 100 pg/mL IL-8 for 4 h. Induced
NETs were labelled with SYTOX Green and anti-citH3 Ab (labelled with Donkey anti-
Rabbit IgG secondary Ab). Composite between cells double labelled with SYTOX and
anti-citH3 Ab shows co-localisation. The scale bar represents 0.1 mm. Images are
representative of five independent experiments.

We next determined whether there was a dose-response effect of serum IL-8 levels
on NET generation. Serum samples were classified into three groups: high IL-8 serum
(H IL-8) contained very high levels (>500 pg/ml); medium IL-8 serum (M IL-8)
contained between 150 and 500 pg/ml and low IL-8 (L IL-8) contained <150 pg/ml.
Figure 4.3A illustrates a clear dose—response effect of serum IL-8 with H IL-8 serum
increasing NET formation > M IL-8 and L IL-8 serum. Quantification of generated NETs
using ImageJ software (Figure 4.3B) confirmed that H IL-8 serum and the PMA

positive control significantly increased NETosis compared to untreated control (p <
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0.05). Measurement of supernatant cell-free DNA (cfDNA) levels (Figure 4.3C) also
confirmed a dose—response effect of serum IL-8 levels on NET generation. Given that
DNase activity is present within serum, the data would suggest that cfDNA is being
released from NETs in the presence of serum, as demonstrated previously by

Dinsdale et al. (2020) [353].
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Figure 4.3: NET formation correlates with IL-8 levels in burns serum. (A)
Fluorescent microscopy of NETs induced by burns serum containing either high (H),
medium (M) or low (L) levels of IL-8, compared to HC serum. Generated NETS were
labelled with SYTOX green and an anti-CitH3 Ab (labelled with Donkey anti-Rabbit
IgG secondary Ab). (B) Quantification of NETs in all treatment conditions. (C) CfDNA
levels in the supernatants of treated neutrophils. Data were analysed using one-way
ANOVA (Dunnett's multiple comparisons test) to compare each experimental group
with the control. p value] *** < 0.001, ** < 0.01, * < 0.05. (ns) not significant. Data are
representative of n = 5.



4.2.3 Inhibition of DNase increases NET generation by IL-8 serum

To test whether serum samples were potentially degrading NETSs, identical
experiments were performed in the presence and absence of the specific DNase
inhibitor, actin. Figure 4.4 illustrates that by inhibiting DNase | with actin, more
extensive NET generation occurred (Figures 4.4A-C), with less liberation of cfDNA

into the supernatants (Figures 4.4D).
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Figure 4.4: DNase | inhibition induces more extensive NET formation by serum
IL-8. (A) Fluorescent microscopy of neutrophils stimulated with high (H), medium (M)
or low (L) IL-8 levels in the absence or presence of 2.5 uM actin. Released chromatin
was labelled with an anti-CitH3 Ab (labelled with Donkey anti-Rabbit IgG secondary
ADb). (B) Comparison of NET formation by neutrophils stimulated with H, M, L IL-8, or
HC supplemented with 100 pg/mL IL-8 with or without actin. (C) NET formation of H,
M and L IL-8 serum. (D) cfDNA levels in burns IL-8 groups with or without actin.
[Paired t-test p value]: * < 0.05, ** < 0.01. Data are representative of n = 5.
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4.2.4 1L-8is a major contributor to burns serum NET-inducing capacity

To determine whether IL-8 is the predominant mediator of NETosis in burns serum,
experiments were undertaken in the presence of an anti-IL-8 monoclonal antibody
(mADb). Figure 4.5 illustrates that the addition of an anti-IL-8 mAb significantly reduced
NET generation compared to an isotype control within H and M IL-8 serum samples

(p< 0.05) and inhibited the action of recombinant IL-8 added to normal serum (p<

0.05).
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Figure 4.5: The effect of anti-IL-8 antibodies on NET formation. NET quantification
induced by burns serum from high (H), medium (M) or low (L) IL-8 samples,
recombinant IL-8, anti-IL-8 Ab isotype, or supplemented HC serum in the presence of
2.5 UM actin and with or without anti-IL-8 Ab. [Paired t-test p value]: * < 0.05. Data are

representative of n = 5.
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4.2.5 IL-8 levels are significantly correlated with cfDNA levels in severe

thermal injury

We next determined if there was a correlation between circulating IL-8 and cfDNA
levels in burns. Table 4.1 shows a significant correlation between IL-8 and cfDNA
levels in burns from admission day to month 3. The p value was < 0.05 on days 1 and
3, and < 0.001 on days 5, 7, 10, 12, 14, and 28 with the R value ranging from 0.46 to

0.79. The overall correlation is also significant with a p value < 0.001, and an R value

of 0.53 (Figure 4.6).

Table 4.1: Correlation between IL-8 and cfDNA levels in thermal
injuries (n = 96)
Days Number of correlation P value R value
burn (Y/N)
patients
DAY 1 78 Y * 0.0259 0.2523
DAY 3 69 Y * 0.0425 0.2449
DAY 5 69 Y < 0.0001 0.4578
DAY 7 66 Y < 0.0001 0.5096
DAY 10 60 Y < 0.0001 0.6917
DAY 12 59 Y < 0.0001 0.7687
DAY 14 57 Y *** < 0.0001 0.6744
DAY 28 38 Y < 0.0001 0.7902
Month 3 10 Y ** 0.0036 0.8207
Overall 506 Y < 0.0001 0.53

p value *** < 0.001, ** < 0.01, * < 0.05.
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Figure 4.6: The overall IL-8 correlation with cfDNA levels in thermal injuries.
Significant overall correlation between IL-8 and cfDNA levels in thermal injuries (n =
96). [Spearman correlation p value]: *** < 0.0001.

4.3 Discussion

NET formation was first described by Brinkmann et al. (2004) [249]. Neutrophils
augment their antimicrobial capabilities via the release of NETs, which consist of
extracellular chromatin adorned with histones and other granular proteins [485]. These
NETs have been recognised as components of the innate immune response,
potentially exerting a combination of therapeutic or pathogenic effects [249, 255, 485].
NETs are important as mediators of DIC and MOF in burns patients with sepsis, they
not only offer potential new prognostic biomarkers but point to a range of potential new

therapies to either inhibit their formation or degradation [13]. Therefore, understanding
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the pathophysiological mechanisms by which NETs are generated and degraded is
key for identifying and optimising new therapeutic targets.

In 2019, Abrams et al demonstrated that high IL-8 levels in the serum from ICU
patients were a major contributor to NET formation [272]. In this study, we show that
IL-8 levels are significantly increased in patients with severe thermal injury on days 3
and 5 following injury compared to healthy controls. Comparison of levels between
patients with and without sepsis also demonstrated increased levels at day 5 in
patients who developed sepsis. Furthermore, IL-8 levels in patients who developed
sepsis were significantly higher than healthy controls at the majority of time points from
day 3 to day 14 following injury. Our findings confirm previous studies showing
increased IL-8 levels following thermal injuries and its significant correlation with
sepsis burns [412, 486-489]. Additionally, the observed increase in IL-8 levels in septic
burns is consistent with previous studies that demonstrated significantly elevated IL-8
in critically ill septic patients [272, 490-492].

We next investigated the biological activity of serum containing low to high IL-8 levels
on the capacity to induce ex vivo NET generation. Our initial results confirmed that
incubating neutrophils with serum containing high concentrations of IL-8 induced NET
formation in contrast to the negative control of healthy control serum. Supplementing
healthy control serum with 100 pg/ml recombinant IL-8 as a positive control also
confirmed the ability of IL-8 to induce ex vivo NET production. We then categorised
the burns serum into three groups based on their IL-8 levels (low, medium and high)
and investigated their capacity to induce NET generation. As expected, there was a
dose—-response effect correlating with the levels of serum IL-8, an observation that

confirms the study by Abrams et al. in ICU patients [272].
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Various studies have demonstrated the involvement of other pro-inflammatory
mediators in the generation of NETs. For example, cytokines such as IL-13 and TNF-
a have been shown to be involved in NET production in SIRS subjects [260, 308, 412].
Moreover, Itagaki et al (2015) demonstrated significant NET generation by treating
purified neutrophils with mitochondrial DNA [282]. In addition, Zhang et al. (2020)
reported that IL-17 promotes NET production by recruiting neutrophils and triggering
NETosis in pancreatic cancer patients [493]. Extracellular histones from trauma
patients were also reported to induce NET formation ex vivo [459]. Van Avondt et al
(2023) have shown that released iron from red blood cells (RBC) also contributes to
NETosis [494]. Additionally, Heme has been identified as a significant mediator that
triggers neutrophil adhesion, which is dependent on nuclear factor-kappa B (NFkB)
and ROS pathways [495]. Recently, Teng et al. (2024) emphasised the ability of
interferon-gamma (IFNy) to generate NETs and proposed its potential use in
enhancing the activity of eliminating tumours in microsatellite stable colorectal cancer
[496].

In the experiments we conducted on serum IL-8 dose-response effects on ex vivo
NETosis, we also measured cfDNA in cell supernatants. Interestingly, these results
confirmed a dose-response effect, with increased cfDNA correlating with high, medium
and low levels of IL-8. However, given that DNase activity is also present within normal
serum, the data would also suggest that cfDNA is being released from degraded NETs
in the presence of serum, particularly as the PMA-positive control in the absence of
serum induced the most NETs observed by microscopy but with a reduced amount of
released cfDNA in the supernatant compared to serum samples. DNase activity is
therefore a likely significant potential confounding variable when using serum samples

in these experiments.
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We therefore tested this hypothesis by performing identical experiments in the
presence and absence of a specific DNase inhibitor actin. These experiments
confirmed that the inhibition of DNase caused a significant increase in NET formation
as observed by microscopy. However, this also reduced the release of cfDNA in the
supernatants and demonstrates that ex vivo experiments on NETs using serum as an
inducer ideally need to take this into account and may underestimate the true
magnitude of NET formation being measured.

Major tissue damage following severe burns results in the excessive release of
circulating actin from tissues, which directly inhibits DNase | [469, 497, 498]. Dinsdale
et al. (2020) previously demonstrated that actin reduces DNase | activity and that the
actin scavenging system normally protects DNase | activity, which is important for NET
homeostasis. [353]. In line with these observations, we found that in vitro inhibition of
DNase | activity by actin resulted in increased NET formation with less degradation
into cfDNA in the supernatants. A limitation of this study is that we were unable to
study any potential relationship between IL-8 and actin levels in burns samples as the
presence of actin was only qualitatively analysed by Western blotting in our previous
study (Dinsdale et al, 2020) [353].

To determine whether IL-8 is the predominant mediator of NETosis in burns serum,
experiments were undertaken in the presence of an anti-IL-8 monoclonal antibody.
The addition of an anti-IL-8 mAb not only significantly reduced NET generation by high
and medium IL-8 serum samples (p< 0.05) but also inhibited the action of recombinant
IL-8 added to normal serum (p< 0.05). Given the magnitude of the inhibition observed,
it seems likely that IL-8 is a major contributor to NET formation in thermal injury both
in vivo and within ex vivo assays but also suggests that other mediators are likely to

be involved. We have also confirmed that Heme levels not only significantly increased
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post-injury but released from RBC in this cohort and associated with immune
suppression and poor outcomes [499]. It would be also interesting to determine the
exact contributions of Heme and IL-8 to ex vivo NETosis given that Heme is also a
well known mediator of NETosis [494, 495].

Our results suggest that increased IL-8 levels may contribute to excessive NETosis
that subsequently results in cfDNA elevation levels in thermal patients due to NET
degradation by DNase. Previously, we have demonstrated that cfDNA levels are also
elevated post-thermal injury [74]. Therefore, we evaluated the relationship between
IL-8 and cfDNA levels in burns. Our data demonstrate a significant correlation between
IL-8 and cfDNA levels in burns from admission day to month 3 (Figure 4.5). The overall
correlation was also significant, suggesting that high IL-8 levels significantly contribute
to increased NET-derived circulating cfDNA levels, which are a pro-inflammatory
damage-associated molecular pattern (DAMP) biomarker for DIC and MOF [314, 466,
468].

In conclusion, this study demonstrates the importance of serum IL-8 in inducing NET
formation following thermal injury. Levels of circulating IL-8 were shown not only to be
increased in patients with burn injury, but also to be increased in patients that
developed sepsis. Furthermore, an ex vivo dose-response effect was confirmed that
could be inhibited by anti-IL-8 antibodies. Inhibition of DNase activity in serum by actin
not only confirms the importance of this enzyme in the regulation of NETs but also
demonstrates its potential as a confounding variable in serum-based neutrophil

stimulation assays.
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Chapter 5: Novel Haematological and
Neutrophil Parameters in Severe Thermal

Injury
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5 Novel Haematological and Neutrophil Parameters in Severe Thermal Injury
5.1 Introduction

Neutrophils play a crucial role in the innate immune system by swiftly responding to
infection and tissue damage. Upon activation, neutrophils migrate towards the
infection or injury site, performing various host defence functions, including
phagocytosis, degranulation, and generation of neutrophil extracellular traps (NETS)
to eradicate pathogens [189, 263]. NETs are web-like structures composed of DNA
and antimicrobial proteins that trap and neutralise pathogens, preventing their spread
by immobilisation and induction of death [250]. However, the dysregulation of NET
formation can result in pathological complications. Excessive or inappropriate NET
release has been implicated in various inflammatory and autoimmune diseases, such
as systemic lupus erythematosus (SLE) and rheumatoid arthritis, where NETS
contribute to tissue damage and exacerbate the inflammatory response [443].
Moreover, NET-derived chromatin is degraded by DNase | to cell-free DNA (cfDNA),
which further promotes inflammation and is linked to poor prognosis, sepsis incidence,
disseminated intravascular coagulation (DIC) and multiple organ failure (MOF) [74].

Previously, Hampson et al. (2017) demonstrated that a combination of neutrophil
function (i.e. phagocytosis), Immature Granulocytes (IG count), and cfDNA levels are
early biomarkers for predicting sepsis in burns at day 1 post-injury, especially in
combination with the Revised Baux Score. [74]. Dinsdale et al. (2017) further
illustrated a significant increase in WBC, and neutrophil parameters as strong
predictors of sepsis along with platelet parameters [13]. Severe thermal injuries also
significantly impact upon haematological parameters. Substantial haematological
changes are induced due to the acute inflammatory response, including increased

white blood cell (WBC) counts, as part of SIRS, reflecting the immune system's
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mobilisation to the injury site [500]. Moreover, modern haematological analysers (e.g.
Sysmex XN and XR series) incorporating automated flow cytometry measurements
provide detailed insights into the morphology, functionality, and maturity of different
leukocyte populations. Neutrophil and monocyte extended parameters can rapidly
measure cell function and maturity, offering valuable information about the immune
response to injury, infection and inflammation. Neutrophil and monocyte parameters
(X, Y and Z) derived from fluorescent and light scatter plots correspond to the overall
X, y and z coordinates of the individual cell populations and reflect nucleic acid content,
cytoplasmic structure, and complexity [501-503]. Neutrophil and monocyte Z
parameters provide a comprehensive evaluation of cells by integrating X and Y
parameters, expressing the width of dispersion in cell size (Figure 5.1) [504]. The
activation status of neutrophils can be also described by neutrophil granularity intensity
(NEUT-GI) and neutrophil reactive intensity (NEUT-RI) [505]. Lymphocyte parameters
RE (reactivity) and AS (antibody-synthesising lymphocytes) provide data on
lymphocyte size and the degree of cellular activation. Larger lymphocytes with
increased reactivity represent activated T cells that can be defined by an increased
RE parameter. Lymphocyte AS specifically measures B lymphocytes, which are

identified by their high fluorescence signal in the WDF scattergram [506].
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Figure 5.1: Neutrophil population analysis by Sysmex haematology analysers.
The analyser detects labelled neutrophil fluorescence by laser-based flow cytometry
(633 nm). The scattergram fluorescence signals (SFL) represents RNA/DNA content,
side scatter (SSC) indicates internal structure/granularity, FSC (forward scatter)
provides additional data on cell size. Neutrophil extended parameters (NEUT-X, Y,
and Z), provide variations in cell structure (NEUT-X), RNA/DNA content (NEUT-Y),
and cell size (NEUT-2). This figure has been modified using BioRender software from
Figure 2 of “The Detection of Neutrophil Activation by Automated Blood Cell Counter
in Sepsis” by Helms et al. (2024) [507].

Neutrophils, a key component of the innate immune response, exhibit significant
activation and morphological changes with previously described alterations in
neutrophil extended parameters such as neutrophil Rl (NEUT-RI) and neutrophil Y
(NEUT-Y). Dinsdale et al. (2017) demonstrated a significant increase in levels of
NEUT-RI and Y post thermal injury, which correlated with the severity of the
inflammatory response and incidence of sepsis [13]. Furthermore, release of high
levels of Immature Granulocytes (IGs) into the bloodstream indicates a stress
response with increased bone marrow activity and has been shown to be an early
biomarker of sepsis in burn patients [500].

In this study, we aimed to fully re-investigate the dynamics all these biomarkers along

with some extended parameters within a prospective study focusing in much more
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detail including all the first 14 days post-injury. Additionally, we sought to explore the
association between these parameters and poor clinical outcomes and sepsis in
severe burns patients.

Unfortunately, during recruitment during the middle of this new study, the commercial
neutrophil phagocytosis assay (PHAGO-TEST) became unavailable so were unable
to re-test this in combination with other markers as we previously reported in 2017

[74].

5.2 Results
5.2.1 Changes in circulating leucocytes following severe thermal injury

Leukocyte dynamic changes following severe thermal injuries were investigated in 96
burn patients, with demographics described in Section 2.1.2 (Table 2.1). Figure 5.2
shows the dynamics of leukocytes and IG’s over time in septic and non-septic burns
compared to healthy controls and highlights the impact of thermal injury on the immune
system. The median neutrophil counts and percentages in septic burns and non-septic
burns were significantly higher (p < 0.001) than HC on days 1 and 2 (Figure 5.2A, 5.2B
and Appendix Tables 1 and 2). Despite declining in counts between days 3 and 5, a
second wave of elevated counts was observed between days 6 and 28 (p < 0.001),
with higher values in septic burns. By day 28, the neutrophil counts and % declined
again but were still significantly higher than in HC (p < 0.001). Prognostic modelling of
neutrophil counts for sepsis prediction on day 1 revealed an odds ratio (OR) of 1.026
(95% CI: 0.881 to 1.196) with an AUROC of 0.533 (95% CI: 0.406 to 0.660). A stronger

association between neutrophil counts and sepsis was observed on day 28 with an
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OR of 2.452 (95% CI: 1.342 to 4.481) and an AUROC of 0.776 (95% CI: 0.640 to

0.912) (Appendix Table 3).

Figure 5.2C, and 5.2D show that lymphocytes exhibited a different pattern, with
significant reductions observed in the early days post-injury. Lymphocyte levels were
significantly reduced (p < 0.001) on day 3 in both septic and non-septic burns
compared to HC and remained significantly reduced (p < 0.001) to day 7 compared to
HC (Appendix Table 4). % Lymphocytes were significantly reduced (p < 0.001) in all
measured timepoints from the admission day to day 28 compared to HC (Appendix
Table 5). There was no significant difference in lymphocyte counts between septic and
non-septic burns (data not shown). Monocytes show an initial rapid response on day
1, with significant elevations (p < 0.001) (Appendix Table 6). A second wave was also
observed between days 6 and 28, with a sustained increased of monocyte count in
septic burns (Figure 5.2E, 5.2F). The monocyte count OR for sepsis on day 28 was
1.991 (95% CI: 1.144 to 3.465), with an AUROC of 0.696 (95% CI: 0.548 to 0.845)
(Appendix Table 7). The monocyte % was significantly increased (p = 0.001) in septic
burns on days 4-6 and significantly decreased on days 14 (p =0.001) and 28 (p <0.05)
compared to HC. In non-septic burns, monocyte % were significantly elevated on days
2-6 with the largest difference at day 2 (p <0.001) (Appendix Table 8). Eosinophils
(Figure 5.2G, and 5.2H) were significantly reduced (p <0.001) in both count and %
levels in the early phase across both septic and non-septic burns, with minimal

recovery over time (Appendix Table 9, and Table 10).
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IG counts and % were significantly increased (p < 0.001) in both septic and non-septic
burns on day 1 (Figure 5.21, 5.2J) compared to HC (p < 0.001). A second peak was
observed between days 5-28, compared to HC (Appendix Table 11, and Table 12).
The difference in IG counts between septic and non-septic burns gave an OR of 1.079
(95% CI: 0.996 to 1.168) with an AUROC of 0.712 (95% CI: 0.582 to 0.843) at day 14.
The difference in IG % gave an OR of 1.193 (95% CI: 1.026 to 1.387) with an AUROC

of 0.699 (95% CI: 0.564 to 0.835) at day 7 (Appendix Table 13 and Table 14).
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Figure 5.2: WBC parameters post severe thermal injuries. Longitudinal analyses
were performed using linear mixed-effects models to examine the changes in the
count and percentage of the neutrophils (A, B), lymphocytes (C, D), monocytes (E, F),
eosinophils (G, H), and IGs (I, J) post-burn (N = 96) and to differentiate between septic
(blue) and non-septic burns (red) compared to healthy controls (HC) (green). The
lines represent the indicated mean, while the shaded region indicates the 95%
confidence intervals.
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5.2.2 Characteristics of circulating leukocytes following thermal injury
5.2.2.1 Analysis of Neutrophils activated in vitro

As a positive control. the effects of Neutrophil activation on neutrophil X, Y and Z
(NEUT-X, Y and Z) parameters was studied in vitro by comparing untreated (UT)
whole blood (WB) and purified neutrophils (NEUTs) obtained from healthy donors with
and without activation with 4 uM ionomycin (lono) for 4 hours. Neutrophil X, Y, and Z
levels were significantly increased (p <0.01) within activated whole blood or purified

neutrophils compared to untreated controls (Figure 5.3).
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Figure 5.3: Effect of in vitro activation on Neutrophil parameters. Neutrophil
parameters (X, Y, Z) were measured for untreated (UT) or treated whole blood (WB)
or isolated neutrophils (NEUTS) with ionomycin (lono) in vitro. (A), (B) and (C) illustrate
that neutrophils X, Y, and Z of treated WB and NEUTs were significantly elevated
compared to UT WB and UT NEUTs. p value **<0.01. Paired t-test. Data are
representative of independent experiments conducted with WB (N=10) and NEUTs
(N=8).
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5.2.2.2 Neutrophils

Neutrophil parameters demonstrated distinct patterns post-injury, particularly in
patients who developed sepsis (Figure 5.4). On day 1, NEUT-X (Figure 5.4A) was
significantly increased in septic (p < 0.001) and non-septic burns (p < 0.05) compared
to HC. The NEUT-X OR for predicting sepsis on day 1 was 2.010 (95% CI: 1.076 to
3.754) with an AUROC of 0.657 (95% CI: 0.539 to 0.775). A further peak in NEUT-X
(p < 0.001) also occurred at day14, compared to HC (p < 0.001) (Appendix Table 15)
with a stronger observed association with sepsis (OR 1.574 (95% CI: 1.076 to 2.303),

AUROC 0.700 (95% CI: 0.566 to 0.835) (Appendix Table 16).

NEUT-Y was significantly increased (p < 0.001) in both septic and non-septic burns
across all measured time points, with lower but still significant elevation in non-septic
burns at day 28 (p <0.05) (Figure 5.4B). The OR for NEUT-Y and sepsis on day 1 was
1.011 (95% CI: 0.737 to 1.385), and AUROC of 0.538 (95% CI: 0.410 to 0.666).
Increased NEUT-Y values persisted with a stronger association at day 14 with sepsis
(OR 1.318 (95%: 1.028 to 1.689), AUROC 0.748 (95% CI: 0.621 to 0.876) (Appendix
Table 17 and Table 18). Figure 5.4C shows significant increases in NEUT-Z levels
between days 6 and 14 in septic (p < 0.001) and non-septic (p <0.01) burns, compared
to HC. The OR for NEUT-Z and sepsis on day 14 was 1.334 (95% CI: 1.012 to 1.758),

with an AUROC of 0.652 (95% CI: 0.513 to 0.790) (Appendix Table 19 and Table 20).

NEUT-RI values were significantly increased (p < 0.001) across all measured time
points in both septic and non-septic burns compared to HC, but was non-significant at
day 28 in non-septic burns. (Figure 5.4D). On day 1, NEUT-RI was significantly

increased (p <0.001) in septic burns, compared to HC. The OR for sepsis was 0.913
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(95% CI: 0.658 to 1.267) with an AUROC of 0.500 (95%Cl: 0.361 to 0.640). Levels
peaked at day 7 (OR of 1.999 (95% CI: 1.272 to 3.141), AUROC of 0.771 (95% CI:
0.639 to 0.903) (Appendix Table 21 and Table 22). NEUT-GI levels were significantly
increased in both septic and non-septic-burns compared HC at day 1 with p <0.01 and
<0.001, respectively, and at days 2-4 with p <0.001 for both septic and non-septic

burns (Figure 5.4E) (Appendix Table 23).
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Figure 5.4: Extended neutrophil parameters post severe thermal injury.
Longitudinal analyses illustrate changes in extended neutrophil parameters (A: NEUT-
X, B: NEUT-Y, C: NEUT-Z, D: NEUT-RI, and E: NEUT-GI) over time in burn patients
(N =96), comparing septic (blue) and non-septic burns (red) to HC (green). The lines
represent means while the shaded region indicates the 95% confidence intervals.
Significant elevations were observed in all extended neutrophil parameters in the early
post-burn phase for both septic and non-septic groups relative to HC, with septic
patients displaying higher levels overall.
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5.2.2.3 Lymphocytes

Lymphocyte AS levels were not significantly increased in burns compared to healthy
controls in all measured time points. However, a more pronounced response was
observed in the lymphocyte RE count (Figure 5.5A, 5B) with significant increases at
day 7 (p <0.05) and days 14-28 (p <0.001) in burns compared to HC (Appendix Table
24). The OR for sepsis was 1.149 (95% CI: 0.856 to 1.541), with an AUROC of 0.599
(95% CI: 0.436 to 0.763) at day 14 (Appendix Table 25). Lymphocyte RE% was
significantly reduced in both septic and non-septic burns compared to HC on days 1-
3 with a p <0.001 on day 1, followed by a significant increase on days 14 (p <0.001)

and 28 (p <0.01) (Appendix Table 26).

>]
[@]

Sepsis Sepsis

— Yes

|
<
Lymphocyte RE %

No
o

Lymphocyte RE (x10°/L)

Days ’ Days

Figure 5.5: Lymphocyte RE parameter post severe thermal injuries. Longitudinal
analyses show a significant increase in lymphocyte RE count (A) days 7-28 post burn
(N = 96) for both septic (blue) and non-septic burns (red) compared to HC (green).
Lymphocyte RE % (B) significantly increased on days 14-28. Lines represent the
means while the shaded region indicates the 95% confidence intervals.
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5.2.2.4 Monocytes

Figure 5.6A shows that monocyte X counts were significantly increased on day 1 (p <
0.01) and on days 2-28 (p < 0.001) in septic burns and on day 1 (p < 0.05), days 2-14
(p < 0.001), and day 28 (p < 0.01) in non-septic burns compared to HC (Appendix
Table 27). At day 5, the OR for sepsis was 1.62 (95% CI: 0.925 to 2.080), with an
AUROC of 0.674 (95% CI: 0.519 to 0.794) (Appendix Table 28). Monocyte Y (Figure
5.6B) levels were significantly decreased in septic burns (p < 0.001) and in no-septic
burns (p < 0.05) on day 1 with a significant increase from days 2 to 7 in septic burns
and days 2-5 in non-septic burns compared to HC. Monocyte Y levels peaked (p <
0.001) on day 4 in both septic and non-septic burns (Appendix Table 29). Monocyte Z
levels exhibited a significant increase (p < 0.01) in septic burns on day 1, followed by
a significant decrease (p <0.05) on day 14 in both septic (p < 0.01) and non-septic

burns (p < 0.05) (Figure 5.6C) compared to HC (Appendix Table 30).

170



125.0

Sepsis Sepsis

]
]

E Yes F] Yes

== No

] we

~= No

] He

Monocyte X Count
Monocyte Y Count
8

120.0

804

Sepsis
[ ves

== No
704

B o eCETTreCerTreerrerrrrrererreer

Monocyte Z Count

604

0 25 50 75

Figure 5.6: Monocyte parameters post severe thermal injuries. Longitudinal
analyses shows that monocyte X levels (A) were significantly high at days 1-28 post
burn (N = 96) in both septic (blue) and non-septic burns (red) compared to HC (green).
Monocyte Y (B) were significantly increased on the early days (days 1-7) post burn for
both septic and non-septic burns compared to HC. There was no significant elevation
observed in the levels of monocyte Z (C) compared to HC. Lines represent the means,
while the shaded region indicates the 95% confidence intervals.
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5.2.3 CfDNA levels are significantly correlated with neutrophil Y in severe
thermal injury

We previously demonstrated that cfDNA levels were increased in post severe thermal
injuries with significant levels increased in septic burns on days 7-28 compared to non-
septic burns (Section 3.2.2, Figure 3.2 in Chapter 3). Figure 5.7A shows the
longitudinal analysis of NEUT-Y and cfDNA levels post burn injury with both
parameters appearing to peak at the time (days 6-14). Closer examination illustrates
that the NEUT-Y levels peak slightly earlier (at day 6) than the cfDNA levels (at day
8). Figure 5.7B confirms that there is a significant correlation (p < 0.0001, R = 0.51)
across all time points. Analysis of individual time points (Table 5.1) confirmed
significant correlations on all days except days 4 and 28.

There was a significant correlation between NEUT-Y and cfDNA levels in burns from
day 1 to day 3 and days 5-14. The correlation peaks on days 8-14(p <0.0001). The
overall correlation is significant (p< 0.0001 and R = 0.508) (Figure 5.7). Table 5.1
shows the individual daily correlations between cfDNA and NEUT-Y levels from days

1-14.
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Figure 5.7: Correlation between cfDNA and NEUT-Y levels post severe thermal
injury. (A) shows a longitudinal modelling for evaluating levels trends of NEUT-Y
(purple) and cfDNA (orange) post burns (N = 96). Lines represent the indicated mean
fixed effects, while the shaded region indicates the 95% confidence intervals. NEUT-
Y levels were peaked at day 6, and cfDNA levels peaked at day 8. (A) illustrates both
levels elevation and correlation are observed between days 6 and 14 with an earlier
peaks observed in NEUT-Y levels (at day 6) in contrast to the peaks of cfDNA levels
(at day 8). Lines represent the means while the shaded region indicates the 95%
confidence intervals. (B) shows the overall correlation between cfDNA and NEUT-Y
which were significant. Spearman correlation test; p<0.0001, R= 0.5081.
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Table 5.1: Daily correlations between neutrophil

Y and cfDNA
No. P value R value

DAY 1 72 0.0115 0.2962
DAY 2 60 0.0284 0.283
DAY 3 65 0.0004 0.4261
DAY 4 56 Ns 0.09816
DAY 5 61 0.0014 0.4001
DAY 6 54 0.0073 0.3614
DAY 7 61 0.0016 0.3951
DAY 8 52 < 0.0001 0.5389
DAY 9 52 < 0.0001 0.6172
DAY 10 53 < 0.0001 0.6607
DAY 11 47 < 0.0001 0.6032
DAY 12 53 < 0.0001 0.702
DAY 13 46 < 0.0001 0.7089
DAY 14 53 < 0.0001 0.7099
DAY 28 35 Ns 0.3153
Overall 767 < 0.0001 0.5081
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5.2.4 A potential use of IG, cfDNA, and NEUT-Y as biomarkers of sepsis in

thermal injuries

Combined models incorporating IG counts and cfDNA reveal an improvement in
prognostic accuracy over time for predicting sepsis in burns. Initially, on day 1, the
combined model only exhibited a modest AUROC of 0.593 (95% CI: 0.465 to 0.721)
with a Brier score of 0.243. However, at day 14, the AUROC of was 0.796 (95% CI:
0.679 to 0.914) and a Brier score of 0.204 by day 14, giving a moderate discriminatory
power (Table 5-2). The addition of NEUT-Y further increased prognostic accuracy
moderately, particularly on day 3, where the AUROC increased to 0.718 (95% CI:
0.601 to 0.836), with no significant improvement for the discrimination power on days

1, 7 and 14 (Table 5-2).

The Revised Baux (R-Baux) score is a clinical index (using TBSA, inhalation injury
and age) used to predict mortality in burns patients. The R-Baux alone performed well
across all time points, with AUROC values consistently above 0.700, peaking at 0.754
(95% CI: 0.649 to 0.860) on day 1 and maintaining an accepted predictive accuracy
through day 28 (AUROC: 0.756; 95% CI: 0.616 to 0.896) (Table 5.2). A model
combining 1G, cfDNA, NEUT-Y, and the Revised Baux score yielded the highest
prognostic accuracy, particularly on day 1, with an AUROC of 0.793 (95% CI: 0.693 to
0.893) and a Brier score of 0.184. The performance remained accepted across all
subsequent days, with AUROC values consistently above 0.700, highlighting the
synergistic effect of combining these biomarkers with the R-Baux score for more

accurate sepsis prediction in post-burn patients (Table 5.2).
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Table 5.2: Combination of Biomarkers and R-Baux score for sepsis prediction

Day | Sepsis | Sepsis Model AUROC 95% ClI Brier
(Yes) (No) Score

1 39 39 cfDNA +IG 0.593 (0.46510 0.721) | 0.243
cfDNA + IG+ NEUT-Y 0.581 (0.4521t0 0.711) | 0.243
R-Baux Score 0.754 (0.649 to 0.860) | 0.200
cfDNA + IG + NEUT-Y + 0.793 (0.6931t00.893) | 0.184
R-Baux

3 36 36 cfDNA +1G 0.630 (0.499 10 0.762) | 0.244
cfDNA + I1G + NEUT-Y 0.718 (0.601 to 0.836) | 0.215
R-Baux Score 0.746 (0.636 to 0.856) | 0.201
cfDNA + IG + NEUT-Y + 0.791 (0.689 t0 0.893) | 0.189
R-Baux

7 35 31 cfDNA + 1G 0.725 (0.600 to 0.851) | 0.224
cfDNA + 1G + NEUT-Y 0.720 (0.594 to 0.846) | 0.216
R-Baux Score 0.749 (0.632 to 0.865) | 0.202
cfDNA + IG+ NEUT-Y + R- | 0.769 (0.655t0 0.883) | 0.193
Baux

14 |31 29 cfDNA + 1G 0.796 (0.679t0 0.914) | 0.204
cfDNA + IG + NEUT-Y 0.784 (0.666 to 0.903) | 0.205
R-Baux Score 0.736 (0.612 t0 0.861) | 0.206
cfDNA + | + NEUT-Y + R- | 0.768 (0.646 t0 0.889) | 0.188
Baux

28 |23 19 cfDNA + IG 0.753 (0.592t0 0.914) | 0.232
cfDNA + IG + NEUT-Y 0.705 (0.542 t0 0.868) | 0.222
R-Baux Score 0.756 (0.616 to 0.896) | 0.203
cfDNA + | + NEUT-Y + R- | 0.728 (0.565 to 0.890) | 0.205
Baux
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5.3 Discussion

Our previous study in 2017 identified a combination of novel early (day 1) biomarkers
(cfDNA, IG and neutrophil function in combination with the R-Baux score) for predicting
sepsis in patients with severe burns injury within the SIFTI-1 cohort [74]. The SIFTI-2
study was designed to study in more detail the dynamic changes in these biomarkers
across daily samples taken in the first 2 weeks post-injury [406]. In addition, we also
identified some promising extended parameters such as NEUT-Y, NEUT-RI, and
platelet impedance count (PLT-I) from a state of the art haematological analyser using
automated flow cytometry measurements of cell [13].

Modern Haematological Analysers (e.g. Sysmex XN and XR series) have evolved into
sophisticated automated flow cytometers that can offer the rapid measurement of
extended parameters for all blood cell populations by measuring scattered light and
fluorescence in addition to cell counts and size distributions to provide detailed
information on the immaturity and activation status of cells. Such extended data
provides both quantitative and qualitative analysis on key morphological and functional
features of all leukocytes, including neutrophils, lymphocytes, and monocytes, which
can potentially provide important prognostic and diagnostic information during

inflammation induced by severe thermal and traumatic injuries [508-511].

In this study we have also explored the dynamics of the changes in extended leukocyte
parameters following severe thermal injury to not only provide significant insights into
the immune and inflammatory responses but with the aim of identifying unique
biomarkers that may have potential clinical utility. Both Neutrophils and monocytes
demonstrate the classical significant increases in peak counts post-injury on day 1

post thermal injury in both septic and non-septic burns compared to healthy controls,

177



highlighting the rapid and acute inflammatory response to injury [13, 470, 512, 513].
Despite normalising between days 2 and 3, a second wave of peaks occurred between
days 6 and 28. In addition, IG counts were increased between days 1-28. In contrast,
Lymphocyte counts were significantly reduced in the early days post-burn injury
between days 3 and 7. Also, eosinophil counts were significantly reduced across all
measured time points, with minimal recovery by day 28. Our measurement of WBC
subtypes confirms the well-established increases in leucocytes early post severe

thermal injuries as part of the inflammatory response to severe injury [13, 514, 515].

The dynamics in WBC numbers and their subtypes can provide insight into the body's
response to injury and infection. The initial increases in neutrophils and monocytes are
primarily caused by the acute inflammatory response, which is intended to defend
against infection and promote tissue healing [516]. Neutrophils, being the first
responders to infection, quickly migrate to the injury site, leading to bone marrow
stimulation with a substantial rise in counts during the early phases of severe injury
[517]. Additionally, increased IGs in the bloodstream indicate an acute activation of
the bone marrow in response to severe inflammation and infection [74, 407, 518, 519].
Monocytes play several important functions in the immune system. Upon injury,
monocytes are activated and produce chemokines and cytokines that attract other
immune cells to the site of injury and enhance their response to the inflammation [184].
In addition, monocytes undergo differentiation into macrophages and dendritic cells,
resulting in an increase in their counts and playing a critical role in phagocytosis and
antigen presentation, which is essential for the adaptive immune response during
prolonged inflammation [520]. In contrast, lymphocyte counts often decrease,

especially in severe inflammation, due to the movement of lymphocytes to the
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inflammation site and cell death caused by excessive stress and infection [521, 522].
The acute stress and the release of corticosteroids post injury usually lead to a
decrease in eosinophil counts as they suppress the production and mobilization of

eosinophils [514].

We initially investigated the changes in neutrophil extended parameters (X, Y, Z) ex
vivo by stimulating whole blood or isolated neutrophils with 4uM ionomycin for 4 hours
and comparing the results to untreated controls. Our findings revealed a significant
increase in these parameters for treated samples, thus validating that these
parameters reflect cellular activation in vivo. These results also confirm the results of
Stiel et al. (2019), who demonstrated increased NEUT-Y in treated neutrophils with
ionomycin that resulted in generated NETs [467]. Although Kremer et al. measured
neutrophil activation by ionomycin by flow cytometry, neutrophil side scatter (SSC)
was increased compared to untreated neutrophils. Although SSC and NEUT-X are not
identical parameters, they share similarities in measuring certain aspects of cell
complexity and granularity [523].

Next, we measured the extended parameters of WBC subtypes to understand the
changes and dynamics of into cell morphology, maturity, and functionality post-injury.
Our data demonstrates that neutrophil extended parameters (X, Y, Z, Rl and GI) were
significantly increased in the early phase post-burns, particularly in patients who
subsequently developed sepsis. Significant increases in NEUT-X and Y occurred at
day 1 post-injury and were associated with increased risk of sepsis. The persistence
of NEUT-Y and the pronounced elevation of NEUT- Z on day 14, were also associated
with risk of sepsis. NEUT- RI was consistently elevated across all time points, peaking

at day 7, reflecting its potential use as a marker of sepsis. However, NEUT-GI levels
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were significantly elevated in the early days post burns but were not associated with
sepsis.

Our findings thus support our previous data [13]. Several other studies have also
demonstrated changes in neutrophil extended parameters in response to
inflammation, injury, and sepsis. Luo et al. (2013) demonstrated significant increases
in NEUT-X, Y, and Z in cancer patients with sepsis, highlighting a positive correlation
between the levels of neutrophil parameters and the levels of the classical
inflammatory markers C-reactive protein (CRP) and procalcitonin (PCT) [524].
Additionally, Kwiecien et al. (2023) demonstrated a significant increase of NEUT-X, Y,
and Z levels in myelodysplastic syndrome (MDS) patients [508]. NEUT-Y levels were
also significantly increased in patients with DIC [525]. Moreover, Cornet et al. (2015)
and Park et al. (2015) demonstrated that increased NEUT-RI and Y reflect increased
neutrophil activation and an immature phenotype, aiding in early prediction of sepsis
[509, 526]. Our data also shows a constant elevation of NEUT-Y and RI in burns
patients with sepsis supporting the potential utility of these parameters as biomarkers.
These observations further support the utility of detailed neutrophil analysis in
predicting sepsis and monitoring immune responses post-severe thermal injuries.
The levels of lymphocytes and monocytes in our study show different patterns in post-
thermal injuries, reflecting the dynamic immune response in septic burns. While the
levels of lymphocyte AS remained relatively stable in the early phase, there were
significant increases in lymphocyte RE counts and their percentage from day 5 post-
burn, particularly in septic burns. It has been suggested that the early lymphocyte AS
elevation is acute response to the viral infections [527]. Delayed lymphocyte RE
response emphasises the important role of lymphocyte activation in severe

inflammation [506, 527, 528]. The moderate odds ratio and AUROC scores for
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lymphocyte RE suggest limited diagnostic value to distinguish sepsis in burns.
Lymphocyte RE and other extended parameters, such as NEUT-RI and lymphocyte
AS, have shown significant early association with sepsis and inflammation severity in
ICU patients [529]. However, our data show low scores of OR and AUROC in
lymphocyte AS and RE, suggesting limited potential for predicting sepsis. Monocyte
parameters also show significant changes, with monocyte X consistently elevated at
all time points compared to healthy controls. The association of monocytes with sepsis
peaked at day 14, with a moderate increase (OR 1.387, AUROC 0.606), suggesting a
limited use for sepsis prediction and diagnosis. Although a significant decrease was
observed on the admission day in monocyte Y levels, particularly in septic burns,
levels were significantly increased on days 2-7, specifically in septic burns, suggesting
a complex role for monocytes, potentially related to their dual roles in inflammation
and immune suppression. Increased monocyte X and Y levels has been reported to
be significantly associated with sepsis [530]. Contrary to our findings, monocyte X has
been proposed as a valuable biomarker for sepsis prognosis, along with neutrophil X
and Y, due to an early increase in monocyte X levels.[503].

The significant increase in cfDNA levels in septic burns in our study (Figure 3.2,
Section 3.2.2 in Chapter 3) confirms their enormous potential as an early biomarker
for sepsis. High levels of cfDNA do seem to reflect ongoing NETosis, eliminating
bacterial and pathogens invasion, as several studies demonstrated the correlations
between cfDNA levels and NET production during severe inflammation and sepsis
[442]. Severe sepsis is characterised by the extensive infiltration of neutrophils into
the affected tissue and distant organs, NET formation occurs, resulting in the release
of decondensed chromatin and, consequently, the generation of high levels of cfDNA

[443]. Our data indicates that cfDNA is a moderate predictor of sepsis on day 1 with
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an AUROC of 0.599 (Cl). The association, however, peaked at day 7, with an
improved AUROC of 0.738 (CI). Our findings on cfDNA levels confirm our previous
studies that also show significantly increased cfDNA levels in burns, suggesting a
potentially useful marker for sepsis detection burn severity and mortality [73, 74, 444].
In this chapter we also evaluated the relationship between cfDNA and NEUT-Y levels.
Our data demonstrate a near coincident peak of both parameters with an overall
significant correlation across all time points as well as the majority of individual days

post-injury (Figure 5.7).

NEUT-Y measures the fluorescent intensity of neutrophils and is a reflection of the
amount of internal nucleic acids and granules within the cells. However, other
researchers have suggested that NEUT-Y could also be a biomarker of NETosis and
correlates with increased NET formation [454, 467, 526]. It is therefore possible that
the nucleic acid dye used in the Sysmex is also measuring released extracellular DNA
associated with surface of the cells. Although extracellular NETs are thought to be
ephemeral, degradable and potentially fragile and therefore potentially lost during
cytometry measurements, researchers have also successfully measured NETSs by flow
cytometry therefore suggesting that NEUT Y is also capable of measuring surface
bound chromatin released by activated neutrophils [454, 467, 507, 531]. Furthermore,
using a positive control as proof of principle, we also activated neutrophils either
purified and within whole blood and verified that ionomycin stimulation a known in vitro
inducer of suicidal NETosis also increases the NEUT-Y signal in vitro. It is interesting
that the peaks of NEUT-Y and cfDNA are not quite coincidental which could suggest
that NEUT-Y is an earlier measure of cell associated NETS which are then digested

by DNase to release cfDNA which peaks slightly later. Fortier et al. (2022) illustrated
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high levels of NEUT-Y were strongly associated with mortality in COVID-19 patients,
suggesting an indicator marker for NETosis [532]. Previously, Dinsdale et al. (2017)
also demonstrated NEUT-Y as an excellent biomarker for sepsis on day 3 and when
combined with platelet impedance count (PLT-I), gave an AUROC score of 0.915 [13].
Therefore, NEUT-Y and cfDNA are both potentially excellent useful biomarkers for
monitoring excessive NETosis following severe thermal injuries. Their strong
correlation indicates high neutrophil activity, which is associated with the generation
of NETs and cfDNA. Furthermore, NEUT-Y and cfDNA serve as effective biomarkers
for monitoring sepsis, demonstrating moderate to excellent discriminatory capabilities
between days 7 and 14.

The combination of IGs, cfDNA, and NEUT-Y in prognostic models for sepsis showed
a steady improvement in predictive accuracy over time. On day 1, the combined model
IGs and cfDNA had a modest AUROC of 0.593, which increased to 0.796 by day 14.
Comparing our findings to our previous study from 2017 [74], the SIFTI-2 data show
significantly lower AUROC value at early time point days 1 (AUROC = 0.593)
compared to Hampson et al. findings of the combination of cfDNA, IG (AUROC =
0.829) (Appendix Table 31).

The addition of NEUT-Y in our study improved prognostic accuracy, especially on day
3, where the AUROC increased to 0.718 reflecting ongoing neutrophil activation and
its association with the progression of systemic inflammation in septic burns. Our
previous study demonstrated that the combination of IGs, cfDNA and neutrophil
dysfunction measured by phagocytosis shows a strong early prediction of sepsis on
day 1 with AUROC of 0.935 which is significantly higher than the combination of I1Gs,
cfDNA, and NEUT-Y with an AUROC of 0.581 in our study [74]. Neutrophil function

measurement was unavailable in our study as the manufacturer no longer could
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provide the test kit anymore to complete the study. Moreover, Dinsdale et al. (2017)
show significant sepsis prediction on day 3 post-burns by the combination of platelet
impedance count (PLT-I) and NEUT-Y with an AUROC of 0.915 [13], which is also
higher than our discriminatory power at day 3 by the combination of cfDNA, 1G, and
NEUT-Y (AUROC = 0.718).

In our study, the Revised Baux score, a well-established predictor of mortality in burn
patients, consistently performed well across all time points, with AUROC values
consistently above 0.700. The model that combined IGs, cfDNA, neutrophil count, and
the Revised Baux score demonstrated the highest prognostic accuracy with an
AUROC of 0.793 on day 1, highlighting the combined effect of these biomarkers in
predicting sepsis in post-burn patients. Comparing our finding to SIFTI-1, the
combination of cfDNA, IG, and rBAUX gave a strong discrimination on day 1 with and
AUROC of 0.949 compared to our discrimination power on day 1 (AUROC = 0.793)
[74]. These findings emphasise the importance of using multiple biomarkers to

enhance sepsis prediction in critically ill patients.

In conclusion, this study emphasises the importance of extended haematological
parameters in evaluating immune responses following thermal injuries, particularly in
predicting sepsis. Early increases in neutrophil and monocyte parameters (X, Y) were
observed, indicating their role in the acute inflammatory response. NEUT-Y, NEUT-
RI, and IGs consistently elevated at all time points, particularly in septic burns,
suggesting their potential as sepsis biomarkers. The strong correlation between cfDNA
and neutrophil Y suggests excessively generated and subsequently degraded NETS,
providing potential valuable biomarkers for monitoring excessive NETosis, Sepsis,

DIC, and MOF. The combination of IGs, cfDNA, and neutrophil Y showed progressive
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improvements in predicting sepsis, especially when combined with the Revised Baux
score, indicating that a multi-biomarker approach enhances diagnostic accuracy in
septic burns. These findings support previous studies advocating for the use of
advanced rapid haematological profiling to better understand the immune
dysregulation and inflammation following burns and sepsis. Future research into the
functional and morphological changes in leukocyte subtypes is crucial for improving
sepsis management and early intervention strategies. This study provides valuable
insights into the clinical usefulness of integrating traditional and novel haematological

markers for monitoring immune responses and sepsis in critically ill patients.
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Chapter 6 Measurement of Platelet Thrombus
formation in patients following Severe Thermal

Injury
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6 Measurement of Platelet Thrombus formation in patients following Severe

Thermal Injury
6.1 Introduction

Platelets are crucial for normal haemostasis but are now increasingly recognised for
their additional important roles in immunity, inflammation and host defence [533].
[534]. Burns are characterised by tissue necrosis leading to inflammation, immune
dysfunction and disruption to circulating cells and vessel wall integrity that results in
tissue oedema [535]. Platelets are therefore crucial during the acute response to burn
injury to promote normal haemostasis, host defence and wound healing. However,
thermal injury causes either direct or indirect effects on platelets that may compromise
their important role(s) in normal physiology thereby further contributing to
inflammation, immune dysregulation, infection and poor wound healing in burns
patients [374]. For example, burns directly thermally injure circulating platelets in the
blood vessels when temporarily exposed to high temperatures. Both in vitro and ex
vivo measurements have confirmed the destructive effects of direct heat on platelets
resulting in altered structure and impaired function [374, 536, 537]. Many studies have
confirmed that platelet consumption is also a classical feature of burns resulting in
thrombocytopenia with a nadir from days ~2-5 post-injury followed by a rebound
thrombocytosis with high counts (>450 x 10%L) peaking at days ~11-21 [374, 388,
538-540]. Interestingly, the level of thrombocytopenia is related to severity of injury as
patients with milder injuries of <10% TBSA do not experience thrombocytopenia [374].
The degree of thrombocytopenia and lack of the thrombocytosis response are also
associated with sepsis and death in severe burns [388, 539, 540]. Lower platelet
counts also significantly impact upon platelet function as many commonly used platelet

tests (e.g. light transmission aggregometry) are sensitive to platelet count [541].
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Therefore, in thrombocytopenia, it can be difficult to determine whether there is an
underlying acquired platelet defect independent of the count.

Thermal injury results in impairment to platelet aggregation responses to a range of
agonists, including arachidonic acid, ristocetin and thrombin receptor activating
peptide [374]. In contrast, high shear platelet function measured by global
haemostasis tests including PFA-100 and TEG/ROTEM are unaffected [374].
Furthermore, there is some evidence for burn-injury induced platelet activation
including increased platelet micro-aggregates, monocyte and neutrophil platelet
aggregates, platelet procoagulant activity, TxA2 metabolites, soluble sCD40L and
soluble GPVI [374, 542-544]. There is also evidence for either increased sensitivity or
desensitisation to ex vivo stimulation of platelets. This may be due to the timing of
samples and whether thrombopoietin (TPO) production that partly drives the rebound
thrombocytosis will also prime platelets to be more reactive at later time points [374,
545]. It is now clear that platelets are a key component of the innate immune system
and act as sentinel cells to injury and/or infections and can interact with immune cells
to elicit an appropriate response but also trigger immunothrombosis. Platelets can be
activated when exposed to either DAMPS and infectious organisms (including
PAMPS) and begin expressing ligands (e.g. PSGL-1) which promote platelet
neutrophil interactions and trigger rapid NET formation via the vital NETosis pathway
[315]. As severe thermal injury also triggers a massive SIRS response, the levels of
circulating key bridging proteins (e.g. VWF and Fibrinogen) can also massively
increase in the circulation as part of the acute phase response to further promote
platelet neutrophil interactions and NETosis [120, 401]. VWF in particular has been
shown to bind activated allbB3 integrin and bridge to SLC44A2 on neutrophils [331].

As VWF function and size is regulated by ADAMTS13 we hypothesize that the
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VWF/ADAMTS13 ratio will be increased post injury to promote high shear dependent
platelet function and also vital NETosis via these interactions.

The Total Thrombus-formation analyser System (T-TAS) is a whole blood system that
measures in vitro thrombus formation under physiological shear stress conditions
[546, 547]. The system therefore provides a more comprehensive and physiological
relevant measurement of thrombus formation compared to traditional laboratory tests
which typically measure either platelet function, coagulation or fibrinolysis
independently. Furthermore, the T-TAS is a disposable chip-based system with two
types of chips (AR and HD) that measure haemostasis within flow chambers coated
with collagen and tissue factor at physiological shear rates of 600 and 1200 s
respectively [547]. Importantly, the HD chip is independent of platelet count in contrast
to the AR chip [548]. The purpose of this study was to confirm the classical changes
in the dynamics of platelet count that occur following severe burn injury and to measure
platelet physiological thrombus formation in vitro using the T-TAS with both AR and
HD chips. We also measured VWF and ADAMST13 levels in plasma samples and

related these to platelet function and NET biomarkers.

6.2 Results

6.2.1 Patient Demographics

A total of 10 burn patients were included in the study. The median age of patients with
thermal injuries was 41 years (range 20-61 years), and the median burn size was
44.5% TBSA (range 18—-85%). The incidence of sepsis and mortality in this cohort was
50% and 30%, respectively. Detailed patient demographics are displayed in Table 6-

1.
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Table 6.1: Patient demographics for measurement of
platelet thrombus formation.

Characteristic

Burns patients (n=10)

Age, years (range)

41 (20-61)

Gender, (M:F)

9:1

% TBSA (range) 44.45 (18-85)
% FT TBSA (range) 16 (0-55)
Inhalation injury (Y: N) | 5:5
Mechanism of injury

Flash, n (%) 1 (10)

Flame, n (%) 8 (80)

Flame and flash, n (%) | 1 (10)
Electrical, n (%) 0 (0)

Scald, n (%) 0 (0)

ABSI (range) 7 (2-14)

Baux (range)

85.9 (40-132)

rBaux (range)

94.4 (40-149)

SOFA 9 (2-15)
Sepsis Y:N (%) 5:5 (50)
Mortality Y: N, (%) 3:7 (30)
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6.2.2 Platelet Counts following thermal injury

Severe burn injury caused a significant fall in platelet counts, with a classical nadir in
impedance platelet counts at days 2, 3, 4 (p < 0.0001) and 5 (p< 0.01) post-injury
compared to HC (Figure 6.1). This was followed by a rebound thrombocytosis from
days 10-14 (Figure 6.1). Similar results were obtained with optical and fluorescent

platelet counts (data not shown).
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Figure 6.1: Influence of Severe Thermal Injury on Platelet Counts. Impedance
platelet counts in (x 10%L) are plotted against time (day post-injury). There is a
significant fall in platelet counts at days 2-5 compared to healthy controls (HC, N = 19)
followed by a rebound thrombocytosis at day 14. **** p<0.0001, ** p< 0.01. ANOVA
p< 1.5 e-15.
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6.2.3 Post-burn platelet function within the T-TAS AR chip

The effect of severe burn injury on AUC, OT and OST in the T-TAS AR chip are shown
in Figures 6.2A, 6.2B and 6.2C, respectively. There was a loss of haemostatic function
as reflected at day 3 with a significant fall in the AUC (p < 0.01) associated with
significant increases in both occlusion time parameters OT (p < 0.05) and OST (p <
0.01). At later time points, haemostatic function returned to normal. As the trends were
remarkably similar to the above platelet count time course (Figure 6.1), we
investigated the associations between platelet count and T-TAS parameters (Figure
6.3). We found significant negative correlations between platelet counts and AUC
(R=0.47, p<0.05), OT (R = -0.49, p< 0.01) and OST (R = -0.47, p<0.05) in normal
controls and AUC (R=0.63, p<0.001).0ST (R=-0.48, p<0.05) and OT (R=-0.43,
p>0.05) post-burn injury. This confirmed that the T-TAS AR chip results are dependent

on platelet numbers.
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Figure 6.2: Influence of Severe Thermal Injury on thrombus formation within the
T-TAS AR chip. The T-TAS AR chip parameters AUC, OST and OT are shown in
figures 6.2A, 2B and 2C. There is a significant decrease in thrombus formation at day
3 (decrease in AUC and increase in OST and OT) (T-test, p <0.01 and p <0.05). The

1000

2000 Anova, p = 0.022
51500 .
= ; -
Z :
51000 E;
g 8
o 8 [ -
0
12 HC 1 2 3 4 5 10 14

Post-Burn Injury (days)

Anova, p =0.033
ns ns = ns ns ns ns

RELCTEN

HC 1 2 3 4 5 10 14
Post-Burn Injury (days)

AR chip AUC was also significantly decreased at day 5 (p < 0.05).
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Figure 6.3: The relationship between T-TAS AR chip thrombus formation and
platelet count. Significant correlations of T-TAS AR chip parameters AUC, OST and
OT with platelet counts are shown in figures A, B and C in healthy controls (HC)
(Pearson correlation) and burns patients (Spearman correlation).

6.2.4 Post-burn platelet function within the T-TAS HD chip

The effect of severe burn injury on AUC, OT and OST in the T-TAS HR chip are shown
in Figure 6.4. Although there were no overall significant changes in all parameters
across all time points, a small number of patients consistently exhibited clear
haemostatic dysfunction over the first 5 days post-injury. However, in contrast to the
AR chip, there were no significant correlations between platelet counts and AUC
(Figure 6.5) (R=0.12, p=0.58, OT (R=0.0092, p=0.97 and OST (R=0.069, p=0.75) in
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normal controls or, OT (R= -0.22, p=0.22) and OST (R= -0.25, p=0.75) post-burn
injury. The correlation with AUC (R=0.39, p=0.02) was significant post burn injury.
Overall this data confirms that the T-TAS HD chip is less dependent on platelet number
and thus potentially provides a more accurate measurement of platelet function in burn
injury despite the thrombocytopenia. Platelet counts are an important potential

confounder in platelet function testing as indicated within the T-TAS AR chip.
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Figure 6.4: Influence of Severe Thermal Injury on thrombus formation within the
T-TAS HD chip. The T-TAS AR chip parameters AUC, OST and OT are shown in
figures 6.4A, 4B and 4C. There was no overall significant effect on thrombus formation
at all time points (p > 0.05, Wilcoxon signed rank test).
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Figure 6.5: The relationship between T-TAS HD chip thrombus formation and
platelet count. Lack of correlations between T-TAS AR chip parameters OST and OT
with platelet counts are shown in figures 6.5A and 5B and C in healthy controls (HC)
(Pearson correlation) and burns patients (Spearman correlation) The AUC significantly
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correlated (p < 0.05) with platelet counts in burns but not HC (p = 0.58).
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6.2.5 Platelet Function, severity of injury and survival

Figure 6.6A and 6.6B shows that there were significant negative correlations between
AUC and severity of injury (% TBSA) on both the T-TAS AR (R=-0.54, p<0.0001) and
HD chips (R=- 0.53, p<0.001) respectively. Furthermore, the AUC on the AR chip at
day 1 post-injury was significantly lower in non-survivors (p<0.05) (Figure 6.6C).
Severity of injury (% TBSA) was also significantly higher in non-survivors (p<0.05)
(Figure 6.6D). Figure 6.6E shows that the platelet count at day 1 post-injury is not

significantly associated with survival. Figure 6.-6F shows the survival curve post-injury.
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Figure 6.6: Relationship between thrombus formation and patient survival and
severity of injury. Spearman correlations between severity of injury (% TBSA) with T-
TAS thrombus formation AUC in AR chips (Figure 6.6A) and HD chips (Figure 6.6B).
T-TAS AR chip thrombus formation (AUC) and survival at day 1 post-injury (p < 0.05,
Wilcoxon signed rank test) (Figure 6.6C) and severity of injury (%TBSA) (p < 0.05,
Wilcoxon signed ranked test) (Figure 6.6D). There was a non-significant (Wilcoxon
signed ranked test) relationship between day 1 post-injury platelet counts and survival
(Figure 6.6E). The survival curve for the burns cohort (Kaplan-Meier) is shown in
Figure 6.6F.
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6.2.6 The effect of severe burn injury on platelet, VWF and ADAMTS13 levels

Post injury fluorescent platelet counts (PLT-F) and the levels of VWF and ADAMTS13
in PFP were compared to healthy controls (HC) (Figure 6.7). The levels were
measured in 96 burns, with demographics described in Section 2.1.2 (Table 2.1).
Platelet levels were significantly decreased on days 2-6, with a significant reduced
levels on day 3 (p < 0.0001) compared to the levels in HCs (Figure 6.7A). VWF levels
were significantly elevated (p < 0.0001) in burns plasma samples from the admission
day post burns to day 14 compared to HC VWF (Figure 6.7B). In contrast, ADAMTS13
levels were significantly decreased post injury from admission day to day 28 (p < 0.05

on day 1 and p < 0.0001 at days 4-28) (Figure 6.7C).

198



VWF (pg/mi)

A

20009 NS sos dbrnsarne 44 ++ NS NS NS NS NS NS NS NS NS NS NS NS NS
1500
=
-
2
H
I~
= 10004
5
o
$ N
] )
[ . -
. Z, .
500 P S H
- P %
. R " A x
~ - ool T & 0.k t
E§siisabaFieny e
ggf‘féé ¥xEaobroia
'Y E Eves?hy.oe

HC D1 D2 D3 D4 D5 Dé D7 D8 D9 D10 D11 D12 D13 D14 D28 M3 M6 M12 M24
Timepoints (Days)

B C

140000 FHF WM RAER KGR KRRk rkAx Akt Arke rks bkt kbas ass ses st IS NS NS NS NS 500 W ak Ak kkk KRR Akkk kkkk Wk Jkkk kkkk KARE kkik kkEk kkik kb NS NS NS NS
120000
100000
50000 ]
400 )

3

§0000-
E 300
2 >

. = T .

. é : .
40000 . .

“ & 200 1

: - < ] o

& . 4 :

Seate : . 3 L

= 4 + %
20000 -~ i 35 s

3 -, 100 - o

g F+ ¥ w

e & e o

= ¢ % -

@ LA - T £

¥ ks H 5
HC D1 D2 D3 D4 D5 D6 D7 D8 DI D10 DI1 D12 D13 Di4 D28 M3 M6 M12 M24 HC D1 D2 D3 D4 D5 DE D7 DB D9 D10 D11 D12 D13 D14 D28 M3 M6 M12 M24
Timepoints (Days) Timepoints (Days)

Figure 6.7: Platelet, VWF and ADAMTS13 levels in thermal injury. (A) Platelet
levels in Healthy Control (HC) and burns blood samples from admission to D14, D28,
M3, M6, M12 and M24. platelet levels were significantly decreased at days 2-6
compared to HC. (B) VWF levels in plasma samples were significantly increased from
the admission day (D1) to day 14 post thermal injury compared to HC. (C) ADAMTS13
levels were significantly decreased from day to day 28 post burn injury compared to
HC. One way ANOVA (Dunn's multiple comparisons test); p value ****<0.0001, *** <
0.001, ** < 0.01, * < 0.05. (ns) not significant.
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6.2.7 Correlation of VWF and ADAMTS13 with platelet function.

We investigated the correlations between VWF and ADAMTS13 with T-TAS platelet
function using both AR and HD chips (N=10), as shown in Figure 6.8. The T-TAS AR
measurements of platelet function displayed non-significant correlations with VWF (R
= 0.15, p = 0.34) and ADAMTS13 (R =0.23, p = 0.13), illustrated in Figures 6.8A and
6.8B. The thrombus formation measured by T-TAS HD, depicted in Figure 6.8C also
demonstrated a non-significant correlation with VWF (R = 0.28, p = 0.14). However,
the T-TAS HD measurements showed a significant positive correlation with
ADAMTS13 (R = 0.63, p = 0.00013), as illustrated in Figure 6.8D.

The relationships between VWF, ADAMTS13 levels, and the thrombus formation
parameter OST, measured by T-TAS AR and HD chips, are shown in Figure 6.9. There
were no significant correlations with either VWF in Figure 6.9A (R = -0.27, p = 0.099)
or ADAMTS13 in Figure 6.9B (R =-0.12, p = 0.45). Nonetheless, the HD chip showed
a significant negative correlation with ADAMTS13 for OST in Figure 6.9D (R = -0.43,
p = 0.018) and a non-significant negative correlation with VWF in Figure 6.9C (R = -
0.25, p = 0.20).

Furthermore, the correlations between VWF, ADAMTS13 levels, and the thrombus
formation parameter OT, as measured by T-TAS AR and HD chips, are presented in
Figure 6.10. There were no significant correlations with either VWF in Figure 6.10A (R
=-0.18, p = 0.31) or ADAMTS13 in Figure 6.10B (R = -0.033, p = 0.85) in AR chips.
However, in the HD chip, ADAMTS13 demonstrated a significant negative correlation
with OT in Figure 6.10D (R = -0.42, p = 0.027) and a non-significant correlation with

VWEF in Figure 6.10C (R =-0.26, p = 0.20).
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Figure 6.8: T-TAS Platelet Function correlations with VWF and ADAMTS13.
Spearman correlations were analysed between the measured thrombus formation
(AUC) in AR chips (A, B) and HD chips (C, D), and the levels of VWF and ADAMTS13
in burns. The AR chips showed no correlations with VWF in A (R = 0.15, p = 0.34) and
with ADAMTS13 in B (R = 0.23, p = 0.13). In contrast, the HD chips demonstrated no
correlation with VWF in C (R = 0.28, p = 0.14) but a significant correlation with
ADAMTS13 in D (R = 0.63, p = 0.00013). The plots are colour-coded by patient
number.
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Figure 6.9: Correlations of Platelet Function Parameters within T-TAS HD and
AR Chips with ADAMTS13 Levels. Spearman correlations were analysed between
VWF and ADAMTS13 levels with the measured thrombus times (OST) in T-TAS AR
chips (A, B) and HD chips (C, D). The AR chips show no significant correlation with
either VWF in A (R = -0.27, p = 0.099) or ADAMTS13 in B (R = -0.12, p = 0.45). In
contrast, the HD chips demonstrated a significant negative correlation with
ADAMTS13 for OST in D (R = -0.43, p = 0.018) but a non-significant negative
correlation with VWF in C (R = -0.25, p = 0.2). The plots are colour-coded by patient

number.
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Figure 6.10: Correlations of Platelet Function (OT) within T-TAS HD and AR
Chips with VWF and ADAMTS13 Levels. Spearman correlations were analysed
between VWF, ADAMTS13 levels and the measured thrombus time (OT) in T-TAS AR
chips (A, B) and HD chips (C, D). The AR chip showed no significant correlation with
either VWF in A (R =-0.18, p = 0.31) or ADAMTS13 in B (R = -0.033, p = 0.85). The
HD chip demonstrated a significant negative correlation with ADAMTS13 for OT in D
(R =-0.42, p = 0.027) but a non-significant negative correlation with VWF in C (R = -
0.26, p = 0.2). The plots are colour-coded by patient number.
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6.2.8 Relationship between VWF, ADAMST13 and the NET biomarkers cfDNA

and NEUT-Y

As VWF is implicated in inducing vital NETosis via platelet bridging to neutrophils, we
investigated the potential relationships between VWF and ADAMST13 levels and the
NET biomarkers cfDNA in Chapter 3 (Section 3.2.1) and NEUT-Y in Chapter 5
(Section 5.2.2.2). Our measurements show that VWF significantly correlated (r =
0.2666, p< 0.0001) with cfDNA and NEUT-Y (r = 0.2146, p< 0.0001) across all post-
injury time points (Figures 6.9A and C). In contrast, ADAMTS13 levels significantly
negatively correlated with cfDNA levels (r-0.1891, p < 0.0001) and NEUT-Y (r = -

0.1817, p < 0.0001) across all time points (Figure 6.11) (Appendix Table 35).
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Figure 6.11: Correlations between VWF and ADAMTS13 with NET biomarkers in
patients with severe burns. (A) Correlation between VWF levels and cfDNA
(Pearsonr=0.22, p <0.0001). (B) Correlation between ADAMTS13 levels and cfDNA
(Pearson r =-0.19, p < 0.0001). (C) Correlation between VWF and NEUTY (Pearson
r=0.21, p <0.0001). (D) Correlation between ADAMTS13 and NEUT-YY (Pearson r
=-0.18, p < 0.0001).
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6.2.9 VWF, ADAMTS13, cfDNA and NEUT-Y as biomarkers of sepsis.

We performed a combined model for multiple logistic regression analysis of sepsis
using VWF and ADAMTS13 in combination with NETs. Predictive performance was
analysed across all timepoints:- On day 1 the AUROC was 0.6624 (95% CI: 0.4753
to 0.8774). On day 3, the AUROC increased to 0.7456 (95% CI: 0.6123 to 0.8779), p
<0.01. However, at day 13 the AUROC increased to 0.9571 (95% CI: 0.8848 to 1.000)
p <0.0001 (Table 6.2).

Figure 6.10 shows a summary of the ROC curve plot and the discrimination of sepsis
(Figure 6.10 A). The area under the ROC curve (AUC) is approximately 0.76 (Table 6-
2), indicating a moderate predictive performance. Figure 6.10B shows a violin plot of
the predicted vs. observed plot which compares the predicted probability distributions
for septic (Observed 1) and non-septic (Observed 0) burns. The shape of each violin
plot presents the density and distribution of predicted probabilities. The wider parts of
the plot indicate where more data points are concentrated. Non-septic burns
(Observed 0), the plot is wider at the bottom, that correspond with the outcome. In
contrast, the septic burns violin plot (Observed 1) shows a wider distribution in the
middle and upper sections, indicating that the model gives a higher probability for

predicting sepsis.
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Table 6.2: A combined model of VWF, ADAMTS13, cfDNA and NEUT-Y for multiple logistic
regression analysis of sepsis.

Day Non- Septic | AUROC P-Value % Negative Positive
Septic Patient Correctly | Predictive | Predictive
Patients | s AURO | 95% CI Classified | Power (%) | Power

C Value (%)
Day1 |28 26 0.6624 | 0.4753 to | 0.1112 59.26 57.69 60.71
0.8774

Day2 |19 27 0.6989 | 0.5487 to | *<0.05 58.7 57.89 66.67
0.8490

Day 3 |16 29 0.7456 | 0.6123 to | **<0.01 67.31 69.57 65.52
0.8779

Day4 |15 30 0.7421 | 0.5931 to | **<0.01 75.56 75 76
0.8910

Day5 |12 31 0.6876 | 0.5241 to | *<0.05 64 63.16 64.52
0.8351

Day 6 |13 21 0.7857 | 0.6433 to | **<0.01 74.36 72.22 76.19
0.9281

Day7 |14 26 0.78 0.6484 to | ***<0.001 | 68.09 66.67 69.23
0.9116

Day 8 |12 23 0.865 0.7416 to | ****<0.000 | 76.92 70.59 81.82
0.9703 1

Day9 |14 24 0.863 0.7534 to | ***<0.000 | 79.07 78.95 79.17
0.9727 1

Day 10 | 20 23 0.86 0.7036 to | ****<0.000 | 76.74 75 78.26
0.9654 1

Day 11 | 17 22 0.861 0.7476 to | ****<0.000 | 74.36 70.59 77.27
0.9743 1

Day 12 | 18 22 0.8831 | 0.7802 to | ****<0.000 | 81.4 78.26 85
0.9860 1

Day 13 | 13 19 0.9571 | 0.8848 to | ****<0.000 | 94.12 92.86 95
1.0000 1

Day 14 | 14 16 0.9222 |0.8391 to | ***<0.000 |80 77.78 80.95
1.000 1

Day 28 | 12 14 0.8791 | 0.7388 to | ***<0.001 | 77.78 75 81.82
0.9528

Overall | 300 339 0.7631 | 0.7265 to | ****<0.000 | 70.27 59.77 72.37

Model 0.7997 1
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Figure 6.12: Receiver Operating Characteristic (ROC) analysis for the combined
model of VWF, ADAMTS13, cfDNA and NEUT-Y for multiple logistic regression
analysis of sepsis. The ROC curve plots sensitivity against specificity, representing
the model’s ability to distinguish between septic and non-septic patients. The area
under the curve (AUROC) provides a measure of the model's predictive accuracy. (B)
displays a violin plot comparing predicted probabilities with observed outcomes. It
shows the distribution of predicted probabilities for non-septic (Observed 0) and septic
(Observed 1) groups.

6.3 Discussion

Severe burn injury is known to significantly impact the blood circulation by directly and
indirectly affecting the homeostasis, turnover and function of circulating blood cells
[13]. It is well known that high temperatures not only directly thermally injure the two
most numerous circulating cells (erythrocytes and platelets) in the vicinity of the burn

injury but also cause their direct sequestration into the microcirculation in the central
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necrotic zone of coagulation within the wound [374, 549]. This coupled with removal
of any circulating damaged cells by the spleen then contributes to anaemia and
thrombocytopenia, which will significantly impair oxygen supply and haemostasis,
therefore impacting upon wound healing. Because of the classic systemic
inflammatory response post-injury, the efficiency of the bone marrow to restore normal
circulating cell numbers is often compromised by the profound post-injury leukocytosis
and neutrophilia [74]. This is well known to impact upon or delay new erythrocyte (i.e.
the anaemia of disease) and platelet production. For example, it usually takes about
10 days to start restoring platelet counts through TPO production which then results
in an excessive thrombocytosis as a further consequence of inflammation boosting
platelet production [374, 388, 545]. In this study, we set out to measure ex vivo
physiological thrombus formation using T-TAS from day 1-14 days post severe burn
injury (>20% TBSA). We confirmed that platelet counts demonstrated the classically
observed nadir (at day 3-4 post-injury) and rebound thrombocytosis (from day 10-14
post injury) [388, 538]. This essentially validates the cohort in terms of the well-known
classical impact of severe thermal injury on circulating platelets. The T-TAS results
show that the AR chip parameters AUC, OT and OST demonstrated a reduction in
thrombus formation over time with significant (p< 0.05) defective thrombus formation
at day 3 post-injury with normalisation during the later thrombocytosis phase. Although
platelet function normalised at day 4, the AUC parameter but not OT and OST was
significant (p< 0.05) at day 5. Although platelet counts were still decreased it was
surprising to see that platelet function was not abnormal at day 4. This may have been
caused by increased platelet production of immature platelets in response to post-
injury platelet consumption. However, measurement of the immature platelet fraction

(IPF) demonstrated that the IPF was not increased at these time points (data not
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shown). However, as the AUC, OT and OST parameters all significantly negatively
correlated with platelet counts in both HC and burns samples, this shows how
important this is as a potential confounder not only in measuring platelet function in
thermal injury but in platelet function testing practice in general. Many platelet function
tests including platelet aggregometry, PFA-100 and TEG/ROTEM are all affected by
platelet counts [541]. In contrast, the HD chip parameters AUC, OT and OST were
shown to be independent of platelet counts in HC. OT and OST but not AUC were also
independent of platelet counts in burns samples. Although the overall T-TAS HD chip
results were not significantly different from controls at any of our post-injury time
points, there were a small number of individual patients that still exhibited platelet
dysfunction from days 2-5 post-injury. The AUC parameter within both AR and HD
chips also significantly correlated with the severity of injury (% TBSA) in agreement
with previous observations on platelet function in burns [374]. As 30% of this small
cohort did not survive their injuries, we demonstrated that the injury severity (% TBSA)
was also significantly associated with mortality. Interestingly, low AUC within the T-
TAS AR chip at day 1 post-injury was also significantly associated with non-survival.
However, interestingly the platelet count at day 1 was not associated with non-survival.
This suggests that the T-TAS test may have potential clinical utility in measuring the
initial impact of burn injury on clinical outcomes. The HD chip will also facilitate the
study of platelet function and be more independent of the platelet count, which is
important and most likely previously ignored in the context of the burn-induced
thrombocytopenia. Post injury platelet count trajectories with lower counts throughout
the nadir and thrombocytosis phases have previously been shown to be associated
with poor outcomes including survival [388, 539, 540]. The limitations of this study are

the small number of patients (N=10) tested across 14 days post-injury. Ideally, we
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would also have performed a comparison of T-TAS with other platelet function tests in
this study but were significantly limited by the volume of blood available for testing.
Despite this, a previous study has shown that T-TAS platelet function matches well
with lumi-aggregometry for measuring platelet dysfunction in patients with bleeding
disorders [546]. Also, we did not study the potential impact of blood or platelet
transfusions or surgery on the test. Larger studies are therefore warranted to
understand the role of ex vivo physiological measurement of platelet thrombus
formation in severe burns.

We then conducted a study to measure the levels of VWF and ADAMTS13 in the burns
cohort and compared them to the levels in healthy individuals. Our data show a rapid
and significant increase in VWF levels following injury, which remained significantly
elevated up to day 14 post-injury. This increase is probably caused by the post-injury
SIRS response, leading to the acute release of VWF into the circulation which is
important to promote primary haemostasis and aid in vessel wall repair [550]. VWF is
a well-known acute phase marker [551, 552]. Our data also indicates sustained
elevated VWF levels from the day of admission to day 14 post-injury. This sustained
elevation may contribute to coagulopathy by promoting excessive platelet adhesion

and aggregation, leading to microvascular blood clot formation [553].

ADAMTS13 is a metalloprotease that regulates VWF activity by breaking down ultra-
large and large multimers, maintaining normal blood clotting and preventing
spontaneous platelet aggregation as observed in TTP [554]. Our data also shows a
significant decrease in ADAMTS13 levels from day 2 to day 28 post-burns compared
to healthy controls. This decrease is caused by the consumption of ADAMTS13

resulting from the excessive release of VWF. Decreased ADAMTS13 synthesis may
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also contribute to lower levels via endothelial damage and release of inflammatory
cytokines such as TNF-a and IL-4, which directly decrease ADAMTS13 production
and function [555, 556]. Matsumoto et al. (2021) illustrated that decreased ADAMTS13
activity is associated with the development of coagulopathy and disseminated
intravascular coagulation (DIC). This reduction in ADAMTS13 activity leads to an
accumulation of large VWF multimers, which can promote platelet aggregation,
resulting in microvascular thrombosis [557]. Therefore, we investigated the roles of
VWF and ADAMTS13 in platelet activity as measured by T-TAS thrombus formation
assay. Our data showed no significant correlation between VWF and thrombus
formation in both AR and HD chips across all platelet function T-TAS parameters:
AUC, OST, and OT. Additionally, we found no significant correlations between
ADAMTS13 and platelet function metrics in AR chips. However, in HD chips,
ADAMTS13 levels were significantly positively correlated with AUC and significantly
negatively correlated with the OST and OT parameters (Figures 6.8D, 6.9D, and

6.10D).

Increased platelet function in the T-TAS is theoretically indicated by a higher AUC and
lower OST and OT parameters [558]. Elevated VWF levels and low ADAMST13 would
potentially lead to the accumulation of large VWF multimers, thus promoting platelet
aggregation under high-shear conditions. However, there were no observed
correlations of VWF with any T-TAS parameters on both chips, and although there
were correlations with ADAMTS13 with HD chip parameters, these were opposite to
the expected results if ultra-large VWF is impacting upon this test and platelet function
in burns [559]. However, the limited number of burn patients recruited for these

measurements may have influenced our results, highlighting a larger cohort is
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probably required to accurately clarify the interactions between VWF, ADAMTS13, and
platelet function in the context of thermal injury. Also, it is well known that VWF size is
much more important at higher shear rates (~5000 s) [560, 561] and the shear rates
are only 600 or 1200 s-1 within the T-TAS AR and HD chips respectively which might
explain the correlations obtained.

Furthermore, VWEF is also known to play a significant role in promoting vital NETosis.
VWEF facilitates the adhesion of neutrophils to the endothelium and contributes to the
formation of platelet-neutrophil aggregates, which are key in promoting NET release
[465]. Upon injury, neutrophils begin rolling over released ultra-large VWF by
injured/activated endothelial cells. Neutrophils will also bind to P-selectin on VWF-
bound activated platelets, promoting neutrophil adhesion and interaction with platelets
through activated allbp3 on the platelet surface by bridging to the neutrophil SLC44A2
receptor. This results in further activation of neutrophils and NET generation [562].
Our results demonstrate significant positive correlations between VWF and the NET
biomarkers cfDNA or NEUT-Y. Furthermore, there was a significant negative
correlation between ADAMTS13 and cfDNA and NEUT-Y (Figure 6.11). Multiple
logistic regression analysis of VWF and ADAMTS13 and the NET biomarkers cfDNA
and NEUT-Y demonstrates significant associations with the incidence of sepsis.
AUROC values ranged from 0.7456 at day 3 to 0.957 at day 13, Moreover, Yang et al.
(2020) illustrated the role of NETs in generating ROS production during NETosIs,
which results in oxidisation of ADAMTS13, impairing its effectiveness in cleaving large
VWEF. Uncleaved VWF will further promote neutrophil platelet adhesion leading to
increased NET production. Moreover, neutrophil elastase and plasmin can degrade

ADAMTS13, further resulting in low circulating levels. In addition, neutrophil-derived
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DNA-histone complexes can also directly decrease ADAMTS13 function, resulted in
further uncleaved large VWF to promote NETs and thrombosis[465].

In conclusion, our study demonstrates a classical pattern of platelet count decline
observed followed by thrombocytosis, with significant impairment in platelet function
during the early days post-burns, as measured by T-TAS. This impairment, particularly
evident at day 3, associated with reduced thrombus formation, though platelet function
normalized later despite ongoing thrombocytopenia. The correlation of T-TAS
parameters with injury severity and survival underscores the importance of platelet
function as a clinical indicator. Furthermore, our findings show sustained post-injury
significant increase and decreases in VWF and ADAMTS13 levels respectively. The
significant positive and negative correlations of VWF and ADAMTS13, respectively,
with markers of generated NETSs, cfDNA, and NEUT-Y reveal their strong association
with excessive NET generation. Combining VWF and ADAMTS13 with NETs markers,
cfDNA, and NEUT-Y suggests their potential role in predicting sepsis. These insights
provide a foundation for future research into therapeutic interventions targeting the

impact of VWF and ADAMTS13 on NETosIs.
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Chapter 7: General

Discussion
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7 General Discussion

NETs are complex structures composed of released chromatin fibres composed of
DNA, histones, and embedded antimicrobial proteins released by activated
neutrophils as part of the innate immune response to infection and injury for the
purpose of killing and eliminating pathogens [249, 250]. In trauma and severe thermal
injuries, NET formation is significantly upregulated, rolling as a double-edged sword
as serving as both a defensive mechanism and a driver and contributor of pathological
inflammation and immunothrobosis [465]. Although NETs are important for capturing
and eliminating pathogens, excessive NETs produced promote complications,
delaying the healing of damaged tissue, promoting microvascular occlusion and
endothelial dysfunction, leading to ARDS, MOF and DIC [311, 420-423]. Moreover,
released NETs are subsequently degraded with DNase enzymes, resulting in high
circulating levels of generated cfDNA [335, 424].

This thesis investigated the quality, quantity and dynamics of cfDNA post-trauma in
severe burns. cfDNA levels in burns and trauma were shown to significantly increase
shortly after injury compared to healthy controls with a sustained elevation in burns,
peaking between days 5-28 post-injury. The ultra-early samples (<1 hour) in trauma
measured a higher level of released cfDNA than 24-72 hours post-injury. Measuring
the quality of released cfDNA demonstrated that they predominantly consisted of
nucleosome fragments measured at ~140-170 bp that appear in most patients
between days 2-28 post-injury. These findings were also further verified by measuring
high levels of nucleosome H3 that significantly correlated with measured cfDNA
peaking at the same time points. The absence of these nucleosome bands on day 1

in most patients corresponded with the significant presence of large circulating NETs
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post burns observed within whole blood. This suggests that initial injury responses are
dominated by NET formation, with subsequent nucleosome release via the action of
DNase | activity. Additionally, the ultra-early (< 1 hour) released cfDNA post injuries in
trauma were found to be composed of the presence of nucleosome oligomers,
underscoring the role of DNase | in NET degradation in chromatin fragmentation and
the subsequent release of nucleosomes. The findings of this study have important
implications for managing burn and trauma patients, particularly in reducing
complications such as DIC, MODS, and sepsis. The research offers insights into
monitoring NETs and circulating nucleosomes/cfDNA as biomarkers, which could help
manage patients and mitigate risks associated with excessive NET-derived fragments
post severe thermal and trauma injuries.IL-8 is an important inflammatory mediator
and cytokine, playing a crucial role in neutrophil rolling, adhesion, and migration to
injured tissues by inducing the production of adhesion molecules on the vessel wall
[197, 472]. Previous studies have shown increased IL-8 levels following thermal
injuries and correlated with sepsis [412, 486-489]. Interestingly, Abrams et al. (2019)
demonstrated that released IL-8 in ICU patients is a major contributor to NET
formation [272]. Our findings demonstrated that high IL-8 levels were released post-
burn injury and were significantly higher on days 3-14 in patients who developed
sepsis. The ex vivo study in burns serum demonstrated that IL-8 is a major NET
mediator in burns with a significant correlation of generated NETs with serum IL-8
levels. We also further demonstrated the important regulation of NETs by serum
DNase |, resulting in NET degradation and more generation of cfDNA. Inhibition of
DNAse in serum-based NET generation assays, therefore is an important confounder

for accurately measuring ex vivo NET production and cfDNA release,
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Moreover, leukocyte dynamic changes post severe thermal injuries are crucial for
understanding immune inflammatory responses and monitoring sepsis prognosis in
severe thermal injury cases. The Sysmex analysers enable detailed and rapid
guantification of extended haematological parameters, providing new insights into cell
morphology, activation, and immune status [508-511]. Our previous studies in the
SIFTI-1 highlighted the strong predictive values of early increased biomarkers such as
cfDNA, IGs, NEUT-Y, NEUT- RI, PLT-I and neutrophil function combined with the
Revised Baux score, emphasising their potential for identifying sepsis in critical burn
patients [13, 74]. In this study, we further examined various leukocyte parameters
during the first two weeks following thermal injury, revealing a biphasic inflammatory
response. We observed an early elevation of neutrophils and monocytes on day 1 in
both septic and non-septic burns, followed by a second peak at days 6-28, which
indicated prolonged inflammation probably caused by secondary hits by infection
and/or surgery. Our investigation into the extended parameters of leukocyte subtypes
revealed a strong correlation between NEUT-Y levels and cfDNA. A significant peak
in NEUT-Y levels at day 6 indicated hyperactivation of neutrophils and potential
increased formation of NETs. This was followed by a notable increase in cfDNA levels
at day 8, enhancing our understanding of the role of NETosis, which is regulated by
DNase | and leads to subsequent elevated cfDNA levels. Furthermore, consistently
high levels of NEUT-Y and IGs in septic burns highlighted their potential as biomarkers
for sepsis, especially when used in combination with cfDNA levels and the Revised
Baux score. These findings suggest that these markers are important for monitoring
NETosis and immune dysregulation in trauma and burns patients and for predicting

sepsis, DIC, and MOF.
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We also investigated platelet function and dynamic changes post severe thermal
injuries. In response to the injury, platelets rapidly adhere to vascular damage, form
clots, and release cytokines and growth factors that stimulate tissue healing and
control inflammation [369]. Platelet adherence is facilitated by released VWF and
collagen by injured tissue [369]. Severe burns are associated with platelet
consumption, followed by thrombocytopenia from days 2-5 post-injury, and a rebound
thrombocytosis with high counts (>450 x 10°/L) peaking at days 11-21 [374, 388, 538-
540]. Platelet assays, such as light transmission aggregometry, are sensitive to
platelet count, impacting the measurement of platelet function in burn patients with
thrombocytopenia [541]. In this thesis, we investigated platelet dynamics, thrombus
formation using whole blood using the T-TAS assay, and the potential role of VWF
and ADAMTS13 post severe burns. Our findings validate the classic post-burn
trajectory of platelet counts, with an initial nadir around day 3-4 post-injury and a
rebound thrombocytosis by days 10-14. Thrombus formation, assessed by T-TAS,
showed significant functional impairment, particularly on day 3, indicating early
disruptions in haemostatic capacity. Additionally, our measurements illustrated
significantly increased and decreased VWF and ADAMTS13 levels, respectively, post-
burn compared to the levels in healthy controls. Sustained elevation of VWF and
decreased levels of ADAMTS13 after a burn may together contribute to
coagulopathies, as low ADAMTS13 fails to regulate VWF, resulting in enhanced high
shear platelet function and potential thrombotic complications [557]. Interestingly, the
correlations between VWF, ADAMTS13 and T-TAS platelet function did not indicate
any meaningful relationships. The small study size (n = 10) or the relatively low shear
values of 600 and 1200 s! may not have contributed to this. Furthermore, our findings

demonstrated strong positive correlations between VWF and NETs markers (cfDNA
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and NEUT-Y), with ADAMTS13 showing inverse correlations, suggesting a complex
interplay in promoting NET generation. This is consistent with studies indicating that
NET-induced reactive ROS impair ADAMTS13 functionality, thus exacerbating
thrombotic risk by leaving large VWF multimers uncleaved [465]. The logistic
regression modelling incorporating VWF, ADAMTS13, cfDNA, and NEUT-Y showed
predictive potential for sepsis with between moderate and strong discrimination on
days 12-28, suggesting a potential role for these biomarkers in early sepsis detection
in burns. This study underscores the dual roles of platelets and VWF/ADAMTS13
dynamics in burn-induced NETosis, coagulopathy and inflammation, offering insights
for therapeutic approaches to improve burn outcomes by targeting VWF, ADAMTS13,
and NET interactions. Larger-scale studies will be critical to validate these
associations and expand on potential clinical applications of T-TAS and related
biomarkers in burn care.

In summary, these studies highlight the crucial role of released NETs and cfDNA in
the inflammatory and thrombotic responses post severe burns and trauma. Elevated
levels of cfDNA result from the degradation of excessive NETs by DNase enzymes
and are primarily comprised of nucleosome fragments, as confirmed by
electrophoresis and specific nucleosome H3 ELISA assays. indicating the dynamics
of NET derived chromatin generation and breakdown after injury. A key finding is the
significant role of released IL-8 in promoting NET generation in burns. Monitoring
cfDNA and IL-8 levels could also help in understanding and potentially moderating this
inflammatory cascade. The observed dynamic changes in leukocytes, IGs, and cfDNA
highlight critical shifts in immune responses. Sustained elevation in these markers may
serve as potential indicators for sepsis risk. Parameters such as cfDNA/nucleosomes,

NEUT-Y, and IGs, particularly when combined with the rBaux score, have proven
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effective in distinguishing and predicting sepsis in burn patients. Additionally, levels of
VWF and ADAMTS13 have shown a strong association with NET generation
biomarkers, NEUT-Y and cfDNA. Progression modelling that combines VWF,
ADAMTS13, and NET markers, cfDNA and NEUT-Y suggests their potential role in
predicting sepsis. Furthermore, the observed platelet dysfunction shortly after a burn
underscores a significant haemostatic imbalance, which further increases patient risk.
These findings emphasize the importance of monitoring these biomarkers and
developing targeted therapeutic strategies to manage NETs, inflammation,

coagulopathy, and immune dysregulation in critically ill burn and trauma patients.

7.1 Limitations

As a result of the COVID-19 crisis, the planned research in the first two years (2020
and 2021) was significantly impacted, because of the limited access, my delayed
training and effects on patient recruitments. The investigation of the mechanism and
involvement of the interaction between platelets and neutrophils through the allbp3
receptor on the platelet surface and the neutrophil SLC44A2 receptor was initially
planned. Unfortunately, we were unable to get the required ethical approval to study
the impact of SLC44A2 genotype on in vivo and ex vivo NETosis and its potential
impact upon clinical outcomes in patients. Additionally, researching the potential
cytotoxic effects of nucleosomes and histones on endothelial cells was also planned
but unfortunately was not fully completed. We encountered ongoing bacterial
contamination of our microvascular endothelial cells (HMEC-1) and human dermal
blood endothelial cells (HDBEC) which delayed our ability to generate sufficient data
for reliable interpretation. It has been demonstrated in the past that histones have a

significant cytotoxic effects on HMEC-1 [563].
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7.2 Future research

As a consequence of the major findings in this thesis we are now planning future
research including:-

1)

2)

3)

4)

5)

Investigation into the biological activities of nucleosomes and histones on
cellular cytotoxicity ex vivo and in vivo and the heparin neutralisation and
resistance. The heparin study will also be extended to study the use of anti-Xa
monitoring on thrombosis and heparin dosaging in burns patients. The aim is
to fund a prospective multi-centre study on heparin resistance in burns

As IL-8 was confirmed as a major pathway for inducing NETs in burns patients,
we will perform studies to determine the exact contributions of IL-8, Heme and
other mediators in inducing NETosis in burns and trauma samples in vivo and
ex Vvivo.

We aim to re-apply for the ethics to study the SLC44A2 genotype on receptor
copy-density on neutrophils and ex vivo and in vivo platelet-induced vital
NETosis formation, biomarkers and patient outcomes.

Increasing the number of burns patients samples tested by the T-TAS platelet
function test to increase the statistical power.

In collaboration with Dr. Andrew Retter from Kings and Volition, we will set up

and validate a rapid automated version of the NuQ 3.1 ELISA kit to measure

nucleosome levels within the full SIFTI-2 and GH trauma cohorts to determine

hether this is a suitable test for predicting sepsis. We will also compare the data

with our cfDNA assay and extend the study into ITU patients at the Queen

Elizabeth University Hospital Birmingham. The aim is to also eventually develop

and validate a point of care test.
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Appendix

Table 1: Neutrophil count in burns and HC

Medians Sepsis .vs. Healthy Controls No Sepsis .vs. Healthy
Controls
Day Sepsis No Healthy @ Estimate 95% CI P- Estimate 95% CI P-
Sepsis Controls value value

1 (7.76 to

14.54 13.655 2.44 12.101 (9.31to 14.45) O 10.86 13.95) 0
2 5.53 5.095 2.44 3.2 (1.76t05.29) O 2.64 (1.16t04.61) O
3 3.13 3.395 244 0.35 (-0.51t01.34) 0.546 0.722 (0.06to 1.41) | 0.028
4 2.96 2.84 2.44 0.3 (-0.54t01.33) 0.466 0.31 (-0.291t0 0.99) 0.316
5 3.755 1 3.385 244 1.174 (0.30t0 2.24) 0.011 0.866 (0.05t02.04) 0.032
6 4475 4955 2.44 1.897 (0.70t0 3.07) | 0.002 2.133 (0.361t03.36) 0.01
7 8.24 6 2.44 5.309 (2.88to7.61) O 3.36 (1.88t04.78) O
14 8.625 7.71 2.44 5.978 (4.521t010.28) O 5.311 (394t07.25) O
28 8.415 455 2.44 6.069 (5.09t07.86) O 1.93 (1.04t02.88) O

Table 2: Neutrophil % in burns and HC

Medians Sepsis .vs. Healthy Controls No Sepsis .vs. Healthy
Controls
Day Sepsis No Healthy | Estimate  95% CI P- Estimate 95% CI P-
Sepsis | Controls value value
1 82.15 81.05 52.85 27.9 (24.41031.8) O 274 (23.2t031.6) O
2 732 6765 | 52.85 18.5 (11.31023.9) 0 14 (9.1t019) |0
3 67.75 68.2 52.85 145 (74t0204) O 154 (10.5t021.3) | O
4 637 649 52.85 12.1 (491t019.8) | 0.001 11.5 (6.5t016.6) | O
5 657 |64 52.85 12.8 (77t0182) O 12.071  (5.9t018) 0O
6 69.6 68.6 52.85 17.7 (12.8t024.5) O 14.7 (9 to 19.5) 0
7 771 705 52.85 24.82 (19.91029.8) 0 18.7 (14.7t024.3) | 0
14 788 757 52.85 25.334  (21.4t029) | O 22.153  (17.9t025.6) O
28 76.2 64.3 52.85 23.3 (18.7t027.9) O 11.6 (6.2to17.6) O
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Table 3: Prognostic modelling of neutrophil counts for sepsis prediction in septic

and non-septic burn

Day @ Sepsis
Yes No
1 42 40
2 37 32
3 40 38
4 37 31
5 40 32
6 34 30
7 37 31
14 34 29
28 26 23

Odds Ratio

OR 95% ClI

1.026 | (0.881 to 1.196)
1.179 | (0.867 to 1.604)
1.049  (0.689to0 1.597)
1.064 | (0.694 to 1.630)
1.126  (0.702 to 1.805)
1.243  (0.770 to 2.007)
1.379 | (0.976 to 1.948)
1.340  (0.987 to 1.819)
2.452  (1.3421t0 4.481)

Table 4: Lymphocyte count in burns and HC

Medians

Day  Sepsis

1.62
1.4
0.865
0.78
0.875
0.75
1.06
1.6
1.57

N o o A W NP

28

No
Sepsis
1.385
1.29
0.855
0.95
1.07
0.97
1.04
1.67
1.83

AUROC
AUROC
0.533
0.540
0.539
0.481
0.516
0.483
0.618
0.594
0.776

Sepsis .vs. Healthy Controls

95% Cl
(0.406 to 0.660)
(0.402 t0 0.678)
(0.408 to0 0.670)
(0.342 to 0.621)
(0.380 to 0.652)
(0.338 t0 0.628)
(0.483 to 0.753)
(0.452 to0 0.736)
(0.640 t0 0.912)

Brier
Score
0.250
0.245
0.250
0.248
0.246
0.246
0.234
0.235
0.192

No Sepsis .vs. Healthy Controls

Estimate  95% CI

-0.26

Healthy @ Estimate 95% CI P-
Controls value
1.74 -0.13 (-0.43t0 0.21) 0.416
1.74 -0.33 (-0.681t0 0.07) 0.108
1.74 -0.79 (-1 to -0.55) 0
1.74 -0.86 (-1.09t0 -0.62) O
1.74 -0.786 (-1.02t0-0.52) 0
1.74 -0.88 (-1.12t0 -0.66) O
1.74 -0.67 (-0.98 t0 -0.34) 0.001
1.74 -0.06 (-0.45t0 0.26) | 0.663
1.74 -0.12 (-0.39t0 0.19) 0.469
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-0.35
-0.77
-0.71
-0.62
-0.635
-0.59
-0.06
0.08

(-0.51 to 0.02)
(-0.66 to 0.04)
(-1to -0.51)

(-0.91 to -0.46)
(-0.87 to -0.36)
(-0.92 to -0.33)
(-0.87 t0 -0.29)
(-0.44 to 0.31)
(-0.24 to 0.47)

P-
value
0.066
0.077
0

0

0

0
0.001
0.732
0.57



Table 5: Lymphocyte % in burns and HC

Medians
Day Sepsis
1 10.2
2 17.4
3 20
4 19.2
5 18.75
6 13.25
7 114
14 12.7
28 | 14.55

No

Sepsis

19.35
19.35
20.8
18.95
15.5
15.2
16.1

23.6

Healthy
Controls

33.95
33.95
33.95
33.95
33.95
33.95
33.95
33.95

33.95

Sepsis .vs. Healthy Controls

Estimate | 95% CI

-24.4

-16.4

-14.2

-15.071

-16.876

-20.5

-22.7

-20.9

-20.091

(-27.4 t0 -21.2)
(-21.6 to -10.9)
(-18.6 t0 -9.7)
(-21.1 to -8.7)
(-20.6 to -12.7)
(-24 10 -16.4)
(-26.2 to -19.7)
(-24 t0 -17.6)

(-24 t0 -16.7)
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P-

value

No Sepsis .vs. Healthy Controls

Estimate | 95% CI

-24.3

-15.22

-14.9

-13.611

-15.2

-17.543

-19.347

-18.508

-10.112

(-27.1to -21.2)
(-19.5 to -10.8)
(-19.1 to -9.6)
(-18.2 o -8.7)
(-19.2 to -11)
(-20.9 to -13.4)
(-23 to -15.8)
(-21.7 to -15.2)

(-14.1 to -5.6)

P-

value



Table 6: Monocyte count in burns and HC

Medians

Day @ Sepsis | No

14

28

1.495

0.86

0.425

0.48

0.575

0.63

0.74

0.72

0.73

Sepsis
1.145

0.845

0.58

0.54
0.66
0.74
0.82
0.84

0.58

Healthy
Controls
0.415

0.415

0.415

0.415
0.415
0.415
0.415
0.415

0.415

Sepsis .vs. Healthy Controls
Estimate 95% CI

1.04

0.419

0.05

0.09

0.2

0.24

0.32

0.29

0.33

(0.69 to 1.34)

(0.19 to 0.61)

(-0.06 to 0.21)

(-0.02 to 0.25)
(0.09 to 0.42)
(0.06 to 0.52)
(0.08 to 0.57)
(0.13 to 0.46)

(0.18 to 0.59)
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P_
value
0

0

0.457

0.001

0.017

0.006

0.001

No Sepsis .vs. Healthy Controls
Estimate 95% CI

0.74

0.45

0.17

0.17

0.24

0.33

0.375

0.35

0.16

(0.56 to 1.02)

(0.29 to 0.68)

(-0.01 to 0.4)

(0.05 to 0.32)
(0.07 to 0.5)

(0.16 to 0.53)
(0.13 to 0.59)
(0.17 to 0.53)

(0.05 to 0.26)

P_
value
0

0

0.075

0.005

0.002

0.001

0.005



Table 7: Prognostic modelling of monocyte counts for sepsis prediction in septic

and non-septic burn

Day @ Sepsis
Yes No
1 42 40
2 37 32
3 40 38
4 37 31
5 40 32
6 34 30
7 37 31
14 34 29
28 26 23

Odds Ratio

OR 95% Cl

1.004 (0.905to 1.113)
0.913 | (0.734to 1.135)
0.85 | (0.631to 1.145)
0.933 (0.662to 1.315)
1.028 | (0.774 to 1.366)
0.945 | (0.735to 1.215)
1.013 (0.800 to 1.284)
1.076 | (0.864 to 1.340)
1.991 | (1.144 to 3.465)

Table 8: Monocyte % in burns and HC

Day

N o o B WON R

28

Medians
Sepsis  No
Sepsis
7.45 7.95
10.3 11.5
9.7 11.6
10.8 13
11.9 10.7
111 12.85
7.4 10
6.25 7.4
6.9 7.7

AUROC
AUROC
0.564
0.442
0.568
0.567
0.495
0.550
0.507
0.510
0.696

Sepsis .vs. Healthy Controls

Healthy @ Estimate 95% CI P-
Controls value
7.75 -0.1 (-(1.3t01.2) 0.91
7.75 1.7 (-0.3t03.6) 0.101
7.75 1.775 (-0.1t0 3.8) 0.062
7.75 2.7 (0.9t04.2) 0.003
7.75 3.5 (1.3t05.8) | 0.001
7.75 2.7 (0.4t04.6) | 0.023
7.75 -0.5 (-2.3t01.4)  0.583
7.75 -1.9 (-3.4t0-0.7) 0.004
7.75 -1.5 (-2.6t0-0.1) 0.031
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95% ClI
(0.437 to 0.691)
(0.305 to 0.580)
(0.438 to 0.698)
(0.429 to 0.705)
(0.357 to 0.632)
(0.406 to 0.693)
(0.368 to 0.646)
(0.363 to 0.656)
(0.548 to 0.845)

Brier
Score
0.250
0.246
0.246
0.248
0.247
0.248
0.248
0.244
0.216

No Sepsis .vs. Healthy Controls

Estimate | 95% CI

0.1 (-1.3 to 1.4)
3.6 (1.6 t0 5.6)
2.6 (0.3 10 5.1)
3.8 (1.3 10 6.5)
2.8 (0.6 t0 5.4)
3.7 (1.4 10 6.6)
1.5 (-0.2 t0 3.3)
-0.9 (-2.3 10 0.4)
-0.4 (-1.7 10 0.7)

P-
value
0.889
0
0.02
0.001
0.007
0.002
0.095
0.183
0.517



Table 9: Eosinophil count in burns and HC

Medians

Day Sepsis No

N o o A W N

28

Table 10: Eosinophil % in burns and HC

Day

N o o A W NP

28

0.01
0.02
0.045
0.1
0.15
0.1
0.12
0.12
0.215

Medians

Sepsis

0.05
0.3
1.05
2.1
2.15
1.45
1.3
0.95
1.95

Sepsis
0.015
0.02
0.025
0.05
0.07
0.075
0.1

0.1
0.12

No
Sepsis
0.1
0.2
0.35
1.2
14
1.65
14
11
1.6

Healthy
Controls
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16

Healthy
Controls
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85

Sepsis .vs. Healthy Controls
Estimate 95% CI

-0.14
-0.13
-0.11
-0.06
-0.05
-0.07
-0.06
-0.05
0.05

(-0.19 to -0.1)
(-0.18 to -0.09)
(-0.16 to -0.05)
(-0.13 to 0)
(-0.11 to 0.03)
(-0.13 to -0.02)
(-0.12 to -0.01)
(-0.12 to 0)
(-0.05 t0 0.12)

P-
value
0

0

0
0.059
0.193
0.012
0.023
0.078
0.3

Sepsis .vs. Healthy Controls
Estimate  95% CI

-2.6
-2.4
-1.801
-0.856
-0.8
-1.2
-1.7
-1.9
-0.9

(-3.2t0 -2)
(-3.2 to -1.8)
(-2.7t0 -1)
(-1.8t0 0.3)
(-1.7 to 0.4)
(-2.1t0 -0.3)
(-2.6 t0 -0.9)
(-2.8 to -1.1)
(-2t0 0)
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P-
value
0

0

0
0.11
0.198
0.014

0.043

No Sepsis .vs. Healthy Controls
Estimate | 95% CI

-0.13
-0.13
-0.13
-0.1

-0.08
-0.08
-0.06
-0.06
-0.04

(-0.17 to -0.09)
(-0.19 to -0.09)
(-0.19 to -0.09)
(-0.16 to -0.05)
(-0.14 to -0.02)
(-0.14 to -0.03)
(-0.13 to 0)

(-0.12 to 0.01)
(-0.11 to 0.05)

P-
value
0
0
0
0
0.014
0.002
0.045
0.087
0.351

No Sepsis .vs. Healthy Controls
Estimate 95% CI

-2.6
-2.4
-2.2
-1.7
-1.3
-1.3
-1.4
-1.7
-1.1

(-3.2t0 -2)

(-3.2 to -1.8)
(-3.1t0-1.7)
(-2.7to -1)

(-2.3 t0 -0.4)
(-2.3t0-0.3)
(-2.5t0 -0.6)
(-2.6 to -0.9)
(-2.1t0 -0.1)

P-
value
0
0
0
0
0.009
0.005
0.004

0.036



Table 11: IG count in burns and HC

Medians Sepsis .vs. Healthy Controls No Sepsis .vs. Healthy Controls

Day  Sepsis | No Healthy Estimate 95% CI P- Estimate 95% CI P-
Sepsis | Controls value value

1 014 01 0.03 0.11 (0.06 0 0.15) O 0.07 (0.04t00.11) O
2 0.04 0.03 0.03 0.01 (-0.01t00.03) [ 033 O (-0.01t0 0.01) 0.823
3 0.025 ' 0.02 0.03 0 (-0.01t00.02) [ 0.782 0 (-0.01 to 0) 0.245
4 0.06 0.04 0.03 0.03 (0 to 0.06) 0.013 0.01 (0to 0.04) 0.044
5 0.165 | 0.09 0.03 0.14 (0.09t00.25) O 0.06 (0.03t00.21) O
6 0.27 0.165 0.03 0.24 (0.14t00.43) O 0.14 (0.09t0 0.42) O
! 0.51 0.22 0.03 0.48 (0.27t00.88) O 0.19 (0.12t00.45) O
14 057 014 003 0.54 (0.25t00.84) O 0.12 (0.07t00.34) 0
28 0175 004  0.03 0.145  (0.09t00.28) 0 0.02 (0t00.06)  0.01
Table 12: IG % in burns and HC

Medians Sepsis .vs. Healthy Controls No Sepsis .vs. Healthy

Controls
Day | Sepsis | No Healthy Estimate | 95% ClI P- Estimate | 95% CI P-
Sepsis | Controls value value

1 0.8 0.6 0.5 0.3 (0to 0.5) 0.015 |0 (-0.1t00.2) | 0.544
2 0.5 0.3 0.5 -0.1 (-0.2t00.1) |[0.459 |-0.2 (-0.3t0-0.1) | 0.003
3 0.6 0.4 0.5 0.1 (-0.1t00.3) |0.314 |-0.1 (-0.2to 0) 0.199
4 0.9 1 0.5 0.4 (0.2t0 1) 0.001 [ 0.4 (0.1t0 0.8) |0.007
5 |31 2.05 0.5 2.5 (1.7t04.7) |0 1.439 (0.7t03.1) |0
6 5.85 3.9 0.5 5.3 (24t06.2) |0 3.4 (1.4t05.7) |0
7 5.9 3.7 0.5 5.4 (35t07.2) |0 3.3 (1.4t05.1) |0
14 | 4.6 1.5 0.5 4.1 (2.8 t0 6) 0 1 (0.5t03.7) |0
28 | 155 0.6 0.5 1.1 (04t02.2) |0 0.1 (-0.1t0 0.4) | 0.17
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Table 13: Prognostic modelling of IG count for sepsis prediction in septic and non-

septic burn
Day @ Sepsis Odds Ratio AUROC Brier
Yes No OR 95% ClI AUROC  95% CI Score
1 42 40 1.008 (0.899t01.130)  0.583 (0.458t0 0.708) | 0.250
2 37 32 2273 (0.854t06.050) | 0.559 (0.423t00.695) | 0.238
3 40 38 1.498 (0.551t04.076) 0.578 (0.450t0 0.705)  0.247
4 37 31 1.173 (0.755t01.822) 0.541 (0.402t0 0.680) | 0.246
5 40 32 1112 (0.942t01.312) 0.651 (0.517t0 0.785)  0.241
6 34 30 1.102 (0.963to 1.261)  0.595 (0.4531t00.736)  0.241
7 37 31 1.079 (0.995t01.170) 0.664 (0.533t00.795)  0.233
14 34 29 1079 (0.996t01.168) 0.712 (0.582100.843) | 0.228
28 26 23 1.128 (0.9411t01.353) 0.753 (0.610t0 0.895) | 0.234

Table 14: Prognostic modelling of IG % for sepsis prediction in septic and non-septic
burn

Day @ Sepsis Odds Ratio AUROC Brier
Yes No OR 95% CI AUROC | 95% CI Score
42 40 1.331 (0.745t0 2.378) 0.628 (0.506 to 0.750) | 0.246
37 32 | 7.765 | (1.237t048.735) 0.632 (0.501t00.763) 0.231
40 38 2587 (0.918t0 7.295) 0.645 (0.521t0 0.768)  0.237
37 31 1.105 (0.844 to 1.448) 0.459 (0.319t0 0.598) | 0.246
40 32 1.072  (0.961 to 1.196) 0.626 (0.494 10 0.757)  0.240
34 30 1.106 (0.966 to 1.268) 0.613 (0.4721t0 0.754) | 0.241
37 31 1.117  (0.986 to 1.266) 0.643 (0.508t0 0.778) | 0.236
14 34 29 1193 (1.026t01.387) 0.699 (0.564 t0 0.835)  0.223
28 26 23 1186 (0.907t01.553) | 0.707 (0.559 t0 0.855) | 0.236

N o o A WN
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Table 15: Neutrophil X in burns and HC

Medians

Day @ Sepsis | No

309

299
309
323
331
14 355

N o o B~ WON P

28 | 3235

Table 16: Prognostic modelling of neutrophil X for sepsis prediction in septic

315.5

302.5

Sepsis

310
301.5
299
296
302
320.5
318
335
323

Healthy

Controls

302
302
302
302
302
302
302
302
302

and non-septic burn

Day

28

N o o A W NP

Sepsis

Yes No
42 40
37 32
40 38
37 31
40 32
34 30
37 31
34 29
26 | 23

Sepsis .vs. Healthy Controls No Sepsis .vs.
Controls
Estimate 95% CI P- Estimate 95% CI
value

15 (8to22) O 7 (1to 14)
(2to15)  0.019 3 (-4 to 12)
(-10to 11) 0.947 -1.596 (-8 to 6)

-3 (9to4) 048 -1 (-9 to 6)

9 (0 to 19) 0.059 2 (-8 to 14)

25 (17t033) O 21 (9to 31)

30 (20t042) O 20 (12 to 29)

56 (46t068) O 35 (23 to 48)

22 (13t030) O 23.359 (14 to 33)

Odds Ratio

OR 95% ClI

2.010 (1.076 to 3.754)
1.380 | (0.734 to 2.595)
1.084 (0.690 to 1.704)
0.941 | (0.529t0 1.673)
1.186  (0.866 to 1.623)
1.208 (0.803to 1.816)
1.476 (0.930 to 2.343)
1.574  (1.076 to 2.303)
0.816 | (0.4681t0 1.421)

262

AUROC
AUROC
0.657
0.580
0.522
0.493
0.579
0.575
0.627
0.700
0.476

95% Cl
(0.539 to 0.775)
(0.440 to 0.720)
(0.390 to 0.655)
(0.353 t0 0.634)
(0.443 to 0.714)
(0.429 to 0.720)
(0.492 to 0.762)
(0.566 to 0.835)
(0.309 to 0.642)

Brier
Score
0.233
0.245
0.249
0.248
0.241
0.245
0.237
0.222
0.246

Healthy

P-
value
0.032
0.383
0.701
0.652
0.628
0.001



Table 17: Neutrophil Y in burns and HC

Day Sepsis No

N o o A W NP

28

Medians

127.5
762
799.5
754
822.5
924
830
789.5
665

Healthy
Sepsis  Controls
717.5 600
725.5 600
721.5 600
700 600
696.5 600
792 600
747 600
710 600
629 600

Sepsis .vs. Healthy Controls No Seps
Controls

Estimate 95% CI P- Estimate

value

120 (93t0149) O 111

144 (107t0 179) O 132

190 (150t0239) O 127

166 (131to215) O 103

223.742 | (174t0283) O 110

315 (250t0 370) O 190.499

229.5 (177t0291) O 132

200.256 | (156t0268) O 101

52 (26 to 79) 0 33.788

is .vS.

95% ClI

(79 to 146)
(97 to 168)
(84 to 173)
(74 to 146)
(70 to 193)
(112 to 263)
(73 to 216)
(48 to 141)
(5to 61)

Table 18: Prognostic modelling of neutrophil Y for sepsis prediction in septic and

non-septic burn

Day @ Sepsis
Yes No
1 42 40
2 37 32
3 40 38
4 37 31
5 40 32
6 34 30
7 37 31

14 34 29
28 26 23

Odds Ratio

OR 95% ClI

1.011  (0.737 to 1.385)
1.228 | (0.789 to 1.912)
1.600 | (1.126 to 2.273)
1.391 (0.976 to 1.984)
1.078 | (0.931to 1.248)
1.318 | (1.055 to 1.647)
1.384  (1.049 to 1.827)
1.318 | (1.028 to 1.689)
1.016 | (0.643 to 1.605)

263

AUROC
AUROC
0.538
0.545
0.692
0.670
0.677
0.692
0.684
0.748
0.595

95% ClI
(0.410 to 0.666)
(0.406 to 0.684)
(0.574 to 0.811)
(0.535 to 0.805)
(0.545 to 0.809)
(0.560 to 0.823)
(0.551 to 0.818)
(0.621 to 0.876)
(0.428 to 0.762)

Brier
Score
0.250
0.246
0.225
0.234
0.242
0.223
0.225
0.221
0.249

Healthy



Table 19: Neutrophil Zin burns and HC

Day Sepsis No

N o o) AW NP

28

Medians

573
578
592
598

611.

640
631

686.
584.

Healthy

Sepsis | Controls
581.5 589.5
582 589.5
589.5 5895
592 589.5
5 6135 589.5
625 589.5
628 589.5
5 626 589.5
5 599 589.5

Sepsis .vs. Healthy Controls

Estimate 95% CI P-
value

4946  (-29t022) 0.777

-2 (-26 to 25)  0.826

12 (-11 to 40) | 0.27

14.426  (-4t037)  0.138

31 (6 to 68) 0.011

62 (36t091) 0

50 (25t075) O

98 (67to141) O

4 (-19to 35) | 0.634

No Sepsis .vs. Healthy
Controls
Estimate 95% CI P-
value
-7 (-25t0 12) | 0.453
-1 (-26 to 21)  0.853
2 (-14 to 26) 0.848
2 (-16 to 26)  0.691
45 (11to 76)  0.005
43 (13t0o 73)  0.008
43 (1810 68)  0.002
51 (20t0 88)  0.001
16 (-6t041)  0.128

Table 20: Prognostic modelling of neutrophil Z for sepsis prediction in septic and

non-septic burn

Day @ Sepsis
Yes No
1 42 40
2 37 32
3 40 38
4 37 31
5 40 32
6 34 30
7 37 31

14 34 29
28 26 23

Odds Ratio

OR 95% ClI

1.151  (0.785 to 1.687)
0.941  (0.735 to 1.204)
1.166  (0.827 to 1.643)
1.553  (0.927 to 2.604)
0.983 | (0.810t0 1.192)
1.219  (0.891 to 1.668)
1.138  (0.807 to 1.605)
1.334  (1.012to 1.758)
0.793  (0.449 to 1.400)

264

AUROC
AUROC
0.497
0.492
0.540
0.589
0.520
0.601
0.547
0.652
0.578

95% ClI
(0.368 to 0.626)
(0.351 to 0.632)
(0.410 to 0.671)
(0.451 to 0.728)
(0.382 to 0.657)
(0.458 to 0.744)
(0.408 to 0.686)
(0.513 to 0.790)
(0.414 to 0.742)

Brier
Score
0.248
0.248
0.247
0.238
0.247
0.242
0.246
0.231
0.246



Table 21: Neutrophil Rl'in burns and HC

Medians Sepsis .vs. Healthy Controls

Day Sepsis No Healthy  Estimate 95% CI P-
Sepsis | Controls value

1 506 508 47 4.053 (21t06.1) 0
2 602 589 47 12.938  (8.6to 18) 0
3 6645 637 47 18.9 (15.8t023) O
4 717 67 47 24049  (21.3t027.5) 0
5 725 639 47 25.7 (21.5t0 31.6) 0
6 794 702 47 32.15 (25.7t0 40.1) 0
7 804 6175 47 33.6 (28.1t1038) 0
14 6505 534 47 18.2 (12.1t024) 0
28 548 487 47 7 (3.7 to 14) 0

Table 22: Prognostic modelling of neutrophil Rl for sepsis prediction in septic and

non-septic burn

Day @ Sepsis
Yes | No
1 35 34
2 34 30
3 36 33
4 35 29
5 36 27
6 33 29
7 33 26
14 30 24
28 22 19

Odds Ratio

OR 95% CI

0.913 | (0.658 to 1.267)
0.998 | (0.946 to 1.052)
1.522  (0.863t0 2.685)
0.968 | (0.886 to 1.057)
2.063 (1.214to 3.504)
1.823 (1.200t0 2.770)
1.999 | (1.272to 3.141)
2.444  (1.325to 4.507)
1.875  (0.896 to 3.925)

265

AUROC
AUROC
0.500
0.543
0.572
0.619
0.703
0.718
0.771
0.742
0.682

No Sepsis .vs. Healthy Controls

Estimate | 95% CI

4.137 (2.3 10 6)
11.6 (8.8 to 14.8)
17.5 (14.6 t0 20.7)
20.2 (16.2 to 25.3)
18.58 (13.7 to 25.1)
22219  (13.5t028.1)
16 (11.7 to 24.6)
5.9 (310 9.8)

2.1 (-0.4 t0 5.9)

95% Cl
(0.361 to 0.640)
(0.398 to 0.688)
(0.435 to 0.709)
(0.475 t0 0.763)
(0.571 to 0.835)
(0.590 to 0.846)
(0.639 to 0.903)
(0.604 to 0.880)
(0.511 to 0.852)

Brier
Score
0.247
0.249
0.242
0.245
0.212
0.215
0.192
0.202
0.231

0.108



Table 23: Neutrophil Gl in burns and HC

Medians
Day  Sepsis | No
Sepsis
1 156.3 | 157.75
2 157.4 | 158.55
3 157.35 158.4
4 158.4 | 157.7
5 155 153.6
6 156.4 154.8
7 155.9 | 155.15
14 | 154.65 157.05
28 | 155.15 155.3

Healthy
Controls

153.5
153.5
153.5
153.5
1535
153.5
153.5
153.5
153.5

Sepsis .vs. Healthy Controls

Estimate  95% CI

3.3
4.3
4.8
4.8
1.9
2.7
2.5
1.7
3.324

(0.9 t0 5.4)
(2.1t06.4)
(2.6107.2)
(2.8 10 6.8)
(-0.2 to 4)

(-0.2 t0 4.7)
(-0.1to 5)

(-1.2 to 4.1)
(0.3 to 6.5)

Table 24: Lymphocyte RE count in burns and HC

Medians

Day  Sepsis

0.06
0.07
0.04
0.05
0.09
0.11
0.15
14 031
28 | 0.225

N o o) AW DN R

No
Sepsis
0.05
0.07
0.05
0.06
0.07
0.09
0.11
0.225
0.14

Healthy
Controls
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

P-
value
0.008
0.001
0

0
0.091
0.07
0.075
0.218
0.019

Sepsis .vs. Healthy Controls
Estimate 95% CI

0.01
-0.02
-0.02
0.022
0.05
0.09
0.25
0.16

(-0.02 to 0.04)
(-0.01 to 0.04)
(-0.04 to 0)
(-0.03 to 0)
(0 to 0.05)
(010 0.12)
(0.01 to 0.19)
(0.17 to 0.33)
(0.11 to 0.21)

266

P-
value
0.782
0.457
0.135
0.101
0.029
0.033
0.013
0

0

No Sepsis .vs. Healthy Controls

Estimate  95% CI

4.058
5.3
5.383
4.6
0.9
1.2
1.7
3.3
2.1

(2 to 6)

(3.1t0 7.6)
(3.310 7.6)
(2.4 10 6.9)
(-1.5 to 3.4)
(-1.3 to 3.5)
(-0.9to 4.4)
(0.3 t0 5.6)
(-0.3to 4.5)

P-
value
0.001
0

0

0
0.507
0.332
0.175
0.035
0.082

No Sepsis .vs. Healthy Controls
Estimate 95% CI

-0.01
0
-0.02
0
0.01
0.034
0.04
0.15
0.09

(-0.02 to 0.01)
(-0.018 t0 0.02)
(-0.04 to 0.01)
(-0.02 to 0.02)
(-0.01 to 0.04)
(0.01 to 0.07)
(0.01 t0 0.1)
(0.09 to 0.24)
(0.04 to 0.19)

P-
value
0.217
0.864
0.186
1

0.386
0.019
0.003
0

0



Table 25: Prognostic modelling of lymphocyte RE count for sepsis prediction in septic

and non-septic burn

Day @ Sepsis
Yes | No
1 33 32
2 29 25
3 23 25
4 21 22
5 30 23
6 27 25
7 25 23
14 26 24
28 20 18

Odds Ratio

OR 95% ClI

1.266  (0.742 to 2.160)
1.586  (0.733 to 3.430)
1.567 (0.579 10 4.243)
0.888  (0.309 to 2.546)
1.488  (0.570 to 3.885)
1.015 (0.750to 1.373)
1.115  (0.792 to 1.569)
1.149  (0.856 to 1.541)
1.223 | (0.719 to 2.079)

Table 26: Lymphocyte RE% in burns and HC

Day

14

28

Medians
Sepsis  No
Sepsis

0.4 0.3
0.8 0.6
0.7 0.9
0.8 1.1
1.4 1.2
1.7 1.7
15 15
2.25 2.55
1.85 2.25

Healthy | Estimate 95% CI
Controls

1.3 -0.8 (-1 to -0.5)
1.3 -0.4 (-0.7 to 0)
1.3 -0.5 (-0.8 to -0.1)
1.3 -0.3 (-0.6 to 0)
1.3 0.1 (-0.2 to 0.6)
1.3 0.4 (-0.2 to 0.9)
1.3 0.293 (-0.3t0 1)
1.3 1.1 (0.7 to 1.6)
1.3 0.6 (0.2t01.2)

AUROC
AUROC | 95% ClI

0.570 (0.425 to 0.714)
0.541 (0.385 to 0.697)
0.503 (0.336 t0 0.671)
0.628 (0.457 to 0.798)
0.570 (0.408 to 0.733)
0.549 (0.387 t0 0.711)
0.543 (0.372 t0 0.713)
0.599 (0.436 to 0.763)
0.621 (0.431 to 0.810)

Sepsis .vs. Healthy Controls

267

P-

value

0

0.054
0.016
0.073
0.419
0.162

0.393

0.009

Brier
Score
0.247
0.243
0.246
0.250
0.243
0.250
0.247
0.245
0.245

No Sepsis .vs. Healthy Controls

Estimate 95% CI P-
value
-0.8 ((1.1t0-06) O
-0.445 (-0.7t0 -0.1) 0.013
-0.4 (-0.8 t0 0) 0.049
-0.2 (-0.5 t0 0.3) 0.495
0 (-0.4 to 0.4) 0.927
0.4 (-0.2 t0 0.7) 0.155
0.2 (-0.2 to 0.5) 0.374
1.374 (0.81t02) 0
0.9 (0.4 t0 1.5) 0.001



Table 27: Monocyte X in burns and HC

Medians

Day  Sepsis

N oo o) WO N P

28

120.15
123.3
125.55
126.6
125.95
125.7
125.4
123.95
122.45

No
Sepsis
120.4
123.25
123.9
1254
1231
124.25
122.6
1221
121.6

Healthy

Controls
118.9
118.9
118.9
118.9
118.9
118.9
118.9
118.9
118.9

Sepsis .vs. Healthy Controls

value

Estimate 95% CI P-
1.3 (0.4 10 2.3)

4.3 (2.8105.8) 0
6.4 (4.7t07.9) 0
7.1 (5t088) 0
6.9 (5.5t08.4) 0
7 (5.7t08.3) 0
6.3 (4.8t07.7) O
4.837 (35t06) O
3.471 (2.1t04.9) 0

0.003

No Sepsis .vs. Healthy

Controls

Estimate 95% CI P-
value

1.306 (0.3t02.3) 0.016

4.274 (2.8105.5) 0

5.2 (3.6t06.8) O

6.2 (4.4t08.4) 0

4.3 (29t06.9) 0

5.1 (3.6t06.5) O

4.3 (3to 6) 0

3.385 (22t04.8) O

2.6 (1.3t0 3.9) 0.002

Table 28: Prognostic modelling of monocyte X for sepsis prediction in septic and

non-septic burn

Day

N o o A W N P

Sepsis

Yes No
42 40
37 32
40 38
37 31
40 32
34 30
37 31
34 29
26 23

Odds Ratio

OR 95% ClI

1.252 | (0.771to 2.032)
1.184 (0.805 to 1.740)
1.222 (0.914to 1.633)
1.026 (0.7351t0 1.433)
1.62 | (1.111to 2.360)
1.501  (1.005 to 2.240)
1.478 | (0.991 to 2.205)
1.387 | (0.925 to 2.080)
1.267  (0.790 to 2.033)

268

AUROC
AUROC
0.469
0.529
0.584
0.540
0.674
0.657
0.646
0.606
0.574

95% Cl
(0.341 to 0.597)
(0.390 to 0.668)
(0.456 t0 0.712)
(0.400 to 0.679)
(0.547 to 0.801)
(0.519 to 0.794)
(0.512 to 0.780)
(0.463 to0 0.749)
(0.407 to 0.740)

Brier
Score
0.247
0.246
0.244
0.248
0.221
0.231
0.234
0.238
0.244



Table 29: Monocyte Y in burns and HC

Day

~N o O A WO N P

Medians

Sepsis

108.05
119
126.9
131.6
129
123.8
120
117.2
116.95

No
Sepsis
112.55
122.5
127.4
130.7
123.8
117.25
1154
114.4
117.3

Healthy
Controls
115.4
115.4
1154
115.4
115.4
1154
1154
115.4
1154

Sepsis .vs. Healthy Controls
Estimate 95% CI

-6.9
4.4
11.199
17.6
13.6
9.85
6.064
2.449
2.54

Table 30: Monocyte Zin burns and HC

Day

N o g A WN P

Medians

Sepsis

70.05
69.8
69.2
68.9
68.2
67.15
67.3
66.05
67.9

No
Sepsis
69.15
69.65
69.4
69.4
67.8
68.7
68.1
67
69.5

Healthy
Controls
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5
68.5

(-10to -3.5)
(0.3109.2)

(5.7 to 16.9)
(12.1t0 22.2)
(9.3 t0 18.3)
(4.3 to 15.5)
(1.4 to 11.8)
(-2 t0 6.9)

(-1.7 to 6.4)

P-
value
0
0.033
0

0

0
0.001
0.007
0.29
0.242

Sepsis .vs. Healthy Controls
Estimate 95% CI

1.6
1.4

1

0.3

0

-1.2
-0.9
-2.553
-0.6

(0.5 to 2.6)
(0.2t0 2.6)
(-0.1t02.2)
(-0.9 to 1.4)
(-1.1t0 1.3)
(-2.5t0 0)
(-2.3t0 0.4)
(-4.1t0 -1)
(210 0.9)
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P-
value
0.005
0.022
0.07

0.594
0.953
0.055
0.168
0.002
0.469

No Sepsis .vs. Healthy Controls
Estimate 95% CI

-3.9
6.417
10.726
16.358
7.3

2.8

0.6

-2

2.2

(-7.2 t0 -0.2)
(2.5t0 11.5)
(6 to 15.5)

(10.7 to 21.8)
(1.6 t0 12.7)
(-1.5 to 7.8)
(-3.9 to 5.4)
(-6.4 to 3)

(-1.6 t0 6.3)

P-
value
0.035
0.004
0

0
0.01
0.173
0.787
0.512
0.256

No Sepsis .vs. Healthy Controls
Estimate 95% CI

0.9
1.3
0.7
0.8
-0.6
0.1
-0.4
-1.9
0.5

(-0.2 to 2)
(0.2t0 2.4)
(-0.41t0 1.9)
(-0.5 to 2.1)
(-1.81t00.7)
(-1.5t0 1.8)
(-1.8 to 0.8)
(-3.9t0-0.1)
(-0.9 to 1.6)

P-
value
0.096
0.025
0.206
0.23

0.36

0.904
0.498
0.036
0.532



Table 31: A compression between SIFTI2 and SIFTI1 in the combined model

of cfDNA and IGs levels in sever thermal injuries.

SIFTI2 SIFTI1
Sepsis AUROC Sepsis AUROC
Day Yes No AUROC 95% ClI Yes No | AUROC 95% ClI
(0.465 to 24 9 0.829 (0.684 to
1 39 39 0.593 0.721) 0.973)
(0.499 to 26 10 0.515 (0.297 to
3 36 36 0.630 0.762) 0.734)
(0.600 to 29 9 0.750 (0.551 to
7 35 31 0.725 0.851) 0.949)
(0.679 to 33 10 0.791 (0.609 to
14 31 29 0.796 0.914) 0.974)
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Table 32: Correlation between VWF and cfDNA levels in severe thermal

injuries.

No. | correlation (Y/N) P value | R?value Pearson r
DAY 1 | 63 N 0.5408 0.006164 0.07851
DAY 2 | 58 N 0.9895 | 0.000003149 0.001774
DAY 3 | 57 N 0.1676 0.03433 0.1853
DAY 4 | 53 Y * 0.0212 0.09983 0.316
DAY S5 | 54 Y * 0.0125 0.114 0.3376
DAY 6 | 46 N 0.1002 0.06022 0.2454
DAY 7 | 46 Y ** 0.0031 0.1826 0.4273
DAY 8 | 44 Y ** 0.0032 0.1885 0.4342
DAY 9 45 Y ** 0.0014 0.2135 0.4621
DAY 10 | 46 Y R <0.0001 0.294 0.5422
DAY 11 | 43 Y R <0.0001 0.4522 0.6725
DAY 12 | 41 Y ** 0.0015 0.2294 0.479
DAY 13 | 39 Y ** 0.0025 0.2211 0.4702
DAY 14 | 40 Y * 0.0293 0.119 0.3449
DAY 28 | 28 N 0.5568 0.01344 -0.1159
Overall | 708 Y eRx <0.0001 0.04957 0.2226
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Table 33: Correlation between VWF and neutrophil Y levels in severe thermal

injuries.

No. correlation (Y/N) P value R? value Pearson r
DAY 1 63 N 0.3707 0.01316 0.1147
DAY 2 54 N 0.853 0.000667 0.02582
DAY 3 59 N 0.9154 0.0002 0.01413
DAY 4 48 N 0.5363 0.008369 -0.09148
DAY 5 53 N 0.5813 0.006006 0.0775
DAY 6 38 N 0.5629 0.009385 0.09688
DAY 7 46 Y * 0.0415 0.09108 0.3018
DAY 8 38 N 0.275 0.033 0.1817
DAY 9 40 Y ** 0.0021 0.2236 0.4728
DAY 10 46 Y rxx 0.0001 0.2862 0.535
DAY 11 37 Y rxx 0.0001 0.3506 0.5921
DAY 12 41 Y ** 0.0022 0.2153 0.464
DAY 13 33 Y ** 0.0042 0.2355 0.4853
DAY 14 43 Y * 0.0351 0.1038 0.3222
DAY 28 31 N 0.9338 0.000242 -0.01555
Overall 680 Y Rk <0.0001 0.04607 0.2146
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Table 34: Correlation between neutrophil ADAMTS13 and cfDNA levels in

severe thermal injuries

No. | correlation (Y/N) P value | R?value Pearson r
DAY 1 62 N 0.3009 0.01782 0.1335
DAY 2 59 N 0.9027 | 0.0002645 0.01626
DAY 3 58 N 0.6414 0.0039 0.06245
DAY 4 54 N 0.8676 0.02019 0.02322
DAY 5 54 N 0.3054 0.114 -0.1421
DAY 6 46 Y * 0.0324 0.09982 -0.3159
DAY 7 45 N 0.1634 0.04467 -0.2114
DAY 8 42 N 0.2282 0.0361 -0.19
DAY 9 44 N 0.1862 0.04123 -0.203
DAY 10 46 N 0.6762 | 0.004003 -0.06327
DAY 11 42 N 0.056 0.08829 -0.2971
DAY 12 41 Y * 0.0146 0.1435 -0.3788
DAY 13 39 Y x* 0.0056 0.1894 -0.4352
DAY 14 40 Y * 0.0496 0.09767 -0.3125
DAY 28 29 N 0.0921 0.1015 -0.3186
Overall 705 Y Rk <0.0001 0.03575 -0.1891

273




Table 35: Correlation between ADAMTS13 and neutrophil Y levels in severe

thermal injuries

No. correlation (Y/N) P value R? value Pearson r
DAY 1 64 N 0.3657 0.01322 0.115
DAY 2 55 N 0.8461 0.000717 0.02678
DAY 3 60 N 0.128 0.03949 -0.1987
DAY 4 49 N 0.7541 0.002107 -0.0459
DAY 5 54 N 0.111 0.04813 -0.2194
DAY 6 39 N 0.5225 0.01114 0.1056
DAY 7 44 N 0.7983 0.001573 -0.03966
DAY 8 36 N 0.0533 0.1055 -0.3248
DAY 9 39 N 0.0811 0.07997 -0.2828
DAY 10 46 N 0.1388 0.04912 -0.2216
DAY 11 36 Y * 0.0439 0.1141 -0.3378
DAY 12 41 Y ** 0.0044 0.1902 -0.4361
DAY 13 33 Y * 0.0291 0.1445 -0.3801
DAY 14 43 Y * 0.0299 0.1099 -0.3315
DAY 28 32 N 0.5229 0.01374 -0.1172
Overall 671 Y rRx <0.0001 0.03302 -0.1817
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