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ABSTRACT 
 

 

There is an urgent need to develop predictive biomarkers for traumatic brain injury (TBI) 

to aid clinical diagnosis and treatment of head injury patients. NADPH oxidase 2 (NOX2) activity 

and oxidized biomarkers are being evaluated as clinical biomarkers of neurodegenerative 

diseases. DHR123 is a reactive oxygen species (ROS) dye routinely used to diagnose chronic 

granulomatous disease (CGD), a genetic disorder characterised by defects in NOX2 activity. It 

can be used to measure ROS release in fresh whole blood using flow cytometry protocols. 
Previous studies from our lab used DHR123 to investigate systemic immune function 

following moderate-to-severe TBI in mice, and they revealed that TBI significantly increases 

leukocyte-derived ROS levels at day 3 post-injury. There appears to be a biphasic response to 

TBI because ROS levels in blood decrease below baseline at day 7 post-injury, before 

rebounding and becoming highly elevated at day 60 post-injury. DHR123 was also used to assess 

stimulus-induced respiratory burst activity (PMA/ionomycin challenged) in peripheral leukocytes 

after TBI. Under these conditions there was no change in burst potential in bone marrow-derived 

myeloid cells at day 3 post-injury. However, stimulus-induced ROS was significantly reduced by 
>50% in monocytes and neutrophils at day 60 post-injury. These data indicate that, upon 

stimulation, respiratory burst is impaired in peripheral myeloid cells at chronic time points after 

TBI. Based on these findings the goal of this project was to combine DHR123 and a NOX2 

specific antibody to measure peripheral NOX2/ROS activity in leucocytes in the blood of sham 

and TBI mice during acute and chronic time points. 

We initially developed and optimized the NOX2/ROS assay in vitro using a human 

neutrophil-like cell line (HL-60) and had some successful results. We performed linear regression 
analyses between MFI DHR123 (ROS probe) and MFI NOX2 (gp91phox antibody) to assess the 

correlation between these two probes in different conditions (non-stimulated, stimulated, with 

NOX2 inhibitors) and successfully demonstrated a significant correlation that encouraged us to 

move forward in our project and apply this assay to experimental TBI studies in mice. 

 We then examined ROS release and NOX2 activity/expression in baseline and 

stimulated states of neutrophils and monocytes from the blood of sham and TBI mice at different 

time points (1,7, and 14 days post-injury).  Interestingly, we observed that upon stimulation at 14 

days post-injury the peripheral immune system already shows signs of impairment, whereas 
previously this impairment was observed at 2 months post-injury. Blood neutrophils from injured 

mice did not respond as expected after PMA/ionomycin stimulation in both outputs: MFI DHR123 

and MFI NOX2. Our preliminary results were promising and corroborated our hypothesis that 

after TBI the peripheral immune response becomes dysfunctional with time. These preliminary 

experiments demonstrate that the NOX2/DHR123 flow cytometry assay is easy to use and could 

potentially be translated to the clinical setting as a functional biomarker, to aid management and 

outcome prediction in TBI patients. 
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CHAPTER 1: INTRODUCTION 
 

1.1 Epidemiology of Traumatic Brain Injury 
 

Traumatic Brain Injury (TBI) is the main cause of death and disability following injury in the 

world. Studies estimate that 50 – 60 million new cases of TBI occur per year and that sums up to the 

total amount of US$400 billion annually to the international economy (GBD Neurology, 2019).  
According to Acquired Brain Injury Ireland, 10,000 people are hospitalised with TBI annually in Ireland 

(Figure 1-1). 

Epidemiological reports on TBI are limited globally, and the ones that do exist lack consistency. 

Incidence, prevalence, and mortality rates diverge greatly between countries and for various reasons 

including variations in data acquisition, data reporting and different definitions of TBI. Even the World 

Health Organization (WHO)’s definition of TBI, “an acute brain injury resulting from mechanical energy 

to the head from external forces”, is not complete enough, as it excludes manifestations caused by 

penetrating craniocerebral injuries. A recent systematic review was published with the TBI epidemiology 
in Europe (Brazinova et al., 2021) and they found that for all ages, all TBI severity studies, the crude 

incidence rate ranged from 47.3 to 849 per 100,000 population per year; and crude mortality varied 

between 3.3 to 28.10 per 100,000 population per year. There is an urgent need to standardise the 

global epidemiological reporting and to publish age-adjusted data which is an inherent requirement for 

valid comparisons between countries.  

TBI is classified as mild, moderate and severe according to the Glasgow Coma Scale (GCS). 

(Teasdale & Jennett, 1974, 1976) GCS is a widely used tool to objectively assess level of 
consciousness based upon three criteria: eye-opening, motor, and verbal responses. This assessment 

yields a score from 3 to 15 (mild: 13-15; moderate: 9-12; severe: 3-8).  Most cases reported are 

classified as mild (Faul & Coronado, 2015), but studies have shown that even in mild TBI, especially 

after repetitive concussions, patients may present with increased rates of neurodegenerative diseases 

like Parkinson’s and Alzheimer’s disease, as well as higher risk of acquiring secondary infections  and 

reduced life expectancy (Sharma et al., 2019). Severe TBI is considered a risk factor for dementia, 

stroke, and epilepsy, and is known to increase mortality rate (Maas et al., 2017; Taylor et al., 2017).  

Despite the scarcity of statistical studies, it is widely accepted that TBI is a major public health 
issue, increasing continuously worldwide, although at differing rates and causal factors vary between 

countries.  In the last decade the world saw a significant change in the pattern of TBI-related deaths 

causes. In High Income Countries (HIC) there was a substantial increase in fall related TBI deaths 

(affecting mainly the elderly), whereas in Low Medium Income Countries (LMIC) the main cause of fatal 

TBI is still traffic road accidents with young adults (GBD Neurology, 2019). 

After the injury, this condition poses a dramatic impact on patients, their families and society. 

Amongst TBI survivors, some will live with long-lasting consequences such as physical disabilities, 

dementia, cognitive impairment, psychiatric disorders and will require long-term rehabilitation 
treatments (Stocchetti & Zanier, 2016). The US Centers for Disease Control and Prevention has 

estimated an average decrease in life expectancy in surviving TBI patients of 9 years (CDC, 2022). An 
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additional and less well-known index that measures the overall burden of a disease/condition is the 

YLD (Years Lost to Disability). In 2016, TBI caused 8.1 million YLDs worldwide, corresponding to age-

standardised rates of 111 per 100 000 people. YLD and also YLL (Years of Life Lost) reflects better the 

health public consequences of this brain injury (Maas et al., 2017). 
 

 
Figure 1-1. Epidemiological data regarding brain injury and patient outcomes in Ireland 
An annual report published by the Acquired Brain Injury Ireland foundation including quantitative data 
regarding traumatic and non-traumatic cases of brain injury. (Acquired Brain Injury Ireland, 2019). 

 
 

1.2 TBI Biomarkers: The Current State of the Art 
 

A biomarker is defined as a substance which is objectively measured in body fluids and that 

indicates normal or pathological biological responses. A biological marker can be used as an adjunct 

of clinical evaluation and represents a powerful tool to optimise diagnosis, monitor disease progression 
and improve outcome prediction in different clinical scenarios (Gan et al., 2019). 

In the context of TBI, an enormous heterogeneity is observed in the sex, age, previous health 

status of patients, and the mechanism and severity of trauma in patients. Additionally, a single mild TBI 

can lead to a wide range of individual responses from being asymptomatic to significant neurologic 

disability. This heterogeneity reiterates the need of a patient-based assessment which will permit for an 

individualized, tailored management and treatment plan more precise than broad protocols.  

Clinical scenarios in which the use of a TBI biomarker could be advantageous include: 

document concussion when the history is unclear, predict intracranial damage after a mild TBI and help 
in the decision to indicate a CT head, aid in return to play/work decisions, and predict poor outcome 

after a moderate/severe brain injury (Gan et al., 2019). Additionally, it has been demonstrated that the 

risk of neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) is 
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increased after a brain injury (Delic et al., 2020; Gardner et al., 2018; Li et al., 2021; Ramos-Cejudo et 

al., 2018) and the risk of secondary infections is also higher in these patients (Harrison-Felix et al., 

2012; Lee & Rincon, 2012; Schwulst et al., 2013; Scott et al., 2013; Sharma et al., 2019). These post-

injury long term consequences have been linked to a sustained inflammatory response after the primary 
injury (Simon et al., 2017). A blood-based test that could not only reflect tissue damage but also 

demonstrate the functional state of the immune system would guide us to provide a better care for these 

patients, and moreover, would aid in the prognosis assessment and development of targeted 

treatments.  

There is current ongoing research into blood and cerebral spinal fluid (CSF) biomarkers for TBI. 

However, as TBI is a diverse and variable condition its complexity hinders the identification of a unique 

substance that could reflect accurately its whole heterogeneity (Huie et al., 2021; Kawata et al., 2016; 

Zetterberg & Blennow, 2016). The primary drawback from the current TBI biomarkers candidates is the 
lack of specificity. While promising as TBI biomarkers, most are also increased due to traumas not 

involving the central nervous system (CNS). There are a number of biomarker candidates under 

investigation for application to TBI, these biomarkers and their characteristics and limitations are 

discussed below (Figure 1-2).  

 

Figure 1-2. Candidate biomarkers for Traumatic Brain Injury 
Potential TBI biomarkers currently include neurofilament light (NFL), neuron-specific enolase (NSE), 
ubiquitin C-terminal hydrolase-L1 (UCH-L1), S100B and glial fibrillary acidic protein (GFAP). NFL is a 
biomarker for axonal injury, whereas NSE and UCHL1 are proteins enriched in neuronal soma and are 
putative biomarkers for neuronal injury. GFAP and S100B are secreted from activated astrocytes 
following TBI. Image created with BioRender.com 
 

 

S100 calcium binding protein B (S100B) is a protein most abundant in glial cells of the CNS, 

predominately in astrocytes. S100B also has extracerebral origin (adipose tissue and skeletal 

muscle) and these findings may affect the interpretation of its serum levels after TBI. Several 
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clinical studies have demonstrated that increased circulating S100B is associated with poor TBI 

outcomes, and it has been incorporated in the Scandinavian guidelines of initial management 

of head injuries in adults. Minkkinen et al., demonstrated the validity of using S100b as a tool 

for screening TBI patients, which has the added potential to reduce unnecessary CT scanning 
and costs (Kleindienst et al., 2007; Minkkinen et al., 2019; Undén et al., 2013). 

 

Glial fibrillary acidic protein (GFAP) is an intermediate filament protein of the astrocytic 

cytoskeleton, which is released into the bloodstream after injury-induced astroglial damage. 

GFAP is a promising biomarker which was approved in 2018 by US Food and Drug 

Administration (FDA) to be used with ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) for 

aiding in the clinical decision of obtaining head computed tomography (CT) scan in patients 

with mild TBI (Abdelhak et al., 2022; Anderson et al., 2020; Bazarian et al., 2018; Mondello et 
al., 2011; Mondello et al., 2021). 

 
Ubiquitin carboxy-terminal hydrolase-L1 (UCH-L1) is a de-ubiquitinating enzyme 

specifically expressed in neurons.  A blood test which combines UCH-L1 and GFAP was 

approved by FDA and has been in use in the clinical setting since 2018.  Mondello at al. has 

demonstrated that patients with diffuse injuries present with higher UCH-L1 levels than GFAP 
with a possible explanation for this profile being that astrocytes are more resistant to ischemia 

and other stressors than neurons. A predominance of neuronal death is postulated to occur in 

diffuse injuries   (Anderson et al., 2020; Bazarian et al., 2018; Mondello et al., 2011). 

 
Neuron- Specific Enolase (NSE) is an enzyme involved in glycolytic energy metabolism in the 

brain and is released from neurons following injury. Although NSE is relatively specific for 

neuronal cells, it is also found in neuroendocrine carcinomas. It has been demonstrated that 

following TBI NSE levels are elevated in the serum (Wolf et al., 2013), however there is not 
sufficient evidence to recommend its use in the clinical practice thus far (Mondello et al., 2021). 

 

Neurofilament light (NFL) are proteins exclusively expressed in neurons that are released in 

the CSF and blood upon axonal damage. They are highly specific for neuronal cell damage 

and are gaining increasing interest not only in TBI research but also in different neurological 

disorders which also involve neuroaxonal damage such as multiple sclerosis, stroke, 

amyotrophic lateral sclerosis and Parkinson disease. The introduction of fourth generation 

assays (single-molecule array) enabled highly sensitive detection of NFL in blood across a wide 
range of concentrations, even in mild disease (Khalil et al., 2018). There is growing clinical 

evidence indicating that NFL could be a potential TBI blood-based biomarker with good 

diagnostic utility and even better prognostic value (Gao et al., 2020; Shahim, Politis, van der 

Merwe, Moore, Chou, et al., 2020). Shaim et al., recently demonstrated that NFL has a better 

correlation with the rate of MRI brain atrophy for subacute and chronic TBI when compared to 

GFAP, tau and UCH-L1 (Shahim, Politis, van der Merwe, Moore, Ekanayake, et al., 2020). 
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While these biomarkers just discussed offer promising potential as TBI diagnostic and 

prognostic tools, there is also an urgent need to find a way to fully and successfully integrate these tools 

into the clinical decision-making process. While there may previously have been an emphasis on finding 

an unique, singular biomarker, several  studies have demonstrated that instead of choosing a sole 
biomarker as a “TBI signature”, a better approach would be to assess multiple biomarkers 

simultaneously (Huie et al., 2019; Thelin et al., 2019; Zetterberg & Blennow, 2016). A combination of 

various biomarkers with different cellular origin would give us information on different pathological 

mechanisms as well as the involvement of different organ systems. As a result, this would increase 

predictive value and improve the accuracy to diagnosis and anticipate recovery post-TBI. 

 In an important difference from the biomarkers of cellular damage described above, our study 

aimed at developing a functional blood-based TBI biomarker. Several studies have shown that brain 

injury culminates in persistent systemic and neuroinflammation and moreover, TBI victims present with 
increased risk to infections (Harrison-Felix et al., 2012; Schwulst et al., 2013; Scott et al., 2013; Sharma 

et al., 2019). The main goal of this project is to use a simple and robust assay to demonstrate the 

profound and prolonged changes in the innate immune responses provoked by mild to moderate TBI.  

 

1.3 TBI and the Immune System: Central and Peripheral Responses 

 
TBI is a heterogeneous condition as it involves a complex diversity of pathological responses 

and depends on multiple factors such as patient age, sex and comorbidities. It is essential to consider 

the severity and mechanism of the primary injury, which is defined as the direct mechanical damage to 
the brain tissue and its surroundings; as well as the impact of the secondary injury, which includes any 

additional insult such as hypoxaemia, hypotension and inflammation. Thus, predicting outcome 

following TBI is an incredibly challenging task (Jassam et al., 2017). 

The primary injury consists of brain contusion, intracranial haemorrhage, epidural and subdural 

haematoma, axonal shearing, vasculature damage and blood-brain-barrier (BBB) disruption which  

occur at the time of trauma and vary according to the severity. The secondary injury, on the other hand,  

occurs within minutes and may persist for potentially years after the initial trauma and involves 
numerous biochemical cascades, such as glutamate excitotoxicity, mitochondrial dysfunction, central 

and peripheral immune system activation, increased oxidative stress, among others. These secondary 

processes can exacerbate neurodegeneration and neurological impairment (Simon et al., 2017). 

Immediately after the injury, damage-associated molecular patterns (DAMPs) are released from 

cells due to membrane disruption or actively secreted by monocytes or macrophage. Examples of 

DAMPs include ATP, heat shock proteins (HSPs), and HGMB1. These proteins, also knowns as 

alarmins, bind to DAMP sensors like receptor for advanced glycation end products (RAGE) and Toll-

like receptor (TLR) and induce microglia and astrocytes activation, and release of pro-inflammatory 
cytokines such as tumour necrosis factor alpha (TNFα), IL-6, IL-1β and IL-18 (Jassam et al., 2017). 

Microglial and astrocyte activation in the acute phase result in increased debris clearance and tissue 

repair (Figure 1-3). This response is favourable in the beginning; however, it may become exacerbated 

and detrimental with time, resulting in chronic increased levels of proinflammatory substances such as 
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reactive oxygen species (ROS) and cytokines, and ultimately promoting tissue damage and progressive 

neurodegeneration (Hanscom et al., 2021; Loane et al., 2014). 

 

 
 
Figure 1-3. TBI induces central and peripheral immune responses 
Illustration demonstrating the molecular and signalling sequalae and outcomes in CNS and peripheral 
responses to TBI. Abbreviations: Traumatic Brain Injury (TBI), Damage associate molecular patterns 
(DAMPs), Reactive Oxygen Species (ROS), Blood-brain-barrier (BBB), Intracranial pressure (ICP), 
Cerebral Blood Flow (CBF). Reproduced and modified from Hanscom et al., 2021. 

 

  

TBI results in cytotoxic oedema due to sustained intracellular water collection and vasogenic 

oedema due to BBB disruption (Jha et al., 2019). Both will lead to increased intracranial pressure (ICP) 

and reduced cerebral flow (CBF), enhancing the deficit in energy supply to the brain, cell death and 

neuroinflammation, ultimately leading to neurological dysfunction and deficits in motor, cognitive, and 
affective function. 
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It has been demonstrated that TBI has a substantial impact on the peripheral immune system 

(McDonald et al., 2020; Sabet et al., 2021). The peripheral compartment is represented by recruited 

immune cells that traffic through the blood to the brain (mainly monocytes and neutrophils initially) and 

also by lymphoid organs such as spleen, thymus and bone marrow which incur substantial modifications 
that persist chronically post-injury, as shown by some recent studies (Ritzel et al., 2018). The disruption 

of the BBB enables the infiltration of peripheral immune cells into the brain. Neutrophils are the first 

immune cell to arrive to the injury site and represent a critical innate immune response. They have a 

potent array of microbicidal mechanisms including phagocytosis, release of chemokines, proteinase, 

cytokines, and ROS, but in the context of a sterile injury the release of these products will perpetuate 

secondary tissue damage (Trivedi et al., 2021).  

TBI is also known to affect the autonomic nervous system (ANS) and the hypothalamic-

pituitary-adrenal (HPA), both of which are intrinsically associated with the systemic immune response 
following a head injury. During acute TBI, a massive release of catecholamines epinephrine and 

norepinephrine (E/NE) occurs, also known as “sympathetic storm”, which is associated with the release 

of glucocorticoids known to be involved in modulation of systemic immune function. A surge in 

catecholamines would result in the entry of marginated neutrophils into the circulation. A peak in 

glucocorticoid levels would stimulate bone marrow cellular production and release of immune cells into 

the blood stream (Hazeldine et al., 2015). TBI may also disrupt some mechanisms of cellular defence 

resulting in immunosuppression, which will be discussed in further depth in the next section.  

 
1.4 TBI and Peripheral Immune Suppression 

 
Several papers have shown that following experimental TBI in mice and TBI patients there are 

impairments in systemic immune responses (Doran et al., 2020; Hazeldine et al., 2015; Husain et al., 

2020; Marks et al., 2013; Ritzel et al., 2018; Schwulst et al., 2013; Sharma et al., 2019). These findings 

are extremely relevant considering that secondary infections result in increased mortality rates, longer 

hospital stays and poor neurological outcomes.   

Doran et al., demonstrated that acutely brain injured mice (3 days post-injury) infected with 

Streptococcus pneumoniae had impaired lung-infiltrating monocytes responses. These cells produced 

lower levels of IL1ß, TNF𝛼 and ROS in response to Streptococcus pneumoniae when compared to 

sham mice, which reflected an immunosuppressed state. They also showed that at 60 days following 

injury infected mice had increased mortality, exacerbated motor function impairments and 

neuroinflammation and dysfunctional monocyte responses (Doran et al., 2020). TBI mice at either acute 
or chronic time points were unable to respond to Streptococcus pneumoniae and control inflammation. 

Ritzel et al., showed that although ROS baseline levels are increased at 60 days following brain injury 

in mice, upon stimulation bone marrow neutrophils and monocytes did not release ROS as expected in 

chronically injured mice when compared to sham mice (Ritzel et al., 2018). 

Liao at al., investigated inflammatory mediators’ plasma levels and oxidative activity of 

circulating neutrophils in the blood from TBI patients, trauma control patients (general trauma with no 

CNS involvement) and uninjured subjects. These authors found that in the immediate hours and up to 
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14 days following TBI, neutrophils exhibit increased ROS generation in their resting state (Liao et al., 

2013). This enhancement in basal ROS levels was attributed to a TBI-induced increase expression in 

gp91phox, which is a subunit of the ROS generating enzyme nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase, also known as NOX. Interestingly, this study also described an impaired 
phagocytic activity of neutrophils in TBI patients throughout the entire observation period. In a study of 

TBI patients admitted to hospitals with moderate or severe brain trauma, Marks et al. found a significant 

impairment of the oxidative burst on day 9 post-injury and significant decreased phagocytic activity at 

day 3, 6 and 9 (Marks et al., 2013). 

TBI induces a widespread suppression of innate and adaptive immune responses that 

culminates in increased risk of hospital-acquired infections and multiple organ dysfunction (Hazeldine 

et al., 2015; Kourbeti et al., 2012). In addition to that, the long-term sequalae of TBI on systemic 

immunity are also largely unknown. The mechanisms underlying these processes are not fully 
understood and further studies exploring the TBI-induced peripheral dysfunction are required to 

comprehend this cross talk and to guide tailored clinical therapeutic interventions to improve TBI patient 

prognosis.  

 

1.5 TBI and NOX2 Activity 

 
 As previously described, following the primary brain injury, a complex cascade of secondary 

injury including edema, hypoxia, central and peripheral inflammation take place. These pathological 

mechanisms can have profound and persistent consequences to TBI survivors. One of the main 

contributors to the secondary injury is oxidative stress and there is growing interest in investigating 

these pathways (Husain et al., 2020; Kumar et al., 2016; Liao et al., 2013; Ma et al., 2018). The 

production and release of ROS occurs under physiological conditions; however, in TBI and other 

pathological conditions an imbalance between ROS/ROS scavengers can contribute to tissue damage 

and worsening of neurological outcomes. 
 ROS are produced by many cellular organelles such as mitochondria, peroxisome and 

endoplasmic reticulum. However, this project focused on ROS produced by NADPH oxidase 2 (NOX2), 

which is an enzymatic complex with the sole function of producing ROS. It has been demonstrated that 

NOX2 is chronically activated after TBI and plays a critical role in exacerbating the primary injury (Kumar 

et al., 2016). Thus, NOX2 has emerged as potential target in the management of these patients.  

Briefly, NOX2 is comprised of the multiple subunits, including membrane-bound subunits 

(gp91phox, p22phox), cytosolic subunits (p40phox, p47phox, p67phox) and regulatory Rac2. Upon stimulation, 
there is assembly and activation of the NOX2 complex, which involves translocation of cytosolic units 

to the membrane, phosphorylation of p47phox, and finally the conversion of oxygen to superoxide via 

NADPH-dependent oxygen reduction. While there are seven isoforms of the NOX enzyme, NOX2 is 

the most studied and is highly associated with TBI (Figure 1-4) (Liao et al., 2013; Ma et al., 2018).  



 9 

 
 

Figure 1-4. NOX2 activation and complex assembly 
Upon stimulation, the cytosolic subunits p40phox, p47phox, p67phox and regulatory Rac2 translocate to the 
plasma membrane and assemble a complex with the membrane bound subunits gp91phox and p22phox.  
A key step for this process is the phosphorylation of p47phox by p21-activated kinase. Reproduced and 
modified from Simpson et al., 2020. 
 

 NOX2 plays a key role in host defense against bacterial infection, but it also regulates others 

cellular processes such as cytokine/chemokine signalling (Sun et al., 2020). Deficits in protein subunits 
of NOX2 result in an innate immune deficiency called Chronic Granulomatous Disease (CGD). CGD 

affects mainly the phagocyte compartment (i.e. neutrophils, monocytes, and macrophages) and it 

presents with impaired superoxide production that is essential for microbicidal activity; therefore, it 

culminates in increased susceptibility to bacterial and fungal infections (Rastogi et al., 2017). There is 

a wide spectrum of clinical manifestations in CGD ranging from mild to life-threatening infections and 

that is because CGD can be genetically heterogeneous. CYBB variants (gp91phox) for example present 

with more severe disease than patients with NCF1 (p47phox) defects (Chiriaco et al., 2016). 
 The current gold standard diagnostic test for CGD is the dihydrorhodamine (DHR) flow 

cytometry assay as it corelates with NOX2 activity (Richardson et al., 1998). DHR123 is an uncharged 

non-fluorescent dye which in the presence of ROS is oxidized to fluorescent R123. This is a simple 

assay that consists in the ex vivo stimulation of phagocytes in a whole blood sample with an oxidative 

burst stimulant such as phorbol myristate acetate (PMA) and measures ROS release in monocytes and 

neutrophils using an appropriate gating strategy. 
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 As DHR123 is a widely used and simple assay and there is a documented correlation between 

this dye and the NOX2 enzymatic activity, it could potentially be applied as a biomarker in TBI. However, 

DHR123 is not specific for NOX2 as it reacts not only with superoxide anion (NOX product) but also 

other oxidants, making it unsuitable for quantitative or kinetic studies (Quinn et al., 2007). In order to 
circumvent this limitation, use of DHR123 as a biomarker in either preclinical or clinical studies would 

need to incorporate a means of simultaneously assessing NOX2 activity/expression and ROS release 

in baseline and stimulated states, such as inclusion of a NOX2 specific antibody. 

 

1.6 Role of NOX2 Activity in Neurodegenerative Diseases 
 

 NOX2 and Amyotrophic lateral sclerosis (ALS)  
 
 ALS is a neurodegenerative disorder affecting primarily the motor system, in the brain, brain 

stem and spinal cord leading to progressive muscle weakness and wasting. Some studies have shown 

that NOX2 exacerbates disease progression in the SOD1G93A transgenic mice, a widely used mouse 

model of ALS. NOX2 expression and activation was shown to be significantly upregulated in microglia 

in the spinal cord of SOD1G93A mice compared to controls (Wu et al., 2006). The authors demonstrated 

that NOX2 deletion in SOD1G93A transgenic mice prolonged survival and slowed disease progression, 

suggesting that NOX2 activity contributes to the degeneration of motor neurons and disease 

progression in ALS. In a clinical study, NOX2 activity from peripheral neutrophils and monocytes was 
directly measured in fresh whole blood of a cohort of 83 ALS patients using the Phagoburst™ assay 

which measures mean fluorescent intensity (MFI) DHR123 following different stimulation conditions by 

flow cytometry. The authors did not identify a significant difference in NOX2 activity between ALS 

patients and matched controls. However, ALS patients with lower NOX2 activity (low DHR123 oxidation) 

were found to have a significant longer survival (Marrali et al., 2014). 

 
 NOX2 and Alzheimer’s disease (AD) 

 NOX2 has also been associated with AD pathology mechanisms. Increased NADPH oxidase 

activity was found in post-mortem brains of AD patients (Butterfield & Boyd-Kimball, 2018) and a recent 

study demonstrated that NOX2 knockout aged mice had less Aβ deposition and plaque formation 

compared to aged wild-type controls (Geng et al., 2020). ROS levels were also decreased in NOX2 

knockout mice, showing that ROS released in the aged mice was NOX2-dependent. It has also been 

found that Aβ activates microglia, consequently, though the production of toxic and inflammatory 
mediators such as nitric oxide, cytokines and ROS. Therefore, NOX activation can be mediated by 

inflammatory factors, such as Aβ, TNF-α, and interleukins, proteins also involved in AD pathology. The 

activation of microglial cells and NOX can then produce more inflammatory mediators, causing a vicious 

cycle which damages the neurons and causes chronic neurodegeneration (Fragoso-Morales et al., 

2021). 
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NOX2 and Multiple Sclerosis (MS) 
 
In contrast to other neurodegenerative diseases, MS is an autoimmune disease that results in 

the destruction of the myelin sheath and the neuronal loss is secondary to the myelin loss. MS presents 
typical features of inflammation as it is characterized by infiltration of leukocytes in the brain and spinal 

cord (Sorce et al., 2017). It has been demonstrated that superoxide released by microglia plays a key 

role in the progression of MS. A recent study investigated the effect of NOX2 gene ablation on the 

inflammatory response in a mouse experimental autoimmune encephalomyelitis (EAE) model and 

demonstrated that NOX2 deficiency attenuates demyelination, neuronal damage and disease severity 

(Hu et al., 2021). An important clinical study demonstrated upregulation of the subunits gp91phox, 

p22phox, and p47phox in activated microglia in classical active lesions in autopsy brains of patients with 

MS, which suggest that oxidative burst is important in the pathogenesis of MS (Fischer et al., 2012). 
 
1.7 NOX2/ROS Assay Development 
 

NOX2 activator 
 
In this project we used phorbol 12-myristate 13-acetate (PMA) and ionomycin to induce 

respiratory burst in leukocytes. PMA is a potent Protein Kinase C (PKC) activator and has been shown 

to induce respiratory burst by NOX2 through stimulation of PKC (Cox et al., 1985). Some studies 
revealed that PKC induces phosphorylation of p47phox and translocation of p47phox and p67phox to the 

plasma membrane, enabling the complex assembly and superoxide generation (El-Benna et al., 2009; 

Nauseef et al., 1991; Rastogi et al., 2017) (Figure 1-4). Ionomycin is a calcium ionophore which 

synergizes with PMA in enhancing the activation of PKC. 
 

 NOX2 inhibitors 
 
Most of the NOX inhibitors (i.e. VAS2870, GKT136901, GKT137831) reported are non-specific 

for the NOX isoforms. Some inhibit upstream pathways of ROS, while others act as oxidant scavengers 

or produce artifacts in the assay. When assessing NOX inhibitors, it is important to use methods that 

measure both consumption of the substrates (NADPH and O2) and the products of the reaction (O2-) 

(Reis et al., 2020). Hirano et al. characterized a novel NOX2 inhibitor, GSK2795039, which inhibits both 
the formation of superoxide anion and utilization of the substrates. Importantly, this drug was selective 

over other NOX isoforms, xanthine oxidase, and endothelial nitric oxide synthase enzymes. 

GSK2795039 is orally available, non-toxic, CNS-permeable and inhibits NOX2 activity in vivo. We used 

GSK2795039 in our experiments in vitro to assess the specificity of our NOX2/ROS TBI biomarker.  
 In this project we also used Diphenyleneiodonium chloride (DPI), a widely used inhibitor, as a 

broad antioxidant in order to compare against the effects of a NOX2 specific inhibitor (Reis et al., 2020). 

DPI inhibits ROS release by accepting an electron from flavin adenine dinucleotide (FAD). 
Consequently, DPI inhibits NOX and other flavoenzymes such as nitric oxidase synthase, xanthine 
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oxidase, mitochondrial complex I, and cytochrome P-450 reductase. DPI has high toxicity, low solubility 

and bind irreversibly to flavin limiting its utility in in vivo studies (Hirano et al., 2015). 
 
1.8 Hypothesis and Specific Aims 
 
 The hypothesis of this study was that TBI has profound and persistent effects on the peripheral 

immune responses leading to immunosuppression and increased susceptibility to infections among TBI 

survivors. We wanted to determine how oxidative stress participates in these processes by assessing 

NOX2 activity and ROS generation in blood leukocytes. 

Therefore, the goals of this Research Masters Project were to: 

1) Develop a robust panel to measure NOX2/ROS activity by combining DHR123 (ROS dye) 

and a specific antibody against NOX2 in vitro. 
2) Apply the NOX2/ROS flow cytometry assay in the blood samples from experimental TBI 

mice in different time points following injury. 

Ultimately, this project aims to translate our preclinical research around NOX2/ROS as a hallmark of 

systemic chronic inflammation in human TBI, and to determine whether NOX2/ROS activity in blood 

could be a predictive biomarker of injury severity and long-term outcomes in TBI patients.  
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CHAPTER 2: MATERIALS AND METHODS 
 
2.1 Materials 
 

2.1.1 Complete Roswell Park Memorial Institute (cRPMI) Medium 
500 ml RPMI 1640 Medium, GlutaMAX™ (Gibco, 61870010) 

10% Fetal Bovine Serum (FBS; Sigma-Aldrich, F9665) 

1% Penicillin/Streptomycin (Sigma-Aldrich, P4333) 

 

2.1.2 Cell Differentiation Media 
Complete RPMI (GlutaMAXTM, 2.1.1) 

DMSO 1.3% (v/v) (Sigma-Aldrich, 472301) 

 

2.1.3 FACS Buffer 
485ml Phosphate buffered Saline (Sigma-Aldrich, D8537) 

10ml EDTA (Sigma-Aldrich, E6511) 

5ml FBS (Sigma-Aldrich, F9665) 

 
2.1.4 Western Blot Lysis Buffer 
10 μl Phosphatase inhibitor cocktail 1 (Sigma-Aldrich, P2850) 

10 μl Phosphatase inhibitor cocktail 2 (Sigma-Aldrich, P5726) 

10 μl Protease Inhibitor cocktail (Sigma-Aldrich, P8340) 

100 μl PierceTM RIPA buffer (Thermo Scientific, 89900) 

 

2.1.5 Tris-buffered Saline (TBS) 10X 
63.04 g Tris HCL (Trizma; Sigma-Aldrich, T1503) 

175.32 g Sodium Chloride (Sigma-Aldrich, S9888) 

2 L dH2O 

pH to 7.5 

 

2.1.6 Western Blot Wash Buffer TBS-Tween 20 (TBST) 
100ml TBS (2.1.5) 

900ml dH2O 
0.5 ml Tween 20 (Sigma-Aldrich, P1379) 

 

2.1.7 Western Blot Blocking Buffer 5% Milk in TBST 
5 g Skim milk powder (Sigma-Aldrich, 70166) 

100 ml TBST (2.1.6) 
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2.1.8 Western Blot Blocking Buffer 5% BSA in TBST 
5g Bovine serum albumin (Sigma-Aldrich, A3059) 

100ml TBST (2.1.6) 

 
2.1.9 Separating Gel Buffer (1.5M) 
90.8 g Tris base (Sigma-Aldrich, T1503) 

1 g Sodium Dodecyl Sulfate (SDS) (Sigma-Aldrich, 436143) 

450 ml dH2O 

pH to 8.8 

 

2.1.10 Stacking Gel Buffer (1M) 
15.13 g Tris base (Sigma-Aldrich, T1503) 
1 g SDS (Sigma-Aldrich, 436143) 

200 ml dH2O 

pH to 6.8 

 

2.1.11 Stripping Buffer 
15 g Glycine (Sigma-Aldrich, G8898) 

1 g SDS (Sigma-Aldrich, 436143) 

10 ml Tween 20 (Sigma-Aldrich, P1379) 
pH to 2.2 

 

2.1.12 Subcellular Fractionation Lysis Buffer 
20mM Hepes, pH 7.2 

80mM Potassium Chloride (Sigma-Aldrich, P5405) 

1mM Ethylenediaminetetraacetic acid (Sigma-Aldrich, E7889) 

1mM EGTA 
1mM DTT 

250mM Sucrose (BDH Laboratory Supplies, BDH9308) 

200ug/ml Digitonin 
Protease Inhibitor (Sigma-Aldrich, P8340) 

dH2O 

 

2.1.13 General Reagents 
   

Reagent Catalogue 
number 

Supplier 

Acrylamide A3059 Sigma-

Aldrich 
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Ammonium 

Sulfate 

472301 Sigma-

Aldrich 

TEMED 61870010 Gibco 

Trypan 

Blue 

T8154 Sigma-

Aldrich 

 
 
2.1.14 Reagents for in vitro Stimulation and Treatment 
 
 

Reagent Working 
concentration 

Catalogue 
number 

Supplier 

Ionomycin 1.34uM 10634 Sigma-Aldrich 

Phorbol 12-myristate 13-

acetate (PMA) 

81nM P8139 Sigma-Aldrich 

Diphenyleneiodonium chloride 

(DPI) 

0.1 - 5 μM D2926 Sigma-Aldrich 

GSK2795039 1 - 25 μM HY-18950 MedChemExpress 

 
 
2.1.15 Separating Gels for Western Blot 
 

Reagent 10% gel 12% gel 15% gel 

30% Acrylamide 3.3 ml 4 ml 5 ml 

dH2O 4.0 ml 3.3 ml 2.3 ml 

Buffer (2.1.11) pH 6.8 2.5 ml 2.5 ml 2.5 ml 
10% Ammonium sulfate 100 μl 100 μl 100 μl 

10% SDS 100 μl 100 μl 100 μl 

TEMED 4 μl 4 μl 4 μl 

 
 
2.1.16 Stacking Gel 4%for Western Blot 
 

Reagent Volume 

30% Acrylamide 2.8 ml 

dH2O 660 μl 

Buffer (2.1.11) pH 6.8 500 μl 

10% Ammonium sulfate 40 μl 

10% SDS 40 μl 

TEMED 4 μl 
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2.1.17 Primary Western Blot Antibodies 
       

Antibody Molecular 
Weight (kDa) 

Block Host Working 
Dilution 

Catalogue 
number 

Supplier 

ß-actin 42 5% Milk in TBST Mouse 1:50,000 A1978 Sigma-

Aldrich 

Caveolin 22 5% Milk in TBST Mouse 1:200 sc-53564 Santa 

Cruz 

gp91 60/91 5% Milk in TBST Mouse 1:200 sc-130543 Santa 

Cruz 

p-Ser345 

(phospho-
p47) 

44 5% BSA in TBST Rabbit 1:1000  

SAB4504721 

Sigma-

Aldrich 

p22phox 22 5% Milk in TBST Mouse 1:500  
sc-271968 

 

Santa 

Cruz 

p40phox 40 5% Milk in TBST Mouse 1:200 sc-48388 Santa 

Cruz 

p47phox 47 5% Milk in TBST Mouse 1:1000 sc-17844 Santa 

Cruz 

p67phox 67 5% Milk in TBST Mouse 1:200 sc-374510 Santa 

Cruz 

 
 
 
2.1.18 Secondary Western Blot Antibodies 
 
Antibody Working 

dilution 

Catalogue 
number 

Supplier 

Goat 

Anti-
Mouse 

1:5000 115-035-

003 

Jackson 

ImmunoResearch 

Goat 

Anti-

Rabbit 

1:5000 111-035-

003 

Jackson 

ImmunoResearch 
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2.1.19 Other Western Blot Reagents 
 

Reagent Catalogue number Supplier 

30 % Acrylamide/Bis solution 

37.5: 

1610158 Bio-Rad 

4x Lamelli Sample Buffer  1610747 Bio-Rad 

2-Mercaptoethanol M3701 Sigma-
Aldrich 

TEMED T7024 Sigma-

Aldrich 

110x Tris/Glycine Buffer 1610734 Bio-Rad 

10x Tris/Glycine/SDS Buffer 1610772 Bio-Rad 

WesternBrightTM ECL-spray 

Western blot detection system 

K-12049-D50 Advansta 

WesternBrightTM Quantum 

Chemiluminescent HRP 
Substrate kit 

K-12042-D10 Advansta 

 
 
2.1.20 FACS Antibodies 
 

Specificity Clone Fluorochrome Working 
dilution 

Catalogue 
number 

Supplier 

CD45 30-F11 PE 1:200 12-0451-83 eBioscience 

CD11b M1/70 PE-Cy7 1:200 552850 BD 

Biosciences 

Ly6G 1A8 BV421 1:200 127627 Biolegend 

Ly6C AL-21 BV605 1:200 563011 BD 
Biosciences 

NOX2/gp91phox Polyclonal Alexa Fluor 647 1:100 bs-3889R-

A647 

Bioss 

 

 

2.1.21 Other FACS Reagents 
 

Reagent Catalogue 
number 

Supplier 

Anti-mouse CD16/32 Fc 
block 

  553141 BD 
Biosciences 
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CountBright Absolute 

Counting Beads 

C36950 Invitrogen 

Dihydrorhodamine 123 D23806 Invitrogen 

FoxP3 Transcription Factor 

Staining Buffer Set 

00-5523-00 

 

eBioscience 

LIVE⁄DEAD® Fixable Near-
IR Dead Cell Stain 

L10119 Thermo Fisher 

Lysing buffer 555899 BD 

Biosciences 

One Comp eBeads 01-1111-42 eBioscience 

Paraformaldehyde (16%) 28906  Thermo Fisher 

 

 

2.2 Methods 
 

2.2.1 HL-60 Cell Culture and Differentiation 
 

2.2.1.1 Culture 
 

HL-60 cells are promyeloblasts isolated from the blood from a woman with acute promyelocytic 

leukaemia. This cell line can be differentiated along macrophage or neutrophil lineage (Babatunde et 

al., 2021; Brackman et al., 1995; Zucker et al., 1983) and is widely used as a model system for the 
analysis of human neutrophil behaviour (Birnie, 1988; Hauert et al., 2002). Considering that myeloid 

cells are the major producers of ROS during inflammation, this cell line was chosen as a tool to 

investigate ROS produced by NADPH oxidase 2. HL-60 cells used in this study were kindly provided 

by Dr. Rebecca Amet (Trinity College Dublin). 

Cells were cultured in RPMI Glutamax™ supplemented with 10% FBS and 1% (v/v) 

penicillin/streptomycin at 37oC with 5% CO2. Single cell suspensions were cultured in T175 flasks for 2 

days and then centrifugated with subsequent resuspension at 1x105 viable cells/ml. Cell density was 

maintained between 1x105 and 1x106 viable cells/mL and cells between passage 5-20 were used for 
experimentation. 

 

2.2.1.2 Differentiation 
 

There is extensive evidence in the literature (Collins et al., 1978; Fleck et al., 2005; Millius & 

Weiner, 2010) regarding the role of DMSO in the differentiation of HL-60 cells into a granulocyte profile. 

We performed several experiments with this cell line in order to optimize conditions (density, treatment 
duration) for differentiation. In our protocol HL-60 cells were seeded at 5x105 cells/ml in T175 flasks 

with 1.3% v/v DMSO in complete RPMI Glutamax for 3-5 days without media change. 

 



 19 

2.2.1.3 Cell Counting  
 
 Viable cells were counted by diluting 10ul of cells in 90ul Trypan Blue solution 0.4% (Sigma-

Aldrich, 2.1.13). The mixture (10ul) was then placed in a haemocytometer. Live (viable) cells do not 
take the dye whereas dead (non-viable) cells are permeable and are stained as intense blue. The 

density (cells/ml) was determined by multiplying the average number of viable cells by the dye dilution 

factor (10) and by 104 to calculate the number of cells/ml. 

 

2.2.2 Pharmacological Stimulation and Inhibition of Reactive Oxygen Species Generation 

 
The stimulation model chosen to induce ROS release in HL-60 cells in this study was 81nm 

PMA and 1.34uM Ionomycin for 60 minutes at 37oC, 5% CO2. Concentrations were based on David 

Loane’s group previous experiments (Ritzel et al., 2018) and time of stimulation was decided based on 

repeated time-response experiments demonstrated in the results section (Figure 3-1B). To assess 

inhibition of ROS generation, differentiated HL-60 (dHL-60) cells were stimulated with PMA/Ionomycin 

and co-treated with GSK2795039 (MedChemExpress; 1-25μM; 1h; 37oC, 5% CO2) or 

diphenyleneiodonium chloride (DPI; Sigma-Aldrich; 0.1- 5μM; 1h; 37oC, 5% CO2). Cells were then 
prepared for flow cytometry analysis.  
  
2.2.3 Western Blotting 
 
 Preparation of total cell lysates was performed as follows. Briefly, dHL-60 cells (10x106 cells/ml) 

were transferred to 5ml tubes and centrifuged for 5 minutes (1350 rpm; 5 min; 4oC). Supernatants were 

discarded and the pellet was resuspended in Western blot lysis buffer (2.1.4). Cell lysates were 
incubated for 20 minutes on ice and then sonicated (6 pulses of 1 second duration each), after which 

the lysate was centrifuged (15,000 rpm; 15 mins; 4oC) to pellet the insoluble material. Supernatants 

(cell lysates containing soluble proteins) were collected and transferred to 1.5ml microcentrifuge tube. 

Protein concentrations were quantified using the PierceTM BCA Protein Assay kit (Thermo Scientific, 

10678484) and all samples were then normalised to [1ug/ul] using RIPA, 4x Lamelli buffer (2.1.19) and 

ß-mercaptoethanol (2.1.19).  

Samples were denatured (95oC; 5mins) before being loaded 15-20ug (15-20ul) per sample onto 

10-15 % gels (2.1.15) and undergoing electrophoresis. Proteins were transferred from the gels to 
nitrocellulose membranes using a Trans-Blot Turbo Transfer System (Bio-Rad, 1704150). After transfer 

was completed, membranes were washed twice with TBS-T (2.1.6, 5 minutes) and then blocked for 1 

hour in 5% milk in TBS-T (2.1.7) at room temperature. The membranes were then incubated with the 

respective primary antibodies in TBS-T (2.1.6) overnight at 4oC. Membranes were then washed in TBS-

T (3 times, 5 minutes) and incubated in the appropriate HRP-conjugated secondary antibody in TBS-T 

for 2 hours at room temperature. Finally, membranes were washed three times in TBS-T (5 minutes, 

room temperature), and proteins were visualized using enhanced chemiluminescence 

(WesternBrightTM ECL-spray, 2.1.19). Protein bands were quantified by densitometric analysis using 
Image Lab software v6.0.1 build 34.  
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2.2.4 Subcellular Fractionation  
 

Subcellular fractionation was performed to investigate compartmentalization of proteins thought 

to play a role in the generation of ROS in activated dHL-60 cells. Briefly, dHL-60 cells (40x106 cells/ml) 
were transferred to 5ml tubes and centrifuged at 1350 rpm for 5 min (Figure 2-1 and 2-2). Supernatants 

were discarded and the pellet was resuspended in 500ul of subcellular fractionation lysis buffer (2.1.12) 

and incubated on ice for 20 minutes. The pellet was then passed through a 25G needle 25 times and 

incubated on ice for an additional 15 minutes. Samples were centrifuged at 1000xg for 5 minutes to 

pellet down the nuclei fraction; the supernatant, containing cytoplasm, plasma membranes and 

mitochondria, was saved on ice for later steps. The nuclei pellet was resuspended in 500ul of subcellular 

fractionation lysis buffer (2.1.12), passed through a 27G needle 20 times, incubated on ice for 15 

minutes, centrifuged again at 1000xg for 5 minutes. These steps were repeated once more, and 2 
washes were performed. The final nuclear pellet was resuspended in 75ul of Western blot lysis buffer 

(2.1.4). The supernatant containing cytoplasm, plasma membrane, and mitochondria saved previously 

was centrifuged at 12000xg for 10 minutes to pellet down the mitochondrial fraction; the supernatant 

from this spin (saved for downstream steps) contained cytoplasm and plasma membrane proteins. The 

mitochondrial pellet was washed and centrifuged at 12000xg for 10 minutes twice, finally being 

resuspended in 75uL of Western blot lysis buffer (2.1.4). The supernatant containing cytoplasm and 

plasma membrane fractions was concentrated using 3 kDa filter units (Millipore, UFC200324) to a final 

volume of 200ul and then ultracentrifuged at 50000 rpm (equivalent to 100000xg) for 1 hour. The 
supernatant from this first ultracentrifugation spin contained cytoplasm proteins and was stored on ice. 

The pellet from the first ultracentrifugation spin was washed and spun at 50000 rpm for 45 minutes and 

the new resulting pellet containing plasma membrane proteins was resuspended in Western blot lysis 

buffer (2.1.4). All the centrifugations in this protocol were done at 4oC and samples were kept on ice all 

times.  

Nuclear, mitochondrial, and total cell lysates (positive control) samples were sonicated on ice 

for 12 pulses of 1 second duration each. Protein quantification and western blotting of samples for 
visualization of proteins and qualitative analysis were performed as previously described in the Western 

blotting section above. 
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Figure 2-1.  Subcellular fractionation protocol schematic  
Image created with BioRender.com. 
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Figure 2-2. Subcellular fractionation protocol schematic  
Continuation of subcellular fractionation protocol from Figure 2-1. Image created with BioRender.com. 
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2.2.5 Experimental Traumatic Brain Injury 
 

2.2.5.1 Animals and Experimental Design  
 
C57BL/6JOlaHsd mice were bred by the Comparative Medicine Unit (CMU), Trinity College 

Dublin. Mice were maintained under guidelines and regulations of the Health Products Regulatory 

Authority and experiments were carried out under license with the approval of Trinity College Dublin 

Animal Research Ethics Committee. Experiments were conducted with 7–9-week-old male mice. Mice 

were sacrificed by anaesthetic overdose (isoflurane) followed by terminal blood collection (cardiac 

puncture) and transcardial perfusion by a trained researcher. 

At 7-9 weeks of age, male C57BL/6JOlaHsd mice (n=4-5/group Cohort 1; n=5-6/group Cohort 

2; n=5-6/group Cohort 3) were subjected to either sham surgery (incision only) or controlled cortical 
impact (CCI) (Figure 2-3). Mice were daily weighted and assessed for health and wellbeing. On day 1 

post injury (cohort 1), day 7 post injury (cohort 2) or day 14 post injury (cohort 3) animals were weighed, 

anaesthetized with 4.5% isoflurane, and ~0.5ml of blood was collected via cardiac puncture into 

heparin-coated tubes for flow cytometry analysis. Isoflurane was then reduced to 1.5% and the spleen 

was removed, weighed, and transferred to tubes containing ice cold RPMI. 

Figure 2-3. Experimental design  
Mice were subjected to sham (incision only) or TBI (CCI) after which blood, spleen, thymus and brain 
tissue were collected at 1-, 7-, and 14-days post-injury for flow cytometry and molecular analyses. Mice 
were weighed daily and monitored for health and wellbeing. Image created with Biorender.com 

 

The mice were then transcardially perfused with 50ml ice-cold 0.9% saline. Perfused brains 

were removed and rapidly dissected on a cutting mat chilled to 4°C. The contralateral and ipsilateral 

hippocampus, cortex (3mm around the impact), and cerebellum were isolated, flash frozen in liquid 

nitrogen and stored at -70°C for later use in gene expression analyses. Thymus was also removed 

following saline perfusion, flash frozen in liquid nitrogen and stored at -70°C freezer for future studies 
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2.2.5.2 Controlled Cortical Impact 
 

In this study CCI model (68099Ⅱ, RWD, Guangdong, China) was used to induce mild- to 

moderate-level traumatic brain injury in adult male mice (Ritzel et al., 2018) (Figure 2-4). Briefly, mice 

were anesthetized with isoflurane dispensed from a precision vaporizer (R500, RWD, Guangdong, 

China) in 100% O2 (induction 3%, maintenance at 1.5%) through a chamber (induction) and nose mask 
(maintenance). After skin preparation with alternating scrubs of 2% chlorohexidine and 70%ethanol, a 

line infiltration of 50uL of 0.083% bupivacaine (W/V) was given subcutaneously before the incision to 

ensure analgesia. A 10mm midline incision was made over the skull and the skin and fascia were 

reflected. A 5mm craniotomy was made on the central aspect of the left parietal bone, taking care so 

as not to disrupt the underlying dura. The impactor tip was extended to its full stroke distance, positioned 

over the surface of the exposed dura, and set to impact the cortical surface. Mild- to moderate-level 

CCI was then induced by using an impactor velocity of 3m/s, deformation depth of 1mm, and 0.18 sec 
dwell time. Approximately, 100uL of 0.083% bupivacaine (W/V) was placed at the craniotomy site 

before wound closure to ensure post-operative analgesia. The incision was closed with 7-0 sutures and 

anaesthesia terminated. Mice received 1ml of normal saline intraperitonially for fluid replacement and 

were placed into a heated chamber (Harvard Apparatus) for 45 minutes post-injury to maintain core 

body temperature. All surgical procedures were performed using aseptic techniques. The control group 

for this procedure was a sham surgery that involved anaesthesia and skin incision, but no craniotomy 

or physical trauma using the CCI apparatus. Recovery from anaesthesia and post-operative behaviour 

during the acute phase every 5-10 minutes up to 1 hour after surgery was recorded. Return of righting 
reflex (RORR) which is the time taken by a mouse to return to prone position after being placed in 

supine position, was recorded for all mice after anaesthesia was terminated. An assessment form was 

completed for each animal daily post-surgery to monitor the animal health and wellbeing. This form 

included body weights, BAR (Bright, Alert, Responsive) score, incision conditions (signs of 

swelling/redness/discharge), and Pain Assessment Scoring (Table 1). 

 

 
Score Behaviour Action 

0 Normal behaviour No action 

1 Mild behaviour and physiological 

changes (slightly depressed behaviour, 

minor guarding of incision site) 

Observe animal 

closely 

2 Moderate pain (includes score of 

1 plus swelling/redness/discharge at 

surgical site, reluctance to move, guarding 
with vocalization or aggression) 

Observe animal 

closely and 

contact DV/ACUO 
for advice 

3 Severe pain/distress (includes 

scores of 1 & 2 plus immobility, 

Humanely 

euthanize and 

report. 
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dehiscence of incision, profound 

dehydration/weight loss) 

4 Moribund Humanely 

euthanize and 

report 

 
Table 1. Animal daily assessment 
Parameters and interpretation of scoring with action points. Abbreviations: DV, Designated 
Veterinarian; ACUO, Animal Care and Use Officer. 
  
 

Seizure activity is sometimes induced following CCI and mice were monitored for the 

development of seizures post-injury.  Animals with excessive and prolonged seizures accompanied by 

tonic flexion and extension of the limbs were removed from the study and humanely euthanized. In our 

study one mouse from the TBI cohort 1 and a second mouse from TBI cohort 3 developed progressive 

worsening seizures in the immediate post-operative period (within 1 hour) and were humanely 

euthanized. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-4. Controlled cortical impact device  
Mice were mounted on the ear bars with their bodies placed on covered heated pads. Temperature was 
monitored throughout the procedure via a rectal temperature probe. This picture shows a mouse under 
anaesthesia (maintained through nose mask) seconds after the injury was induced.  
 
 
2.2.6 Flow Cytometry Studies 
 
 2.2.6.1 Blood Preparation 

 

Blood (~0.5ml) was collected via cardiac puncture of deeply anaesthetized mice into heparin-
coated tubes. Two aliquots of 200μL of blood were transferred to two FACS tubes per mouse (to serve 

as control and stimulated tubes). Lysing buffer (2ml, 2.1.21) was added to all the samples to lyse the 
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red blood cells and incubated for 15 minutes at room temperature. Samples were then spun at 1350 

rpm at 4oC for 5 minutes and supernatants were decanted. Pellets were resuspended with 1ml of Lysing 

buffer and incubated for 15 minutes at room temperature. A second spin was performed, and pellets 

were resuspended in 500μl of RPMI Glutamax without FBS (2.1.1).  Cell pellets were then characterized 
using flow cytometry as described in the Flow Cytometry protocol below in section 2.2.6.3.  
 
     2.2.6.2 Spleen Preparation 

 
Spleens were isolated from freshly perfused mice and transferred to tubes with ice-cold RPMI 

and homogenized using the flat end of the plunger of a 1ml syringe to mince the organ through a 70 

µm cell strainer (Fisher Scientific, 352350). Cells were washed through the strainer with 10ml of RPMI 

without serum and centrifuged at 1350 rpm for 5 minutes at 4oC. The supernatants were carefully 
removed and discarded without disturbing the pellet. Pellets were then resuspended in 1ml of Lysis 

Buffer and incubated at room temperature for 2 minutes. RPMI (9ml) was added to each tube and the 

cell solution was spun at 1350 rpm at 4°C for 5 minutes. The final pellets were resuspended in 1.2ml of 

RPMI without serum. Two aliquots of 500µL of the solution were transferred to FACS tubes per mouse 

(to serve as control and stimulated samples). The samples were then processed as indicated in the 

flow cytometry protocol described below in section 2.2.6.3.  
 
 2.2.6.3 Flow Cytometry Protocol 

 

Single-cell suspensions prepared from in vitro cultures (dHL-60 cells 1x106 cells/ml) or from in 

vivo studies (blood and spleen) were analysed by multi-colour flow cytometry in FACS tubes. For 

detection of ROS, cells were stained with DHR123 (2.1.21; 1:500) and stimulated with 81nm PMA 

(2.1.21) and 1.34uM ionomycin (2.1.21) for 60 minutes (dHL-60 cells) or for 30minutes (blood and 

spleen) at 37oC, 5% CO2. The stimulation reaction was stopped with cold PBS and cells were pelleted 

by centrifugation at 1350 rpm for 5 minutes at 4oC. The pellet was resuspended in 50μl/tube of 
Live/Dead Near Infrared (2.1.21; 1:600 in PBS) and incubated for 15 min in the dark at room 

temperature. After this step cells were washed with PBS and spun at 1350 rpm for 5 minutes at 4oC. 

Surface staining was carried out for 20 minutes on ice in the dark using fluor-conjugated antibodies 

diluted in FACS buffer in the presence of Fcγ receptor blocking antibody to prevent non-specific binding. 

A surface stain master mix was made by adding appropriate dilutions (1:100-500) of the appropriate 

fluor-conjugated antibodies to FACS buffer (2.1.3) and 50μL was then added to each sample. Cells 

were washed twice with FACS buffer following surface staining. For intracellular staining with the NOX2 

antibody (2.1.20), cells were first fixed with 50μl/tube of FoxP3 Fixation/Permeabilization solution 
(2.1.21) for 30 minutes at room temperature and then washed twice with 1X Permeabilization buffer 

(2.1.21). Fifty microliters of the NOX2 antibody solution (1:100 in 1X Permeabilization buffer) was then 

added to each sample and cells were stained in the dark for 1 hour on ice. After NOX2 staining, the 

cells were washed twice with 1X Permeabilization buffer and then washed again, twice, with FACS 

buffer. Supernatants were discarded and cells were re-suspended in FACS buffer (200μl/tube) and 
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stored at 4oC in dark until analysed by the flow cytometer. dHL-60 cells were counted as described in 

methods section 2.2.1; for blood and spleen samples cell count estimations were performed using 

counting beads (2.1.21) according to the manufacturer’s instructions. dHL-60 cells were gated on 

live/single cells as demonstrated in Figure 3-1A. In blood and spleen samples the gating strategy shown 
in Figure 3-10A was used to identify monocyte (CD45+CD11b+Ly6C+Ly6G-) and neutrophil 

(CD45+CD11b+Ly6C-Ly6G+) populations (complete gating strategy provided in Supplemental Figure 2). 

 
 2.2.6.4 Flow Cytometry Data Analysis 

 

Data were acquired using BD FACSCanto II or BD LSRFortessa™ (BD Biosciences) and 

analysed using FlowJo™ v10.8 Software (BD Life Sciences). Compensation was calculated using 

single stained cells or compensation beads. Fluorescence minus one (FMO) controls were used for 
gating strategies. Mean Fluorescence Intensity (MFI) of the cells was measured on single live cells. 

 
2.2.7 Statistical Analysis 
 

All quantitative data were expressed as mean ± standard error of the mean (SEM). 

Experimental data were analysed by unpaired two-tailed student’s t test (two data sets) or by one-way 

ANOVA with post hoc Tukey’s multiple comparisons test (three or more data sets). Weight loss curves 

were analysed by repeated measures two-way ANOVA with post hoc Šídák's multiple comparisons 
test. Linear regression was performed to find the relationship between the MFI DHR123 and MFI NOX2 

in in vivo and in vitro studies. Statistical analyses were performed using GraphPad Prism v9.3.1, 

GraphPad software (San Diego, California, USA) with a p<0.05 being considered statistically significant.  
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CHAPTER 3: RESULTS 
 
3.1 - NOX2/ROS assay development in a neutrophil-like cell line  
 

3.1.1 Dihydrorhodamine 123 (DHR123) can be used as a ROS probe in PMA/ionomycin 
stimulated neutrophils-like cells  
 

There is extensive research using DHR123 as a ROS indicator (Djiadeu et al., 2017; 

Jirapongsananuruk et al., 2003; Quinn et al., 2007; Sacco et al., 2020). In this study we aimed to 
determine the potential of this dye as a component of our biomarker assay. Initially the goal was to 

optimize cell culture and differentiation conditions, duration of PMA/ionomycin stimulation and DHR123 

flow cytometry data interpretation. HL-60 cells were initially treated with 1.3% DMSO for 3-5 days to 

induce differentiation into neutrophil-like cells, as described in the methods section. Following that, cells 

were counted and transferred to FACS tubes, stained for DHR123, and stimulated with 81nM PMA and 

1.34uM ionomycin for 5, 10, 30 and 60 minutes. PMA and ionomycin concentrations were chosen based 

on previous experiments from Loane lab (Ritzel et al., 2018). Cells were fixed with 4% PFA and then 
analysed by flow cytometry for mean fluorescence intensity of DHR123. It was noticed during FACS 

analysis that DMSO treatment induced the generation of two subpopulations (Figure 3-1A and 3-1C), 

but since no superficial marker was used in these experiments to differentiate the populations, a 

decision was made to perform all the analysis in the live cells gate.  

PMA/ionomycin stimulation significantly increased ROS release in differentiated HL-60 (dHL-

60) cells after 30 minutes and 60 minutes (****p<0.0001), when compared to controls (Figure 3-1B). A 

subsequent analysis in the subpopulations mentioned previously (Figure 3-1C) demonstrated that the 

population with the higher FSC-A produced more ROS compared to the population with the lower FSC-
A. This finding could be interpretated as the “High-FSC-A” being the true differentiated HL-60 population 

(Babatunde et al., 2021). However, superficial markers such as CD11b and LTB4 will need to be 

included in future experiments to allow for further characterization. Combining these subpopulations in 

the gate of live cells did not affect the final result.  
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Figure 3-1. Reactive Oxygen Species (ROS) release induced by PMA/ionomycin in dHL-60 cells 
HL-60 cells were differentiated with 1.3% DMSO (v/v) for 5 days and then stimulated with PMA 81nM 
and ionomycin 1.34uM for 5, 10, 30 and 60 minutes. After the stimulation period cells were fixed and 
analysed by flow cytometry for Mean Fluorescence Intensity of DHR123, a ROS dye. A) Gating strategy 
used in Flow Cytometry studies; B) Time-dependent ROS release (MFI DHR123) after PMA/ionomycin 
stimulation by live dHL-60 cells. C) HL-60 subpopulations noted after DMSO induced differentiation 
showed different levels of ROS release. Data are mean ±SEM (n=6 per group). ****p<0.0001 versus 
control by one-way ANOVA with post hoc Tukey’s multiple comparisons test. 
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3.1.2 NAPDH Oxidase 2 (NOX2) is activated upon PMA/ionomycin stimulation of dHL-60 cells 
 

We successfully demonstrated above that PMA/ionomycin induces ROS release in dHL-60 

cells. However, there are multiple sources of ROS within the cellular apparatus, with NOX2 being one 
of them and the major focus of this research. As DHR123 does not bind specifically to NOX2-driven 

ROS it was necessary to assess whether PMA/ionomycin stimulation was activating NOX2 in dHL-60 

cells. The NADPH oxidase (NOX2) complex requires a particular activation process through interaction 

of its subunits (Figure 3-2A). Briefly, the cytosolic subunits (p40phox, p47phox, and p67phox) translocate to 

the plasma membrane and anchor to the membrane bound subunits (gp91phox and p22phox) to enable  

the complex assembly and function. Another crucial step is the phosphorylation of p47phox, which 

enables its interaction with p22phox. 

HL-60 cells were differentiated with 1.3% DMSO for 3-5 days and then stimulated with 81uM 
PMA and 1.34uM ionomycin for 0, 5, 10, 30 and 60 minutes. Total cell lysates were used for protein 

expression analysis via western blotting. Upon PMA/ionomycin stimulation there is increased 

phosphorylation of p47phox at the serine 345 residue after 5 minutes when compared to controls 

(normalized to total p47phox) (Figure 3-2B). This increase in phospho-p47phox (ser345) was reduced by 

30 minutes and returned to baseline control levels 60 minutes following treatment (Figure 3-2B). 

As translocation of subunits is a critical component in NOX2 complex assembly, we next 

performed subcellular fractionation to examine the cellular location of subunits during temporal 

PMA/ionomycin stimulation of dHL-60 cells. HL-60 cells were differentiated with 1.3% DMSO (v/v) for 
3-5 days and then stimulated with 81nM PMA and 1.34uM ionomycin for 0, 30, and 60 minutes. After 

the stimulation, cells were gently lysed in a subcellular fraction buffer and subjected to differential 

centrifugation in order to separate nuclear, mitochondrial, cytoplasmic, and plasma membrane proteins. 

Total cell lysate was used as a positive control, while b-actin and caveolin were used as cytoplasm and 

plasma membrane markers, respectively (Figure 3-2C). Results indicate that with prolonged exposure 
to PMA/ionomycin stimulation there is increased protein expression of the membrane bound subunits: 

p22phox and gp91phox. Translocation of the cytosolic subunits (p40phox, p47phox and p67phox) from the 

cytoplasm to the plasma membrane is observed upon PMA/ionomycin stimulation. Additionally, these 

subunits also exhibited increased expression in the cytoplasmic fraction indicating either an increase in 

protein translation and/or gene expression. These results corroborate the hypothesis that 

PMA/ionomycin stimulation of dHL-60 cells enables NOX2 complex assemble and activation through 

key changes in their subunits including phosphorylation, translocation, and elevated protein expression.  

 
 

 



 31 

 
 

Figure 3-2. PMA/Ionomycin stimulation causes ROS release through NAPDH (NOX2) activation  
The complex assembly is seen by phosphorylation of p47phox, translocation of p40phox, p47phox and 
p67phox to the plasma membrane and increased expression of p22phox and gp91phox in the plasma 
membrane. A) Schematic: NADPH oxidase (NOX2) activation schematic representation: the generation 
of superoxide anion (O2-) is based on the translocation of p40phox, p47phox and p67phox and on the 
phosphorylation of p47phox subunit. HL-60 cells were differentiated with 1.3% DMSO (v/v) for 5 days 
and then stimulated with PMA 81nM and ionomycin 1.34uM for 0, 5, 10, 30 and 60 minutes. B) Total 
cell lysates were used for qualitative Western Blot analysis of p47phox phosphorylation. C) HL-60 cells 
were differentiated with 1.3% DMSO (v/v) for 5 days and then stimulated with PMA 81nM and ionomycin 

CONTROL 5’PMA 10’PMA 30’PMA 60’PMA

p47phox
(47kDa)

B-actin
(42kDa)

p-Ser345
(44kDa)

A

B C



 32 

1.34uM for 0, 30 and 60 minutes. After the stimulation, cells were lysed and submitted to a subcellular 
fractionation protocol for Western Blot. A total cell lysate (right) was used as positive control. b-actin 
and Caveolin were used as cytoplasm and plasma membrane markers, respectively.  
 
 
3.1.3 DPI and GSK2795039 reduce PMA/ionomycin-induced ROS in a concentration-dependent 
manner in dHL-60 cells 
 
Additional experiments were performed to determine the optimal duration of PMA/ionomycin for 

examination of ROS generation. 60 minutes was selected as the optimal duration of PMA/ionomycin 

stimulation. With the concentration and timing of stimulation established, our next aim was to test the 

effect of two pharmacological ROS inhibitors on the stimulated dHL-60 cells using MFI DHR123 by flow 

cytometry. Firstly, we assessed the effect of diphenyleneiodonium chloride (DPI), a broad antioxidant 

which is non-specific for NOX2 (Figure 3-3A) and secondly, we examined the effect of GSK2795039, a 
novel NOX2 inhibitor (Figure 3-3B). dHL-60 cells were co-treated with 81uM PMA, 1.34uM ionomycin, 

and either DPI (0.1, 0.5, 1, 5μM) or GSK2795039 (1, 5, 10, 25μM) for 60 minutes. DPI (0.5μM) and 

GSK2795039 (25μM) alone were used as the drug controls. PMA/Ionomycin increased ROS generation 

compared to controls (C, D ****p<0.0001). DPI significantly attenuated PMA/ionomycin-induced ROS 

production in a concentration-dependent manner from 0.5μM (++++p<0.0001; Figure 3-3C). 

GSK2795039 significantly reduced PMA/ionomycin-induced ROS production in a concentration-

dependent manner from 1μM (++++p<0.0001; Figure 3-3D). PMA/ionomycin stimulation significantly 

decreased cell viability (****p<0.0001) (Figure 3-3E, F), which was not rescued by treatment with either 
DPI (Figure 3-3E, F) or GSK (Figure 3-3F).  
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Figure 3-3. DPI and GSK2795039 attenuates ROS release induced by PMA/ionomycin in dHL-60 
cells in a dose-dependent manner 
The chemical structure of GSK2795039 (A) and Diphenyleneiodonium chloride (DPI)(B). HL-60 cells 
were differentiated with 1.3% DMSO (v/v) for 5 days and then co-treated with PMA 81nM, ionomycin 
1.34uM and Diphenyleneiodonium (DPI) (0.1, 0.5, 1, 5μM) or GSK2795039(1, 5, 10, 25μM) for 60 
minutes. DPI (0.5μM) and GSK2795039 (25μM) were used as the drug controls. ROS levels were 
measured by flow cytometry for Mean Fluorescence Intensity of DHR123. Trends for PMA/ionomycin 
induced decrease in cell viability were not rescued by either DPI (E, F) or GSK (F).  Data are mean 
±SEM (n=6 per group). ****p<0.0001versus control, +p<0.05; ++p<0.01; +++p<0.001; ++++p<0.0001 
versus PMA/ionomycin by one-way ANOVA with post hoc Tukey’s multiple comparisons test. 
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3.1.4 DHR123 is sensitive to intra- and extracellular ROS generation 
 

To further characterize DHR123 as a ROS probe we examined cellular production of ROS in 

different compartments (intra- and extracellular). There are two different pools of NOX2, one in the 

plasma membrane and other in the phagosome membrane. This means that depending on the agonist 

the assembly of the NOX2 complex can either lead to extracellular ROS release or to the intracellular 

release. In theory, DHR123 should measure mainly intracellular ROS, as it diffuses across the cell 

membrane, but some of the hydrogen peroxide (H2O2) released extracellularly may also pass through 
the plasma membrane and bind with the probe intracellularly.  

Here, we sought to address this aspect of DHR123 behaviour by adding Superoxide Dismutase 

(SOD) and catalase to the experiment. SOD catalyses the reduction of O2− to H2O2, while catalase 

catalyses the reduction of H2O2 to H2O (Figure 3-4A). Therefore, when these two membrane-

impermeable enzymes are included in reaction mixtures they remove O2− and H2O2 release 

extracellularly, leaving ROS generated specifically in intracellular compartments to be measured (Dao 

et al., 2020).   

Differentiated HL-60 were pre-treated with SOD (25, 50, 100units) or catalase (25, 50, 100μg) 
(Figure 3-4B) or a combination of SOD 50U and catalase 50μg (Figure 3-4C) for 15 minutes and then 

stimulated for 60 minutes with PMA 81nM, ionomycin 1.34uM. SOD alone caused increased DHR123 

fluorescence signal in a concentration-dependent manner (+p<0.05; ++p<0.01; +++p<0.001; 

++++p<0.0001 versus PMA/ionomycin), whereas catalase decreased DHR123 signal with increasing 

concentrations. These findings demonstrate that DHR123 is sensitive to H2O2 levels, but it is not 

possible to conclude that H2O2 is the only oxidant that can change the fluorescence of this substrate. 

The presence of SOD 50U and catalase 50μg combined reduced the extracellular ROS concentration 
resulting in significantly attenuated the PMA/ionomycin induced DHR123 MFI. This result indicates that 

DHR123 is sensitive to extracellular, as well as intracellular ROS (Quinn et al., 2007). 
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Figure 3-4. DHR123 is sensitive to intra and extracellular ROS generation 
A) Schematic: Superoxide dismutase (SOD) catalyses the reduction of O2- to H2O2 and catalase 
catalyses the reduction of H2O2 to H2O. The addition of these 2 enzymes to the experiment removes 
extracellularly released O2- and H2O2 leaving ROS generated specifically in intracellular compartments 
to be measured. B) HL-60 cells were differentiated with 1.3% DMSO (v/v) for 5 days. Cells were then 
pre-treated with SOD (25, 50, 100units) or catalase (25, 50, 100μg) (B) or SOD 50U and catalase 50μg 
(C) for 15 minutes and stimulated for 60 minutes with PMA 81nM, ionomycin 1.34uM. Data are mean 
±SEM (n=4 per group). ****p<0.0001versus control, +p<0.05; ++p<0.01; +++p<0.001; ++++p<0.0001 
versus PMA/ionomycin by one-way ANOVA with post hoc Tukey’s multiple comparisons test. 
 

 

3.1.5 GSK2795039 treatment decreases ROS production and NOX2 (gp91phox) expression  

 

Our next aim in the biomarker assay development was to combine DHR123, a general ROS 

probe, with a specific NOX2 marker and correlate these two. The specific marker chosen was an 

antibody against the gp91phox subunit (Alexa Fluor 647, Bioss). To include the NOX2 antibody in this 

experiment a few adjustments were necessary in the protocol because this antibody binds to the 
intracellular portion of the subunit requiring intracellular staining step. Titration of the NOX2 antibody 

was also performed to find the optimal concentration for these cell line (Supplemental Figure 1). 

HL-60 cells were differentiated with 1.3% DMSO (v/v) for 3-5 days and then co-treated with 

PMA 81nM, ionomycin 1.34uM and GSK2795039 10μM for 60 minutes. Cells were stained for DHR123, 

Live/Dead, intracellular gp91phox and analysed by flow cytometry. GSK2795039 optimal concentration 

(10μM) was chosen based on our previous experiments (Figure 3-3D). GSK2795039 significantly 

reduced NOX2 expression (MFI NOX2) (+p<0.05) and ROS levels (MFI DHR123) (++++p<0.0001) 
compared to the PMA/ionomycin stimulated cells (Figure 3-5A and 3-5B). A linear regression analysis 
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was carried out to investigate the relationship between MFI DHR123 and MFI NOX2. We found a 

significant relationship (p <0.001) between these two variables (R2= 0.59) (Figure 3-5C). Further 

experiments investigating the specificity of the NOX2 antibody would be interesting, such as using 

NOX2 knockout cells (CGD neutrophils) as negative controls. 
Our in vitro experiments represented the cornerstones of the development of our TBI 

NOX2/ROS functional biomarker. The encouraging results we had combining DHR123 and NOX2 

antibody in a flow cytometry panel lead us to the next step, the application of the optimized NOX2/ROS 

flow cytometry assay in tissues from sham and TBI animals. 
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Figure 3-5. GSK2795039 treatment decreases ROS production and NOX2 (gp91phox) expression  
HL-60 cells were differentiated with 1.3% DMSO (v/v) for 5 days and then co-treated with PMA 81nM, 
ionomycin 1.34μM and GSK2795039 10μM for 60 minutes. Cells were stained for DHR123, Live/Dead, 
intracellular gp91phox and analysed by flow cytometry. (A) Representative FACS plots. (B) Results are 
expressed as MFI of NOX2 (gp91phox) and MFI of DHR123 (ROS levels) . (C) Linear regression between 
MFI NOX2 values and MFI DHR123 values – p value < 0.0005, R2 = 0.5934. Dots are colour-coded for 
each group. Data are mean ± SEM (n=4/group). *p<0.05; ****p<0.0001 versus control, +p<0.05; 
++p<0.01; +++p<0.001; ++++p<0.0001 versus PMA/ionomycin by one-way ANOVA with post hoc 
Tukey’s multiple comparisons test. 

Contro
l

PMA/Io
no

GSK/

PMA+Io
no GSK 

0

200

400

600

800
M

FI
 D

H
R

12
3

****

++++

Contro
l

PMA/Io
no

GSK

+P
MA/Io

no GSK 
7000

8000

9000

10000

11000

M
FI

 N
O

X2

*

+

A

B

C

0 200 400 600 800
7000

8000

9000

10000

11000

Linear regression

DHR

N
O

X2 0.5934
R squaredR2 0.5934 

p<0.005 



 38 

 
3.2 - NOX2/ROS biomarker assay applied to TBI mice 
 

 In the previous section (3.1) we described the development of a flow cytometry assay to 

measure NOX2 activity and ROS release at the same time using a neutrophil-like cell line. We combined 

DHR123 (ROS) with a NOX2 specific antibody (anti-gp91phox) in the same panel and we were able to 

demonstrate a significant correlation between these two factors. Having established that, our next goal 

was to apply the same protocol in the blood from brain injured mice to demonstrate that this assay could 

be used as a NOX2/ROS blood-based functional biomarker. Several preclinical studies have shown 

that TBI induces changes in peripheral organs including those involved in the systemic immune 

response (Doran et al., 2020; Hanscom et al., 2021; Ritzel et al., 2018). The spleen plays a crucial role 
in peripheral immune responses and is known to be affected by brain injury (Rasouli et al., 2011). 

Therefore, we decided to include the spleen in our investigation of immunophenotypic and functional 

changes induced by experimental TBI.  

 

3.2.1 TBI induced macroscopic neuroinflammation changes in different time points 
post-injury 

 
Young adult male mice were subjected to either sham surgery (incision only) or controlled 

cortical impact (CCI). On day 1 (cohort 1), day 7 (cohort 2) or day 14 (cohort 3) post-injury, mice were 

euthanized, and brain, blood, and spleen were collected as described in Chapter 2 for further analysis. 
Before dissecting the brains, we took pictures to perform a macroscopic evaluation of these organs and 

compare them in the different cohorts and conditions (Figure 3-6; TBI vs sham). 

 

Figure 3-6. Mild to moderate-level TBI pathoprogression at the site of injury in mice 
Representative images of brains from sham and TBI mice at 1-, 7- and 14-days post injury. Injury 
progression from initial tissue damage with associated vasculature damage and haemorrhage (1-day 
post-injury), to resolution and clearance of haemorrhage and necrotic tissue (7-days post-injury), to the 
chronic progressive loss of white matter at the injury site (14-days post-injury). 
 

Although an immunohistochemistry study with stereological analysis of lesion volume would be 

the best method to characterize the effect of TBI on these brains, it is still possible to describe some 

temporal macroscopic changes. After 1 day of injury, brains presented with signs of acute inflammation 

such as edema and more blood content visible (due to leakage of blood into the cortical tissue resulting 



 39 

from vasodilatation, increased vascular permeability and damage of the vasculature) despite being 

perfused as described in Chapter 2. At 7 days post-injury the cavity in the cortex appeared to be more 

defined and there was less blood overall (subacute phase). Two weeks after injury, the impact site 

seemed increased in size compared to other time points, due to the scarring process leading to brain 
tissue loss. The pictures from our study correlate well with previous preclinical studies examining lesion 

volume expansion after experimental TBI (Loane et al., 2014; Mao et al., 2020; Turtzo et al., 2014; Zhao 

et al., 2018). 

 

3.2.2 TBI did not significantly alter body or spleen weights at both acute and chronic time 
points following injury 

 
 Experimental TBI has been reported to result in significant body weight loss at acute time points 

following the initial insult (Hanscom et al., 2021). Additionally, TBI induces a systemic immune response 

involving a splenic contribution (Rasouli et al., 2011). Systemic inflammation is typically associated with 

an increase in spleen size and weight, however, data regarding morphological changes in the spleen 

following TBI have been largely overlooked and not reported in the preclinical literature (Ritzel et al., 

2018). We examined changes in body weight and spleen weights at all time points following injury.  
Sham and TBI mice lost similar amounts of weight, at a similar speed, with peak weight loss 

occurring 1 day after injury in cohorts 2 and 3. In cohort 1 it is also possible to observe a peak weight 

loss but there is no statistical significance between sham and TBI (cohort 1: p=0.5). There was no 

different in the comparison Sham vs TBI in cohorts 2 and 3 within time (cohort 2:  Injury effect: p=0.4786; 

cohort 3: Injury effect: p= 0.6062). By the end of the third day, all mice were close to their initial weight 

in cohorts 2 and 3. Weight loss was analysed by repeated measures Two-Way ANOVA in cohorts 2 

and 3 to determine the interactions of time and injury, followed by post-hoc adjustments using a Sidak’s 
multiple comparison test. Data in cohort 1 was analysed by paired t test (Figure 3-7). 

 At 1-, 7-, and 14-days post-injury, spleens were removed immediately following blood collection 

and prior to transcardial perfusion and weighed before being processed for Flow Cytometry analysis. 

No significant changes in spleen weights were found between the sham and TBI (Figure 3-8; TBI vs 

sham, A: p = 0.0894, B: p = 0.4666, C: p = 0.1102). We did not observe any other gross macroscopic 

changes to these spleens. 
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Figure 3-7. Alteration of body weights following experimental TBI 
Graphic representation of temporal changes in body weight in sham and TBI mice from cohort 1 (1 day 
post-injury; A), cohort 2 (7-days post-injury; B), and cohort 3 (14-days post-injury; C). TBI did not 
significantly exacerbate the amount of body weight lost or alter physiological weight gained over time 
compared to sham. Data expressed as mean ± SEM (A: cohort 1, Injury effect: p=0.5, n= 4-5; cohort 2, 
Injury effect: p=0.479, n= 5-6; cohort 3, Injury effect: p0.6062, n=5-6) by repeated measures two-way 
ANOVA with post hoc Tukey’s multiple comparisons test (cohorts 2 and 3) and paired t test (cohort 1). 
 

 

 

 0  1
80

85

90

95

100

105

110

Post-TBI day

W
ei

gh
t (

%
P

ID
0)

Sham 

TBI

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
80

85

90

95

100

105

110

Post-TBI Day

W
ei

gh
t (

%
 P

ID
0) Sham

TBI

-1 0 1 2 3 4 5 6 7
80

85

90

95

100

105

110

Post-TBI Day

W
ei

gh
t (

%
 P

ID
0)

TBI
Sham

A B 

C 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
80

85

90

95

100

105

110

Post-TBI Day

W
ei

gh
t (

%
 P

ID
0) Sham

TBI



 41 

 
Figure 3-8. Experimental TBI did not significantly alter spleen weight 
Traumatic brain injury did not induce significant changes in spleen weight (normalized to body weight) 
compared to sham controls at 1-, 7-, or 14-days post-injury (A, B, C, respectively). Data expressed as 
mean ± SEM and statistical significance analysed by unpaired two-tailed t-test. No statistical 
significance was found between the experimental groups at any time point analysed. 
 

 

3.2.3 TBI prolonged the return of righting reflex 
 

 Righting reflex is defined as the time required for the animal to return to all four paws after being 

placed in a supine position. This is a binary measure widely used for assessing arousal/recovery of 

consciousness in rodents (Solt et al., 2011; Yarnell et al., 2016). In our study recovery of righting reflex 
(RORR) was recorded for all mice after exposure to isoflurane was terminated. TBI was found 

significantly increased RORR compared to sham (RR time sham: 259.3s, RR time TBI: 827.4s, 

p<0.0001 vs sham; Figure 3-9). As assessment of RORR occurred immediately following sham- and 

TBI-surgery for all mice, data from all cohorts was combined for analysis. 

 One confounding factor that could have affected these results could be the average duration of 

isoflurane exposure per procedure. The average time for CCI surgeries was 42:40 minutes and the 

average time for sham surgeries was 26:54 minutes. The timing of isoflurane exposure for sham mice 
should have been matched to exposure times for CCI surgeries within each cohort; however, due to 

time constraints sham mice were removed from isoflurane exposure following completion of sham 

surgery rather than allowed to remain under isoflurane longer to match a CCI surgery. Furthermore, 

there is some criticism regarding using RORR as a measure of return of consciousness (Gao & 

Calderon, 2020; Vincent et al., 2021) and this will be discussed separately in Chapter 4.   
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Figure 3-9. TBI increased righting reflex recovery 
Recovery of righting reflex was significantly delayed in TBI compared to sham mice. Mice from all 
cohorts were combined for analysis (sham: n = 16; TBI: n = 15). Data expressed as mean ± SEM and 
analysed for statistical significance using the two-tailed, unpaired student t-test (Sham: 259.3s; TBI: 
827.4s; difference of means: 568.1 ± 112.2 (95% CI: 338.7 to 797.5) **** p<0.0001 vs sham).  
 

 

3.2.4 Absolute counts of neutrophils and monocytes in the blood remained unaltered following 
experimental TBI 
 

Blood was collected via cardiac puncture under anaesthesia at 1-, 7-, and 14-days post-injury 

and cells were prepared for flow cytometry analysis as described in Chapter 2. Cell counts were 

performed using counting beads and cells were stained for surface CD45, CD11b, Ly6C, Ly6G. A 
standardized gating strategy (Figure 3-10A) was used to identify monocytes 

(CD45+CD11b+Ly6C+Ly6G-) and neutrophils (CD45+CD11b+Ly6C-Ly6G+) populations. Cell-specific 

fluorescence minus one (FMO) controls were used to determine the positivity of each antibody. The 

absolute number of Ly6C+ monocytes and Ly6G+ neutrophils subsets per 200uL of blood are 

represented (Figure 3-10B). 

 There was no statistical difference in numbers of Ly6C+ monocytes when comparing sham and 

TBI mice at any time points. At 24 hours post-injury there was a significant decrease in absolute 

numbers of blood neutrophils in the TBI group (-2579 ± 980.4 *p= 0.0390 vs sham; Figure 3-10B) and 
no difference was observed at 7 and 14 days post-injury. This decrease in neutrophils counts after TBI 

is not consistent with previous published studies (Ritzel et al., 2018) and it was not expected. We 

decided to analyse this data separately using unpaired t-test based on the caveat that the samples from 

each cohort were obtained and processed for flow cytometry in different dates.   
 

 
 

 

 

 

Sham TBI
0

500

1000

1500

2000

R
ig

ht
in

g 
R

ef
le

x 
(s

ec
on

ds
) ****



 43 

 

 

 

 
 

 

 

 

  

 

 

 
 

 

 

 

 
Figure 3-10. Leukocyte composition in the blood at different time points after TBI 
Representative FACS plots of the gating strategy to identify Ly6C+ monocytes and Ly6G+ neutrophils 
populations in the blood (A). Briefly, cells were gated on single cells, live cells, CD45+ and CD11b+ cells. 
Monocytes were then gated on CD45+CD11b+Ly6C+Ly6G- and neutrophils gated on 
CD45+CD11b+Ly6C-Ly6G+ (Complete gating strategy in the Supplemental Figure 2).  The absolute 
Ly6C+ monocytes and Ly6G+ neutrophils counts were assessed in the blood at the indicated time points 
after TBI (B). For all experiments, n = 4–6/group. Data expressed as mean ± SEM relative to sham and 
statistical significance analysed by unpaired student t- test. 
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3.2.5 NOX2/ROS blood-based functional biomarker in the CCI model of experimental TBI 
  

Respiratory burst consists of a rapid release of high concentrations of ROS by the innate 

phagocytes (Nguyen et al., 2017). This can be generated by NOX2 enzyme complex and it plays an 
important role in the defense against bacterial infection. The absence of this response leads to 

increased risk of infection while its exacerbation causes excessive inflammation and tissue damage 

(Husain et al., 2020; Kumar et al., 2016). 

In this study we used PMA/ionomycin as a respiratory burst inducer. Considering that the CCI 

injury is the primary brain injury, the ex vivo stimulation with PMA/ionomycin would represent a second 

hit for the immune system of these animals. This “second hit” could be translated as any other insult 

after TBI, the main example being a secondary infection. It has been demonstrated that experimental 

TBI results in chronic alterations in the systemic immune response. Ritzel et al. showed that basal ROS 
levels in the blood are increased after 60 days post-injury which reflects persistent inflammation at 

chronic time points (Ritzel et al., 2018). Furthermore, stimulation of monocytes and neutrophils in the 

bone marrow with PMA/ionomycin did not respond as expected at this chronic injury time point. 

Compared to sham, TBI mice had a decreased bone marrow ROS release after stimulation, meaning 

that although baseline levels were high, after a second hit immune cell responses were impaired at 60 

days of injury. Here, we sought to replicate these results in the blood, of which samples are less invasive 

and easier to obtain in clinical practice. Simultaneously, we aimed to correlate ROS release and NOX2 

activity in the same assay to create a robust functional biomarker.  
 
 3.2.5.1 Respiratory burst and NOX2 activity are impaired in circulating neutrophils at 14 
days post-TBI 
 

To assess the effects of mild-to-moderate TBI in NOX2/ROS activity of circulating monocytes 

and neutrophils, adult male mice were subjected to either sham surgery (incision only) or CCI. Mice 

were sacrificed at 1-, 7- and 14-days post-injury and blood was collected via cardiac puncture under 
anaesthesia. Blood samples were then processed for flow cytometry analysis as described in Chapter 

2. A standardized gating strategy (Figure 3-10A) was used to identify Ly6C+ monocytes and neutrophils 

populations. MFI DHR123 was used to measure ROS production and MFI NOX2 was used to determine 

NOX2 activity/expression. Considering that samples from different cohorts were not generated and 

analysed in flow cytometry on the same date, we judged that combining all the data in the same 

statistical analysis would not be appropriate. Therefore, these results are presented in separated 

graphs. 

Upon stimulation with PMA/ionomycin, circulating neutrophils released significant amounts of 
ROS in both groups (sham and TBI) when compared to controls at 1 day post-injury (DPI) (cohort 1: 

sham control vs sham PMA/ionomycin: *p=0.0462; TBI control vs TBI PMA/ionomycin: *p=0.030) but 

there was no difference in response comparing sham (stimulated) versus TBI (stimulated) (Figure 3-

11A) . Regarding NOX2 activity/expression there was no significant effect of stimulation on these cells 

(cohort 1: sham control vs sham PMA/ionomycin: p=0.560; TBI control vs TBI PMA/ionomycin: p=0.999) 
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(Figure 3-11B). A simple linear regression was carried out to estimate the relation between MFI DHR123 

and MFI NOX2 and this was non-significant (p=0.4227; R2=0.04334) (Figure 3-11C). 

At 7 DPI there was a significant increase in ROS released by neutrophils in the PMA/ionomycin 

group both in sham and TBI mice (cohort 2: sham control vs sham PMA/ionomycin: ***p=0.0001; TBI 
control vs TBI PMA/ionomycin: ****p<0.001) but no statistical difference when comparing sham 

(stimulated) and TBI (stimulated) (p=0.7206) (Figure 3-11D). NOX2 activity was not affected in the sham 

group (p=0.0566) but it was increased significantly in the TBI group after stimulation (*p=0.0159) (Figure 

3-11E). Simple linear regression was performed and resulted in a significant relation between MFI 

DHR123 and MFI NOX2 (p=0.0014; R2=0.4078; Figure 3-11F). 

At 14 DPI circulating neutrophils from sham mice had a significant increase both in ROS levels 

(cohort 3: ****p<0.0001) and NOX2 activity upon stimulation (cohort 3: **p=0.0083). However, TBI 

neutrophils failed to respond to PMA/ionomycin both in ROS production (TBI control vs TBI 
PMA/ionomycin: p=0.1048) and NOX2 activity (TBI control vs TBI PMA/ionomycin: p=0.1455). 

Interestingly, when comparing sham versus TBI (PMA/ionomycin sham versus PMA/ionomycin TBI), 

there was a significant decrease in MFI DHR123 in the PMA/ionomycin group (*p=0.0124). In this 

experiment, we demonstrated that at 14 DPI neutrophils from TBI mice had an impaired response to 

stimulation compared to sham mice (Figure 3-11G and H). The simple linear regression in this cohort 

resulted in a significant relation between MFI DHR123 and MFI NOX2 (p=0.0043; R2=0.3553) (Figure 

3-11I).
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Figure 3-11. Temporal assessment of NOX2/ROS activity in circulating neutrophils following 
experimental TBI 
C57BL/6JOlaHsd male mice (n=4-5/group Cohort1: 1DPI; n=5-6/group Cohort 2: 7DPI; n=5-6/group 
Cohort 3: 14DPI) were subjected to either sham surgery (incision only) or controlled cortical impact 
(CCI). Blood was collected via cardiac puncture at 1, 7, and 14 days following injury and cells were 
processed for flow cytometry analysis. Cells were stained for DHR123, CD45, CD11b, Ly6C, and Ly6G; 
and intracellular NOX2 (gp91phox). Neutrophils were gated as CD45+CD11b+Ly6C-Ly6G+. Respiratory 
burst (A, D, G) and NOX2 activity (B, E, H) were measured following PMA/ionomycin stimulation for 30 
minutes; data are expressed in MFI. For all experiments, n = 4–6/group. The association between ROS 
levels and NOX2 activity was assessed at each time point by linear regression analyses (C, F, I). Data 
are expressed as mean ±SEM with *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 vs. control and 
+p<0.05 vs PMA by two-way ANOVA with Tukey’s multiple comparisons test post hoc.  
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3.2.5.2 Respiratory burst and NOX2 activity are impaired in blood monocytes after 14 days 
post-TBI 
 

Here we sought to address the same outputs (MFI DHR123 and MFI NOX2) in gated Ly6C+ 

monocytes in the blood from sham and TBI mice. Gating strategy was demonstrated in Figure 3-10A. 

At 1 DPI (cohort 1), circulating monocytes from TBI mice significantly increased ROS production in the 

PMA/ionomycin group compared to control (*p=0.0238). The same trend was observed in the sham 

mice but failed to reach statistical significance (p=0.3539) (Figure 3-12A). There was no change in 

NOX2 activity in any of the experimental groups in cohort 1 (Figure 3-12B). Simple linear regression 

correlating MFI DHR123 and MFI NOX2 was also not significant (p=0.7846; R2=0.005137) (Figure 3-
12C). At 7 DPI (cohort 2), there were no significant results when comparing control versus 

PMA/ionomycin neither in sham versus TBI in either ROS levels (Figure 3.12D) and NOX2 

expression/activity (Figure 3-12E). Linear regression comparing the two variables MFI DHR123 and 

MFI NOX2 was not significant (p=0.079; R2=0.1472) (Figure 3-12F). 

At 14 DPI (cohort 3), PMA/ionomycin stimulation in circulating monocytes from sham mice 

significantly increased ROS production (cohort 3: *p=0.0126; Figure 3-12G) and NOX2 activity (cohort 

3: *p=0.0228); Figure 3.12H) when compared to control group. Surprisingly, in the TBI group monocytes 

failed to respond to stimulation compared to control in both outputs: MFI DHR123 (p=0.969) and MFI 
NOX2 (p=0.516). This impairment in respond to PMA/ionomycin stimulation was also seen in 

neutrophils from cohort 3, however here there were no significant changes in the PMA groups when 

comparing sham versus TBI. The simple linear regression in cohort 3 resulted in a significant relation 

between MFI DHR123 and MFI NOX2 (p=0.0009; R2=0.4489; Figure 3-12I). 
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Figure 3-12. NOX2/ROS activity assessment in blood monocytes after 1, 7, and 14 days 
following TBI 
C57BL/6JOlaHsd male mice (n=4-5/group Cohort1: 1DPI; n=5-6/group Cohort 2: 7DPI; n=5-6/group 
Cohort 3: 14DPI) were subjected to either sham surgery (incision only) or controlled cortical impact 
(CCI). Blood was collected via cardiac puncture under anaesthesia and cells were processed for flow 
cytometry analysis. Cells were stained for DHR123, CD45, CD11b, Ly6C, and Ly6G; and intracellular 
NOX2 (gp91phox). Monocytes were gated as CD45+CD11b+Ly6C+Ly6G-. Respiratory burst (A, D, G) and 
NOX2 activity (B, E, H) were measured following PMA/ionomycin stimulation for 30 minutes; ; data are 
expressed in MFI. For all experiments, n = 4–6/group. The association between ROS levels and NOX2 
activity was assessed at each time point by linear regression analyses (C, F, I). For all experiments, n 
= 4–6/group. Data are mean ±SEM relative to control *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 by 
two-way ANOVA with with post hoc Tukey’s multiple comparisons test.  
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We also assessed the effect of mild-to-moderate TBI in the spleen. The protocol used was the 

same used for the blood samples, described in Chapter 2. Spleens were removed immediately after 

blood collection and prior to transcardial perfusion and processed for Flow Cytometry analysis. Cells 
were stimulated with PMA/ionomycin for 30 minutes and stained with DHR123 and with superficial 

markers (CD45, CD11b, Ly6C, Ly6G) and intracellular gp91phox (NOX2). The gating strategy used was 

the same used in blood samples (Figure 3-10). The PMA/ionomycin stimulation did not seem to have 

worked on the spleen samples and this might reflect an issue with the cell preparation protocol, which 

might need adjustments to the spleen due to the higher number of cells when compared to blood. This 

data is presented in Supplemental – Figures 3 and 4.  
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CHAPTER 4: DISCUSSION 
 

TBI should be seen as a systemic condition owing to the fact that following the initial insult, 

multiple central and peripheral interactions take place with profound effects on other organs such as 

lungs, spleen, heart and immune system (McDonald et al., 2020). The circulatory system functions as 

the conduit of the immune system, where numerous cellular, molecular, and signalling factors are 

released to facilitate the response of the systemic immune response. Importantly, these factors 
released into the circulation due to TBI could potentially function as biomarkers providing important 

information related to injury severity and status, as well as prognosis. There is increasing interest within 

the TBI field regarding identification of TBI biomarkers. Several studies have been published recently 

with the common goal of finding a substance that correlates with injury and injury severity and is also 

readily measured in body fluids (CSF or blood) in order to improve diagnosis accuracy and management 

of these patients (Abdelhak et al., 2022; Czeiter et al., 2020; Frankel et al., 2019; Mondello et al., 2021). 

Most of these biomarkers though are mainly based on the breakdown of cellular components (neurons, 

astrocytes, glia) and are measured at acute time points in patients with mild TBI to augment CT findings. 
In our study, the focus was to develop a blood-based test that would reflect the function of the immune 

system after TBI upon a challenge, such as an infection, at chronic time points. We did not aim here to 

aid in diagnosis of TBI but rather prognosis, considering that an impaired immune system post-injury 

will increase the risk of acquiring secondary infections and will result in poorer outcomes.  
Oxidative stress is an important component of the complex cascade in post-injury immune 

responses and contributes to persistent systemic and neuroinflammation that occurs as part of 

secondary injury (Kumar et al., 2016). NOX2 is a key player in this scenario, being one of the main 
sources of ROS. Activation of NOX2 occurs under homeostatic physiological conditions. However, it’s 

activation can become detrimental, contributing to secondary injury and chronic neurodegeneration, 

leading to worse overall outcomes. Thus, the duality of the roles of NOX2 in varying states provides a 

rationale of targeting its activity as a potential biomarker and importantly, a promising treatment pathway 

(Ma et al., 2018). 

The goal of our functional TBI biomarker was to measure NOX2 activity and ROS 

simultaneously and correlate the two at different time points following trauma. To assess NOX2 activity 

we used a specific antibody against the main subunit (gp91phox) that composes the enzymatic complex. 
To determine ROS levels, we used DHR123 which is a ROS dye widely used in research, but also is 

the gold standard diagnostic test for CGD, an inherited immunodeficiency in NOX2-dependent 

phagocytes (Chapter 1) (Sacco et al., 2020). 

Firstly, we tested and optimized the NOX2/ROS flow cytometry assay using differentiated HL-

60 cells, a neutrophil-like cell line. After differentiation with DMSO, dHL-60 cells express all the 

components of NADPH oxidase and its behaviour is similar to primary neutrophils (Kuwabara et al., 

2015). The rationale for utilizing this cell line lies in the fact that neutrophils are key members of the 

innate immune response and have an important role in initiating the inflammation process. Neutrophils 
also rely on the activation of NOX and the generation of ROS for their microbicidal activity (Nguyen et 

al., 2017). 
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Our initial studies demonstrated that PMA/ionomycin induced a robust and significant ROS 

release (increased MFI DHR123) by these cells in a temporal manner. As DHR123 is not specific for 

NOX2 produced ROS, we assessed whether our stimulation protocol was activating NOX2 by western 

blot. Our western blot results demonstrated that PMA/ionomycin increased phosphorylation of p47phox 

within 5 minutes and provoked translocation of p40phox, p47phox and p67phox to the membrane as well as 

increased protein expression of p22phox and gp91phox (in the membrane fraction) and p40phox, p47phox 

and p67phox (in the cytoplasm fraction). Our subcellular fractionation results represent a n of 1 and should 

be repeated in the future to confirm findings. 
We also assessed DHR123’s behaviour as a ROS probe. In theory, this dye should measure 

mainly intracellular ROS, because it diffuses passively through the membrane and localizes in the 

mitochondria. However, it has been shown that extracellularly released H2O2 can cross the plasma 

membrane and react with DHR123 inside the cell, which may affect data interpretation (Quinn et al., 
2007). In our experiments we confirmed that DHR123 is sensitive to both intra and extracellular release 

ROS by removing extracellular ROS using SOD and catalase. Another drawback that came to light from 

our DHR123 data analysis is that different oxidants (O2-, H2O2, ONOO-) can change its fluorescence 

signal, rendering it unsuitable for quantitative or kinetic studies. Even with the limitations of DHR123, 

we still believe it is a good generic redox sensitive probe and its extensive use in the clinical setting to 

diagnose CGD (Jirapongsananuruk et al., 2003; Sacco et al., 2020) substantiates its significant 

relationship with NOX2 activity, albeit non-specific. Another method to assess respiratory burst activity 

routinely used is the cytochrome c reduction assay (Husain et al., 2020). This assay relies on the 
cytochrome c reduction by the superoxide anion that can be quantitatively monitored 

spectrophotometrically. Although it has the advantage of being able to measure the main product of 

NOX2-generated ROS, the superoxide anion, it is still not possible to confirm that this assay is specific 

for NOX2 considering that other NOXs also produce O2-.  

To further evaluate the ROS component of our TBI biomarker we used two antioxidants. The 

first was DPI, a broad antioxidant which inhibits ROS release by accepting an electron from flavin and 

consequently affecting all the flavin-dependent enzymes such as NOX, nitric oxidase synthase, 
xanthine oxidase, mitochondrial complex I, and cytochrome P-450 reductase. The second was 

GSK2795039, a novel small molecule drug that is known to be a potent and specific NOX2 inhibitor by 

blocking both the formation of ROS and the utilization of the enzyme substrates, NADPH and oxygen 

both in vitro and in vivo (Hirano et al., 2015; Wang & Luo, 2020). DPI and GSK2795039 decreased 

PMA/ionomycin-stimulated ROS release in dHL-60 cells in a concentration-dependent manner.  

The last step of our in vitro biomarker assay development involved the inclusion of a NOX2 

specific marker in the panel to combine with DHR123. We successfully demonstrated a significant 

correlation between MFI DHR123 and MFI NOX2 (gp91phox) which encouraged us to move forward in 
our project and apply this assay to experimental TBI studies in mice. 

Preclinical TBI studies in mice have shown that brain injury induces vasculature damage, blood-

brain barrier disruption, microglia and astrocytes activation, cell death, demyelination, and grey and 

white matter atrophy (Loane et al., 2014; Mao et al., 2020; Mohamed et al., 2021). Neuroimaging and 

histopathological studies demonstrated a progressive increase in lesion size after moderate-level CCI, 
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our TBI model, and although we did not perform specific assessments it was possible to observe that 

the volume of the lesion was increased over time by gross examination of the brains at 14 days following 

injury. TBI induces brain tissue loss not only at the lesion site but also in areas distant from the contusion 

such as ipsilateral and contralateral hippocampus (Loane et al., 2014; Pischiutta et al., 2018). Such 
important histopathological events, that become even more pronounced in chronic time points post-

injury, demonstrate that neuroinflammation and neurodegeneration processes are progressive and 

persistent. These findings reproduce what has been shown in the brains of TBI survivors (Ariza et al., 

2006) and reiterates the need of exploring chronic consequences of TBI, with the ultimate goal of 

discovering novel therapeutic targets.  

In our preclinical in vivo studies, experimental animals were assessed daily for health and 

wellbeing. Sham and TBI mice lost similar amounts of weight, at a similar speed, with peak weight loss 

occurring 1 day post-injury in all cohorts. This data is consistent with data measuring body weight 
changes from previous studies (Hanscom et al., 2021). We also found that TBI significantly delayed 

return of righting reflex (RORR). RORR is a binary measure that assesses the time it takes to the animal 

to return to all fours after being placed in a supine position and is the gold standard tool to evaluate 

level of arousal in rodents. Although widely used in animal models of a variety of neurological disorders, 

including TBI (Yarnell et al., 2016), evidence suggests that RORR is dissociable from cortical patterns 

of wakefulness (Gao & Calderon, 2020)  and does not reflect recovery of cognitive function (Vincent et 

al., 2021). RORR should be associated with other behaviours tests such as quivering, standing posture 

after perturbation, and weight-bearing on limbs, to provide a reliable assessment of the level of 
consciousness after TBI. Due to time constraints, we did not match surgery time in sham mice to CCI 

mice leading to a longer isoflurane exposure in the TBI group, which might have affected these results. 

In future experiments, we will allow sham mice to remain under inhaled anaesthesia for a longer time, 

so it matches a CCI surgery and also combine RORR with other behavioural parameters such as weight 

bearing to assess level of consciousness. 
An intrinsic relationship between brain injury and spleen has been reported by several studies, 

referred to by some authors as “the brain-spleen inflammatory coupling” (Rasouli et al., 2011). The 
spleen is a crucial peripheral lymphoid organ which acts as a filter of the circulatory system in removing 

foreign material from the blood and is also responsible for the mononuclear phagocyte response 

preventing infections by encapsulated bacteria and intracellular microorganisms. In addition to its role 

in protecting against infections, the spleen is also associated with exacerbated inflammation after brain 

trauma or ischaemia. Following TBI there is an increase in the sympathetic tone with expressive release 

of catecholamines in the blood that is sensed by spleen resident macrophages and culminates in 

secretion of pro-inflammatory cytokines into the systemic circulation, ultimately exacerbating the 

inflammatory response in the brain. Based on this process, it has been shown that post-injury 
splenectomy can decrease mortality and improve cognitive function in animal models (Li et al., 2011; 

McDonald et al., 2020; Rasouli et al., 2011). 

Our studies assessed whether TBI had an effect on the spleen weight of rodents, which is an 

indicator of an inflammatory response to various noxious, infectious, or traumatic stimuli (Rasouli et al., 

2011). In the current literature the effect of TBI on spleen size/weight is poorly described and there are 



 53 

some conflicting results. Ritzel et al demonstrated significant splenomegaly in TBI mice by the third day 

post-injury compared to sham mice with a return to baseline weight by 60 days following injury (Ritzel 

et al., 2018). Most importantly, the authors showed that the increase in spleen weight was associated 

with acute rise in myeloid cells numbers. However, it remains unclear if this rise is due to increased 
traffic of myeloid cells or increased splenic cell production. Preclinical studies using stroke models 

showed atrophy of the spleen after injury which was related to a massive migration of splenocytes into 

systemic circulation, thereby enhancing neuroinflammation (Seifert et al., 2012). In our studies, there 

was no significant change in spleen weights when comparing sham and TBI mice.  

It is important to mention that some differences found in our experiments compared to previous 

studies from our lab could be explained by some changes in the protocols such as: a different CCI 

device was used in this project; severity of the hit – in our experiments mild to moderate versus 

moderate level in Ritzel et al., 2018; and most importantly, the strain of mice used here was 
C57BL/6JOlaHsd whereas in previous studies C57BL/6 strain was studied. 

 TBI has been shown to cause acute changes in the peripheral immune response in animal 

models and humans. Leucocytosis is the hallmark of systemic response to physical trauma and has 

been described at 1- to 3-days post-injury (Liao et al., 2013; Ritzel et al., 2018; Saber et al., 2020). In 

our experiments, we did not see a significant increase in number of circulating monocytes in TBI mice 

at any of the examined time points compared to sham mice. Interestingly, we did observe a decrease 

in neutrophils counts in the blood at 1 day post-injury. This result is not consistent with the literature 

and should be repeated before further conclusions to be drawn. 
A number of studies have described how oxidative stress plays a key role in the secondary 

injury of TBI pathogenesis (Kumar et al., 2016; Liao et al., 2013). Although respiratory burst is a 

physiological and protective response, in conditions such as TBI, an imbalance between ROS versus 

ROS scavengers becomes evident in favour of a pro-oxidative response with significant progression of 

the initial injury. Increasing evidence suggests that NOX2, being an enzymatic complex with the sole 

function of producing ROS and known to be activated in TBI, is a promising therapeutic target for TBI 

(Kumar et al., 2016; Liao et al., 2013; Ma et al., 2018; Wang & Luo, 2020). 
The current study examined ROS release and NOX2 activity/expression in baseline and 

stimulated states of neutrophils and monocytes from the blood of sham and TBI mice at different time 

points (1,7, and 14 DPI). Additionally, we performed linear regression analyses between MFI DHR123 

(ROS probe) and MFI NOX2 (gp91phox antibody) to assess the correlation between these two probes 

with the main goal of establishing our panel as a credible, reliable, and effective functional biomarker 

for TBI.  

Our experimental design was based on previous results from the Loane group, which 

demonstrated a biphasic pattern in basal ROS levels in blood monocytes and neutrophils following TBI. 
There was a significant increase at day 3, decrease at day 7 followed by a second peak at day 60 after 

injury (Ritzel et al., 2018). In a recent human study, authors demonstrated that among TBI patients 

there was increased baseline leveIs of blood neutrophils ROS with a peak at 1 day post-injury compared 

to uninjured patients and trauma controls, which was attributed to enhanced expression of gp91phox 

(Liao et al., 2013). Unfortunately, due to the nature of our experimental design, we were unable to 
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compare the data between different time points as our samples were both generated and processed 

for flow cytometry on different days, therefore we performed statistical analysis within the same cohort 

only. We did not see a statistical difference in sham vs. TBI mice in basal ROS levels (MFI DHR123) or 

in NOX2 activity, both in blood neutrophils and monocytes up to 2 weeks post-injury. At 14 days post-
injury, it was possible to observe an increased trend in MFI NOX2 when comparing TBI to sham mice, 

but this did not reach statistical significance. In future experiments, we aim to have cohorts with 30, 60 

and 180 days post-injury to have a better understanding of the basal NOX2 activity in chronic TBI. 

Like most aspects of TBI, there is a temporal difference in neural and systemic responses, 

including the peripheral immune response. TBI is highly associated with peripheral immunosuppression 

(Hazeldine et al., 2015; Husain et al., 2020; Ritzel et al., 2018; Schwulst et al., 2013). Different from the 

initial peak in basal ROS levels in the acute phase of TBI, at more chronic stages of TBI an impairment 

in the respiratory burst activity has been demonstrated (Schwulst et al., 2013; Sharma et al., 2019). 
Marks et al. showed that at 9 days following TBI, ROS production by neutrophils from injured patients 

was lower when compared to healthy matched controls. This fact could explain the increased 

susceptibility of TBI patients to later (or subsequent) infections (Husain et al., 2020; Marks et al., 2013). 
Previous work from our  group demonstrated that at acute time points (3 days post-injury) 

phagocytes in the bone marrow from sham and TBI responded equally to stimulation (Ritzel et al., 

2018). However, at 2 months after injury an impairment of the respiratory burst activity, which is the 

main target in our studies, was shown. To assess the functional status of the circulating myeloid cells 

after brain injury and, therefore, determine the peripheral immune response to a second challenge, we 
stimulated our blood and spleen samples with PMA/ionomycin to induce a strong respiratory burst. The 

focus was on the blood myeloid cells in this study, owing to the fact that in the clinical setting a blood-

based biomarker is more appropriate, and sampling is less invasive. Additionally, we included a NOX2 

antibody in the panel to simultaneously estimate ROS production and NOX2 activity.  

The most exciting finding of this study was the observation that upon stimulation at 14 days 

post-injury the peripheral immune system already shows signs of impairment, whereas previously this 

impairment was observed at 60 days post-injury (Ritzel et al., 2018). Blood neutrophils from injured 
mice did not respond as expected after PMA/ionomycin stimulation in both outputs: MFI DHR123 and 

MFI NOX2. Circulating monocytes from TBI mice also demonstrated a deficit in ROS production after 

stimulation, but NOX2 activity remained unaffected in this cell population at 14 days post-injury. These 

are promising results corroborating our hypothesis that after TBI the peripheral immune response 

becomes dysfunctional with time. Future studies should examine other cohorts such as 30, 60 and 180 

days post-injury as well as other immune organs, to more fully capture the temporal and spatial 

alteration of systemic immune responses and function following TBI. 

We also demonstrated through linear regression analyses that the association between ROS 
generation (MFI DHR123) and NOX2 activation (MFI NOX2) became statistically significant at 7 days 

in circulating neutrophils and at 14 days post-injury in monocytes. A possible explanation for this could 

be that at acute time points other sources of ROS, that are not NOX2, also play important roles and 

contribute significantly to ROS being detected by DHR123. At chronic time points after TBI, when NOX2 

is known to be persistently activated (Kumar et al., 2016; Liao et al., 2013; Ma et al., 2018) and 
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contributes to the aggravation of the primary injury, it may function as the primary source of ROS. 

Confirmation of findings by repeating the study will need to be carried out. Additionally, inclusion of 

more chronic time points into future studies to evaluate whether this NOX2/ROS panel is a potential 

functional biomarker for chronic TBI should be considered. 
Curiously, stimulation of whole spleen samples yielded no significant differences neither in ROS 

release nor in NOX2 activity/expression after stimulation. This is most likely due to background caused 

by the myriad of cell types in the cell suspension. In the future, the protocol for the spleen preparation 

should be optimized and magnetic or flow cytometric cell sorting of specific cell subsets should be 

incorporated to allow for better discriminate in splenic cell populations. 

 This project faced some challenges throughout its course but undoubtedly the COVID-19 

pandemic was a major drawback. Due to these unprecedent times we had to pause the experiments in 

a few occasions and the in vivo work was delayed. Despite the obstacles we had successful results in 
the NOX2/ROS assay development in a neutrophil-like cell line and we were able to apply the protocol 

in samples from TBI mice.  

The in vivo results presented in this thesis reflect one set of experimental data and should be 

repeated to consolidate our findings. Due to time constraints, we had three cohorts in this study (1,7 

and 14 days post TBI) and the samples were not generated and processed for flow cytometry on the 

same day. Based on this caveat we decided to adjust the statistical analysis accordingly to not 

compromise our results. The future goal of the lab is to repeat this experiment and include chronic time 

points such as 30, 60 and 180 days post-injury to elucidate chronic sequelae of TBI in the peripheral 
immune response. Additionally, we aim to generate samples for flow cytometry from different cohorts 

on the same day enabling a more accurate statistical analysis.  

Another proposed future experiment is to use different assays to measure ROS generation, 

cytochrome C reduction assay being the main one, considering it measures superoxide anion release 

(NOX final product) and it enables kinetic and quantitative studies. In addition to that, stimuli more 

physiological than PMA/ionomycin to induce respiratory burst should be considered. 

To further characterise the NOX2/ROS blood-based TBI biomarker, a specificity study should 
be performed using a NOX2 inhibitor such as GSK2795039. GSK2795039 is a novel and promising 

drug as it is orally available, non-toxic, CNS-permeable and it has been shown to inhibit NOX2 activity 

in vivo (Hirano et al., 2015). It has been recently used in TBI in vivo studies with encouraging results 

(Wang & Luo, 2020). To understand completely the role of NOX2 in TBI pathology these findings should 

be correlated with injury severity and long-term neurological and behavioural function. Future 

experiments testing GSK2795039 in vivo might lead us to its potential therapeutic use in clinical TBI. 

Here we used a NOX2/ROS blood-based assay to evaluate the functional status of circulating 

myeloid cells post TBI and we had encouraging results. We strongly believe that this biomarker could 
be translated to the clinical setting considering that DHR123 has been routinely used as a diagnostic 

test for CGD patients and it is an easy test to perform.  

The connection between TBI and a dysfunctional systemic immune response has been 

increasingly documented and long-term consequences of this link need to be better investigated. TBI 

patients are at higher risk of acquiring secondary infections which is associated with increased morbidity 
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and mortality and worsened neurological outcomes. An accurate assessment of the 

“immunosuppressed state” of these patients will be a crucial tool providing us with a greater 

understanding of the physiological and pathological responses relevant to host defense and would help 

us identify specific populations at higher risk. TBI patients with impaired respiratory burst will face an 
additional challenge in their condition. A functional TBI biomarker would allow us to act on infection 

prevention, vigilance and moreover encourage research on targeted treatments. 
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SUPPLEMENTARY MATERIAL 
 
Supplemental Figure 1 
 
 

 
 
 
 
Supplemental Figure 1. Titration of NOX2 antibody   
HL-60 cells were differentiated with 1.3% DMSO (v/v) for 5 days and then stimulated with PMA 81nM, 
ionomycin 1.34uM for 60 minutes. Cells were stained for DHR123, Live/Dead, intracellular gp91phox and 
analysed by flow cytometry. (A)Representative FACS plots of dHL-60 cells already gated on live cells. 
Fluorescence Minus One (FMO) controls were used to determine the positivity of the NOX2 antibody. 
Different dilutions were tested 1:100, 1:200 and 1:400. (B) Results are expressed as Mean 
Fluorescence Index (MFI) of NOX2 (gp91phox). Data are mean ±SEM (n=3 per group). *p<0.05; 
**p<0.01; ***p<0.001; ****p<0.0001 versus control by one-way ANOVA with post hoc Tukey’s multiple 
comparisons test.  
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Supplemental Figure 2 
 

 
 
Supplemental Figure 2. Complete gating strategy  
Blood was collected via cardiac puncture under anaesthesia and cells were processed for flow 
cytometry analysis. Cells were stained for surface CD45, CD11b, Ly6C, and Ly6G; and intracellular 
NOX2 (gp91phox). Cells were first gated to isolate the single cells, then gated to identify the live cells. 
Myeloid cells were gated as CD45+CD11b+ followed by gating on Ly6C-Ly6G+ for neutrophils and 
Ly6C+Ly6G- for monocytes. Cell-specific fluorescence minus one (FMO) controls were used to 
determine the positivity of each antibody. The same gating strategy was used for spleen samples. 
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Supplemental Figure 3 
 

 
 
 
 
Supplemental Figure 3. Temporal assessment of NOX2/ROS activity in spleen neutrophils 
following experimental TBI  
Spleens were removed immediately after blood collection, prior to transcardial perfusion and processed 
for flow cytometry analysis. Cells stained with DHR123 and with superficial makers (CD45, CD11b, 
Ly6C, Ly6G) and intracellular gp91phox (NOX2). Neutrophils were gated as CD45+CD11b+Ly6C-Ly6G+. 
Respiratory burst (A, D, G) and NOX2 activity (B, E, H) were measured following PMA/ionomycin 
stimulation for 30 minutes. No significant changes were observed in ROS generation or NOX2 activity 
at 1 or 7 DPI (A-B, D-E). At 14 DPI, ROS generation was significantly decreased in TBI at baseline (G) 
without affecting NOX2 activity (H); PMA/ionomycin stimulation significantly reduced NOX2 activity (H). 
Regression analyses were run to correlate ROS with NOX2 activity (C, F, I), but they found no significant 
correlation between ROS and NOX2 levels at any of the timepoints examined (C, F, I). For all 
experiments, n = 4–6/group. Data are mean ±SEM relative to control *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001 by two-way ANOVA with post hoc Tukey’s multiple comparisons test.  
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Supplemental Figure 4 
 
 

 
 
 

 
Supplemental Figure 4. Temporal assessment of NOX2/ROS activity in spleen monocytes 
following experimental TBI  
Spleens were removed immediately after blood collection, prior to transcardial perfusion and processed 
for flow cytometry analysis. Cells were stained with DHR123 and with superficial makers (CD45, 
CD11b, Ly6C, Ly6G) and intracellular gp91phox (NOX2). Monocytes were gated as 
CD45+CD11b+Ly6C+Ly6G-. Respiratory burst (A, D, G) and NOX2 activity (B, E, H) were measured 
following PMA/ionomycin stimulation for 30 minutes. No significant changes were observed in ROS 
generation or NOX2 activity at 1 or 7 DPI (A-B, D-E). At 14 DPI, TBI significantly decreased ROS 
generation at baseline levels (G) without affecting NOX2 activity (H). Regression analyses were run to 
correlate ROS with NOX2 activity (C, F, I), but was only significant at 7 DPI (F). For all experiments, n 
= 4–6/group. Data are mean ±SEM relative to control *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 by 
two-way ANOVA with post hoc Tukey’s multiple comparisons test. 
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