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ABSTRACT 

 

Myalgic Encephalomyelitis/ Chronic Fatigue Syndrome (ME/CFS) is a disabling condition 

characterised by unexplained chronic fatigue that is associated with immune, neurological 

(including autonomic), musculoskeletal, cardiovascular and gastrointestinal symptoms [1, 2]. 

Currently, accurate diagnosis remains challenging in the absence of a clinical or laboratory test. 

Although the aetiology of ME/CFS remains undefined, a significant reduction in natural killer 

(NK) cell cytotoxicity is consistently reported in ME/CFS patients compared with healthy 

controls (HC) [3-6]. NK cells are effector lymphocytes of the innate immune system principally 

responsible for recognising and responding to pathogen invasion [7]. Approximately 90% of 

peripheral NK cells are CD56DimCD16+ which are highly cytotoxic and kill infected, tumour 

or ‘missing self’ cells through cytotoxic processes [8]. Conversely, the CD56BrightCD16Dim/- 

subset is responsible for immunosurveillance and cytokine production [9]. Importantly, NK 

cells require calcium (Ca2+) to regulate various cellular functions, such as cell differentiation, 

cell division, apoptosis, transcription, and cytotoxicity [10].  

 

Transient Receptor Potential (TRP) channels are a group of unique ion channels whereby 

majority are highly selective to Ca2+ [11]. Functionally, TRP ion channels regulate “threat” 

stimuli, such as pain, thermosensation, mechanosensation, pathogens, and chemicals, via 

sensory transduction pathways. TRPM2 and TRPM3 are cation channels ubiquitously 

expressed throughout the human body and expressed in almost all cell types, such as NK cells. 

Both TRPM members are highly permeable to Ca2+, therefore are critical regulators of Ca2+-

dependent pathways, such as NK cell cytotoxicity. TRPM2 is activated by adenine 

dinucleotides (ADPR, cADPR, NAADP, ꞵ-NAD), reactive oxygen species (hydrogen peroxide 

and OH-), and intracellular ([Ca2+]i). Conversely, TRPM3 is potently activated by neural 
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steroids, such as pregnenolone sulphate (PregS) and nifedipine. Upon stimulation, TRPM2 and 

TRPM3 ion channels trigger a rapid influx of Ca2+ influx and rise in [Ca2+]i, which 

subsequently facilitates intracellular pathways for Ca2+ release from cellular organelles. 

 

Recently, TRPM2 has emerged as a key receptor in mediating Ca2+-induced anti-tumour 

activity in mouse NK cells via synergistic activation with CD38. CD38 generates Ca2+ 

mobilizing secondary messengers, such as ADPR, to activate TRPM2. Rah et al., determined 

inhibition of sustained tumour-induced Ca2+ signals and degranulation in mouse NK cells 

following 8-bromoadenosine diphosphoribose (8-Br-ADPR) treatment [12]. Moreover, N6-

Benzoyladenosine-3′,5′-cyclic monophosphate (N6-Bnz-cAMP) significantly increased 

intracellular ADPR, however was inhibited in Ca2+-free conditions [12]. Currently, no in vitro 

studies have examined the phenotype and function of TRPM2 ion channels on human NK cell 

subsets, notably in ME/CFS research. Conversely, five single nucleotide polymorphisms in NK 

cells associated with TRPM3 have been previously identified in ME/CFS patients [13]. 

Reduced TRPM3 surface expression and impaired Ca2+ influx has furthermore been identified 

on NK cells in ME/CFS patients [14].  

 

Given TRPM2 and TRPM3 are both critical regulators for Ca2+ signalling in NK cells, the 

overall aim of this thesis was to investigate the role of TRPM2 and TRPM3 in mediating NK 

cell cytotoxicity to identify a potential mechanism of reduced NK cell cytotoxic activity in 

ME/CFS patients. Study one aimed to develop an in vitro methodology to characterise TRPM2 

and CD38 surface expression on NK cell subsets using an antibody that has not been previously 

used with flow cytometry. Applying this optimised methodology, study two aimed to quantify 

TRPM2 and CD38 surface expression on NK cell subsets at baseline and post in vitro drug 

treatments (N6-Bnz-cAMP and 8-Br-ADPR) in ME/CFS patients and HC. NK cell cytotoxicity 
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was furthermore measured at baseline and post in vitro drug treatments (N6-Bnz-cAMP and 8-

Br-ADPR) between groups. Lastly, study three aimed to examine the clinical presentation in a 

moderate-severe ME/CFS group, as well as measure NK cell cytotoxicity post in vitro drug 

treatment with TRPM3 agonists, PregS, nifedipine and ononetin, in ME/CFS patients and HC.  

 

Age and sex matched HC were included in study one. Age and sex-matched ME/CFS patients 

meeting the Canadian Consensus Criteria (CCC) and HC were included in studies two and 

three. All participants donated 85ml of whole blood and peripheral NK cells were isolated. 

TRPM2 and CD38 surface expression was measured on CD56DimCD16+ and 

CD56BrightCD16Dim/- subsets, as well as NK cell cytotoxicity at baseline and post in vitro drug 

treatments by flow cytometry. Drug treatments included: interleukin-2, N6-Bnz-cAMP, 8-Br-

ADPR, PregS, nifedipine and ononetin. 

 

Study one determined 1:50 as the optimal primary TRPM2 antibody dilution following a two-

hour incubation period. TRPM2 surface expression with and without CD38 co-expression 

significantly increased between 1:300 and 1:50 primary TRPM2 antibody dilutions following 

a two-hour incubation period on both CD56DimCD16+ and CD56BrightCD16Dim/- NK cell subsets. 

On the CD56DimCD16+ subset only, TRPM2 and CD38 surface expression also significantly 

increased at  1:50 compared with 1:100. Moreover, TRPM2 surface expression significantly 

decreased between 1:50 and 1:5 TRPM2 antibody dilution following a two-hour incubation 

period. This significant decrease highlights the high-dose hook effect, whereby the highly 

concentrated 1:5 antibody dilution saturated both capture and detection TRPM2 antibodies. 

Study two identified a significant overexpression of the TRPM2 ion channel on NK cell subsets 

in ME/CFS patients compared with HC. No significant differences in NK cell cytotoxicity were 

observed between or within groups post N6-Bnz-cAMP and 8-Br-ADPR drug treatments. 
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Lastly, study three revealed no signficiant differences in NK cell cytotoxicity post PregS and 

nifedipine drug treatments, as well as subsequent blocking with ononentin in both groups. In 

both Study 2 and Study 3, viral infections and various clinical ME/CFS symptoms were 

significantly associated with reduced NK cell cytotoxicity in ME/CFS patients. Associations 

included: pain, cognitive difficulties, sleep disturbances, sensory impairments, thermostatic 

instability and gastrointestinal disturbances, possibly involving TRPM2 and TRPM3.  

 

In conclusion, the results of this thesis are the first to develop a novel and optimal in vitro 

methodology to measure TRPM2 and CD38 surface expression on human NK cell subsets 

using flow cytometry. This thesis is also the first to report overexpressed TRPM2 ion channels 

on NK cell subsets in ME/CFS patients. Oxidative stress induced by viral infections is 

hypothesised to cause this overexpression in TRPM2 ion channels in ME/CFS patients as 

previously reported. Overexpressed TRPM2 ion channels may cause mitochondrial 

dysfunction, cellular death, DNA damage, and disruption to MAPK pathways following 

uncontrolled increases in [Ca2+]i. Collectively, these processes interfere with downstream Ca2+-

dependent pathways, such as NK cell cytotoxicity, which was found to be significantly reduced 

at baseline in ME/CFS patients compared to HC.  

 

The drug-treated NK cell cytotoxicity results may reflect the sensitivity of the cytotoxic assay 

to capture the TRPM2 and TRPM3 drug-modulatory effects on NK cell cytotoxicity. Given the 

drugs were incubated in the media and cells for more than 24 hours, the TRPM2 and TRPM3 

ion channels may have undergone repetitive activation and inhibition cycles. Consequently, 

this may have activated and caused sustained long-term Ca2+-dependent pathways which may 

have potentially resulted in disrupted gene expression, irreversible cellular death and the 

development of NK cell hyporesponsiveness. 
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Furthermore, a primary limitation with TRPM2 is the lack of potent and specific 

pharmacological tools. Consequently, the TRPM2 signals may have been reduced or lost, 

subsequently modulating activation of downstream NK cell cytotoxic processes, such as the 

extracellular signal-regulated protein kinase 1/2 and mitogen-activated protein kinase 

pathways. Taken together, this thesis warrants the identification of additional experiments with 

a more appropriate time-sensitivity to capture the pharmacological effects of specific cellular 

mechanisms of interest, as well as the identification and development of more potent, specific, 

and non-toxic pharmacological tools targeting TRPM2. Additional rationales include co-

localisation of between TRPM2 and CD38 and the involvement of TRPM2 and TRPM3 spliced 

isoforms.  

 

A common feature shared amongst the significant associations between reduced NK cell 

cytotoxicity clinical ME/CFS symptoms is the high expression and functional activity of 

TRPM2 and TRPM3 in the CNS, which functions as the control centre for these physiological 

systems. However, additional quantitative tests examining these clinical functions, such as 

nociceptive pain and thermoregulation, are required to definitvely associate the possible roles 

of TRPM2 and TRPM3 activity and the unique clinical presentation of ME/CFS. Interestingly, 

positive correlations were determined between reduced NK cell cytotoxicity and overexpressed 

TRPM2 ion channels on both NK cell subsets within the ME/CFS group. ROC analyses also 

revealed diagnostic potential for reduced NK cell cytotoxicity and overexpressed TRPM2 ion 

channels in ME/CFS patients. Collectively, these results highlight a relationship between 

TRPM2 and reduced NK cell cytotoxicity in ME/CFS. Therefore, furthur investigations in this 

vital area of ME/CFS research will assist in the validation of TRPM2 and TRPM3 as potential 

biological markers to further understand the unique pathomechanism of ME/CFS and facilitate 
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the development of targeted therapeutic interventions to improve the quality of life of ME/CFS 

patients.  
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1.1 Myalgic Encephalomyelitis/Chronic Fatigue Syndrome 

 

1.1.1 History of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome 

a. Myalgic Encephalomyelitis 

In 1934, a series of outbreaks of an unknown illness were globally recorded [15, 16]. Initially 

confused with poliomyelitis, the illness eventually differentiated and became known as 

“epidemic neuromyasthenia” [16]. In 1950, the term “benign myalgic encephalomyelitis” was 

used to describe a similar outbreak at the Royal Free Hospital in London [17]. Overall patients 

experienced malaise, tender lymph nodes, sore throat, pain, and signs of encephalomyelitis 

[18]. Despite an undetermined origin, the term “benign myalgic encephalomyelitis” (BME) 

was chosen to reflect “the absent mortality, severe muscular pains, evidence of parenchymal 

damage to the nervous system, and the presumed inflammatory nature of the disorder” [15]. In 

1970, two British psychiatrists reviewed 15 reported outbreaks on benign myalgic 

encephalomyelitis (ME). Based on the higher prevalence of females and minimal physical 

signs, the outbreaks were concluded as psychosocial phenomena caused by either mass hysteria 

or altered medical perception of the community [19]. Furthermore, the researchers 

recommended the disease be renamed “myalgia nervosa”. The proposed psychological 

aetiology catalysed political controversy which convinced health professionals that this 

concept was a plausible explanation. Nonetheless, this psychological concept was strongly 

refuted by Dr. Melvin Ramsey [20].  

 

Ramsey et al., demonstrated that although this disease rarely resulted in mortality, patients 

exhibit severe disability. Consequently, the prefix “benign” was dropped [17, 21]. In 1986, 

Ramsey et al., published the first diagnostic criteria for ME, a condition characterised by a 

unique form of muscle fatigability, wherebyminimal physical effort caused at least three days 

relapse before restoration of complete muscle power. Additionally, patients exhibit significant 
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variability or fluctuation of symptoms and alarming chronicity [22]. Despite the significant 

academic contributions by Ramsey et al., against ME as a psychological disorder, this 

perception continues to exist within the healthcare community due to predominant research in 

psychiatry and psychology. 

 

b. Chronic Fatigue Syndrome 

Comparable to mononucleosis, two major outbreaks in the mid-1980s were recorded in Nevada 

and New York. The illness was characterized by “chronic or recurrent debilitating 

fatigue”accompanied by varying symptom combinations including: sore throat, lymph node 

pain and tenderness, headache, myalgia, and arthralgias [23]. Interestingly, the illness was 

branded “chronic Epstein-Barr virus syndrome” due to recurrent reports of Epstein-Barr virus 

prior to the illness onset [23]. In 1987, the Centers for Disease Control and Prevention (CDC) 

established a committee to acquire consensus on the key clinical features of the illness. 

Importantly, the CDC recognized chronic fatigue syndrome (CFS) not as a new illness, but a 

misbranded illnessreported throughout history with differing aetiology and epidemiology [24]. 

Although ME was globally more accepted [23], the CDC established “chronic fatigue 

syndrome” as the first definition in 1988 due its inclusivity and neutrality. Currently, there are 

at least 20 sets of case definitions or diagnostic criteria for CFS, which unfortunately has caused 

significant variability in research findings and challenges in clinical diagnosis. Diagnosis 

currently relies on differential elimination between other diseases and disorders, as well as self-

reported symptom-based criteria. Nonetheless, this diagnostic process remains challenging in 

the absence of a universal biological or clinical test.   
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1.1.2 Terminology 

Although various names have been proposed for this illness, “chronic fatigue syndrome”, 

“myalgic encephalomyelitis”, “systemic exertion intolerance disease”and the umbrella term 

“ME/CFS” are the most common terms used. Interestingly, surveys conducted by ME/CFS 

advocacy organisations determined 85-92% of respondents desired a name change [25]. 

Notably, the term “CFS” has been criticized as stigmatizing and trivializing by the wider 

community [26]. Therefore, reaching consensus on a representative name for CFS has sparked 

debates between patients, clinicians and researchers [27], whereby the name of the illness has 

significantly evolved over time with upcoming research.  

 
Recently, the World Health Organisation (WHO) revised its International Classification of 

Diseases (ICD) for its upcoming 11th edition (ICD-11). Prior to the ICD-11, the WHO 

classified ME/CFS under neurological disorders at Reference 93.3 and used the terms postviral 

fatigue syndrome and BME. Various amendments within the ICD-10 were proposed primarily 

regarding deprecated terminology. Additional amendments included inclusion of CFS in 

Foundation and MMS Linerarization as well as changes to exclusionary terms (Appendix 1). 

However, despite providing appropriate scientific evidence, majority of these 

recommendations were unsuccessfully revised within the ICD-11.  

 

a. Fukuda Case Definition 

In 1994, Fukuda and colleagues published a case definition for CFS and idiopathic chronic 

fatigue intended to guide research in adult populations [1]. The Fukuda definition defines 

chronic fatigue as “self-reported persistent or relapsing fatigue for at least six months, which 

is inadequately relieved by rest” [1]. This definition requires a clinical evaluation to identify or 

exclude medical or psychological conditions that could explain the chronic fatigue. At least 

four of the following symptoms accompany this unexplained fatigue: impaired memory or 
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concentration, sore throat, inflamed lymph nodes, muscle pain, joint pain, headaches, 

unrefreshed sleep, and post-exertional malaise (PEM)_(Table 1) [1]. Importantly, the Fukuda 

classification has been considered overly inclusive in its symptom requirements, particularly 

concerning patients whose symptoms may be caused by a psychiatric disorder, such as 

depression [28]. An additional limitation of the Fukuda definition is that its criteria is 

polythetic, inevitably facilitating heterogeneity amongst diagnosed patients. Despite these 

challenges, the Fukuda case definition is the most widely used definition in ME/CFS research, 

and is notably used for clinical evaluation of patients [1, 29]. 

 

b. Canadian Consensus Criteria 

In 2003, Carruthers and colleagues published the Canadian Consensus Criteria (CCC) as a 

clinical working case definition to assist physicians and clinicians to identify patients with 

unique combinations of symptoms. Although considered a minor symptom within the Fukuda 

case definition, PEM is recognised as a cardinal ME/CFS symptom in the CCC. PEM is 

characterized by rapid muscle or cognitive fatigability due to a delay in the recovery of muscle 

strength following mental or physical exertion. PEM can also severely exaberate 

accompanying ME/CFS symptoms, consequently resulting in a relapse with patients remaining 

bedridden for consecutive days [2]. PEM can also occur after simple everyday tasks, such as 

walking, showering, or having a conversation [30]. Resultantly, many patients prevent and 

manage PEM by limiting their daily activities via pacing methods [31]. Moreover, the CCC 

requires three additional cardinal symptoms – fatigue, sleep dysfunction, and pain – as well as 

minor symptoms categorised by region of pathogenesis (Table 1). 
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c. National Institute for Health and Clinical Excellence Clinical Guidelines 

In 2007, the National Institute for Health and Clinical Excellence (NICE) published clinical 

guidelines to assist diagnosis and management of CFS, referred to as CFS/ME [32]. The NICE 

criterion requires fatigue and at least one symptom persisting for at least four months (Table 

1). Although the NICE criterion requires fewer total symptoms, the guidelines highlight PEM, 

cognitive difficulties, sleep disturbance, and chronic pain as key clinical features of the illness. 

Furthermore, the NICE guideline recommends the use of cognitive behavioural therapy (CBT) 

and graded exercise therapy (GET). However, various concerns have been raised regarding 

these interventions due to limited beneficial evidence and unethical pressures upon patients to 

participate in exercise programmes despite exacerbation of symptoms.  

 

More recently, the NICE have developed an updated draft guideline on the diagnosis and 

management of ME/CFS. One key point highlighted within the draft guideline is that exercise 

is not a treatment or cure for ME/CFS, including GET [33]. Rather, the draft guidline 

recommends a pragmatic approach which allows patients to self-manage their illness within 

their daily limits, whilst using readily available and effective biomedical interventions to 

address their most serious symptoms first. Furthermore, the draft guideline also emphasises 

that CBT is not a treatment or cure for ME/CFS. However, the draft guideline outlines that 

CBT may be a useful intervention to manage ME/CFS sympotms, as well as a supportive 

therapy for patients as CBT aims to improve patient wellbeing and quality-of-life.  The updated 

NICE guideline is scheduled for publication in April 2021.  



43 

 

d. Revised Canadian Clinical Case Definition 

In 2010, the CCC was revised by Jason and colleagues by implementing operational definitions 

for several key symptoms to improve diagnostic reliability and application of the CCC in 

research studies [34, 35]. The Revised CCC requires symptoms from the same six categories 

as the original CCC [35]. Importantly, the Revised CCC recommends the use of a structured 

questionnaire (the DePaul Symptom Questionnaire) [36] to obtain standardized information on 

symptoms as well as the Short Form 36-Item Questionnaire (SF-36) of the Medical Outcomes 

Study to assess quality-of-life measures of patients [37]. Eligible patients must present a 

symptom with moderate severity for approximately half of their illness onset, in addition to a 

score below a maximum score on at least two of the three SF-36 subscales (Table 1).  

 

e. International Consensus Criteria 

In 2011, Carruthers and colleagues published the Myalgic Encephalomyelitis/International 

Consensus Criteria (ME-ICC) for clinical and research purposes. Using the CCC as a 

foundation, the authors chose to use the term “ME” or “ME/CFS” instead of “CFS” [2]. This 

definition has been challenged by other researchers who argue that there is no convincing 

evidence of inflammation in ME/CFS [38]. 

 

The ME-ICC does not require a six-month waiting period prior diagnosis and includes 

operational notes for each symptom criteria. The ICC was the first definition to introduce 

severity categorisation to facilitate ME/CFS diagnosis. Eligible patients must experience PEM 

as well as symptoms from three symptom categories (Table 1): 

1. Neurological impairments: neurocognitive; pain; sleep disturbance; and neurosensory, 

perceptual, and motor disturbances 

2. Immune, gastrointestinal, and genitourinary impairments 
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3. Energy production/transportation impairments 

 

Eligible ME/CFS patients must exhibit symptoms that result in a substantial reduction in 

activity compared with premorbid activity levels. A fifty percent reduction in pre-illness 

activity level is considered a “mild” reduction. The ME-ICC does not provide guidelines on 

the severity or frequency of symptoms [34]. Additionally, the ME-ICC does not necessitate a 

standardized questionnaire for clinical diagnosis, however, recommends patients participating 

in research studies to complete the International Symptom Scale to increase reliability of data 

collection.  

 

f. Patient subpopulations selected by varying diagnositic criteria 

Given the significant symptom-overlap between case criteria, ME/CFS diagnosis commonly 

identifies many patients fulfilling more than one set of diagnositic criteria [39]. Several studies 

have identified significant differences in symptomology and impairment with varying ME/CFS 

criteria [40], whereby majority of these studies have compared Fukuda-defined patients with 

patients fulfilling an alternative ME/CFS criteria (Table 1). Overall, the severity of patient 

subpopulations increases as criteria have evolved from the Fukuda definition to the current 

ME-ICC. 

 

The Fukuda case definition identifies a larger and more heterogenous subpopulation of 

ME/CFS patients [41]. This broader inclusion primarily reflects the inevitable symptom-

overlap with other illnesses, such as Multiple Sclerosis and Lupus. Importantly, if exclusionary 

conditions are unknown or unaccounted for, patients with other disorders may also be 

incorrectly diagnosed.  
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Patients defined by the CCC have reported a higher prevalence and severity of symptoms 

compared with Fukuda-defined patients [42]. The CCC has demonstrated to select patients with 

higher functional impairment, fatigue, weakness, as well as neuropsychiatric and neurological 

symptoms [43-45]. Additionally, CCC-defined patients have reported less psychiatric 

comorbidty than those with the Fukuda definition [43]. Interestingly, most CCC-defined 

patients also fulfill the Fukuda definition. However, not all Fukuda-defined patients fulfill the 

CCC, highlighting a possible moderate to severe subpopulation of ME/CFS patients.  

 

The CCC only needs the presence of a symptom to positively contribute towards a diagnosis, 

whereas the Revised CCC requires minimum levels of frequency and severity of a symptom 

[39]. Overall, fewer patients have been reported to meet the Revised CCC compared with the 

CCC and Fukuda definitions. Patients fulfilling the Revised CCC report more severe functional 

impairment, in addition to physical and cognitive symptoms as the Fukuda definition [39]. 

Moreover, the Revised CCC identifies patients with significantly more psychiatric comorbidity 

compared with the CCC and Fukuda definition, which may result of requiring higher frequency 

and greater severity of symptoms [41].  

 

The Revised CCC and ME-ICC share the most symptom similarities as both used the CCC as 

a criteria platform. Interstingly, majority of patients defined by the ME-ICC will fulfill the 

alternative case definitions. However, not all Fukuda, CCC and Revised CCC-defined patients 

can fulfill the ME-ICC. Therefore, the ME-ICC reveals a rarer and highly severe patient 

subpopulation, characterised by a higher severity of functional impairment, as well as more 

physical, mental, and cognitive problems [39]. Rates of psychiatric comorbidity have remained 

inconclusive in patients fulfilling the ME-ICC compared with the Fukuda definition, which 

may be attributable to the different control measures used [34, 40].  
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Table 1: Elements of Selected Case Definitions and Diagnostic Criteria for ME/CFS. (Table sourced from Clayton, 2015)  

 Fukuda Case Definition 

for CFS  

(1994) 

Canadian Consensus 

Criteria for ME/CFS  

(2003) 

NICE Clinical Guidelines 

for CFS/ME  

(2007) 

Revised Canadian Consensus 

Criteria for ME/CFS  

(2010) 

International Consensus 

Criteria for ME  

(2011) 

Terminology CFS ME/CFS CFS/ME ME/CFS ME 

 

 

 

 

 

 

Method of 

Development 

Consensus process 

involving an international 

collaborative group of 

leading CFS researchers 

and clinicians (including 

input from patient group 

representatives). 

Expert Medical Consensus 

Panel that comprehensively 

reviewed and analyzed CFS 

research evidence; grouped 

symptoms together that share 

a common region of 

pathogenesis. 

The guideline was developed 

by the NationalCollaborating 

Centre for Primary Care, 

which worked with a group of 

health care professionals, 

patients, and caregivers, and 

technical staff who reviewed 

the evidence and drafted the 

recommendations. 

 

The recommendations were 

finalizedafter public 

consultation. 

Authors reviewed previous 

definitions and literature 

available; tried to limit the 

types of symptoms within each 

of the Canadian Consensus 

Criteria categories to allow 

investigators to more reliably 

categorize patients. 

The expertise and 

experience of the Panel 

members as well as PubMed 

and other medical sources 

were utilized in a 

progression of suggestions, 

drafts, reviews, and 

revisions. The authors 

achieved 100 percent 

consensus through a Delphi-

type process. The Canadian 

Consensus Criteria were 

used as a starting point, but 

significant changes were 

made. 

 

 

 

 

Required 

Symptom(s) 

• Prolonged or chronic 

fatigue that persists or 

relapses for ≥ 6 

months. 

• Four or more of the 

followingconcurrently 

present for ≥ 6 

months: impaired 

memory or 

concentration 

 

– Sore throat 

• Fatigue 

• Post-exertional malaise 

and/or fatigue 

• Sleep dysfunction 

• Pain 

• Two or more 

neurological/cognitive 

manifestations 

• Fatigue (characterized by 

post-exertional malaise 

and/or fatigue) 

• One or more of the 

following: 

– difficulty with sleeping 

– muscle and/or joint 

pain 

– headaches 

– painful lymph nodes 

without pathological 

enlargement 

• Fatigue 

• Post-exertional malaise 

and/or post-exertional 

fatigue 

• Unrefreshing sleep or 

disturbance of sleep 

quantity or rhythm 

disturbance 

• Pain (or discomfort) that is 

often widespread and 

migratory in nature 

• Post-exertional 

neuroimmune 

exhaustion (PENE) 

• At least one symptom 

from three of the 

following four 

neurological 

impairment categories: 

– neurocognitive 

impairments 

– pain 

– sleep disturbance 
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– tender cervical or 

axillary lymph 

nodes 

– muscle pain 

– multi-joint pain 

– new headaches 

– unrefreshing sleep 

– post-exertion 

malaise 

 

• At least one symptom 

from two of the 

following categories: 

– Autonomic 

– Neuroendocrine 

– Immune 

 

• Illness lasting ≥ 6 

months 

 

– sore throat 

– cognitive dysfunction 

– physical or mental 

exertion makes 

symptoms worse 

– general malaise or 

flulike symptoms 

– dizziness and/or 

nausea 

– palpitations in the 

absence of identified 

cardiac pathology 

 

• Persistence of symptoms 

≥ 4 months for adults and 

≥ 3 months in children or 

young people 

 

• Two or more 

neurological/cognitive 

manifestations 

• At least one symptom 

from two of the three 

categories: 

– autonomic 

manifestations 

– neuroendocrine 

manifestations 

– immune manifestations 

 

• Persistent or recurring 

symptoms for ≥ 6 months 

but not lifelong 

 

– neurosensory, 

perceptual, and motor 

disturbances 

• Immune, 

gastrointestinal, and 

genitourinary 

impairments. At least 

one symptom from 

three of the following 

five categories: 

– flu-like symptoms 

– susceptibility to viral 

infections with 

prolonged recovery 

periods 

– gastrointestinal tract 

– genitourinary 

– sensitivities to food, 

medications, odors, 

or chemicals 

• At least one symptom 

from energy 

production/transportati

on impairments: 

– Cardiovascular 

– Respiratory 

– loss of thermostatic 

stability 

– intolerance of 

extremes of 

temperature 
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Exclusionary 

Conditions 

 Any active medical 

condition that may 

explain the presence of 

chronic fatigue, such as 

– untreated 

hypothyroidism, 

sleep apnea, and 

narcolepsy 

– iatrogenic 

conditions, such as 

side effects of 

medication. 

 Any previously diagnosed 

medical condition whose 

resolution has not been 

documented beyond 

reasonable clinical doubt 

and whose continued 

activity may explain the 

chronic fatiguing illness. 

Such conditions may 

include: 

– previously treated 

malignancies 

– unresolved cases of 

hepatitis B or C 

virus infection. 

 Any past or current 

diagnosis of: 

– major depressive 

disorder with 

Active disease processes that 

explain most of the major 

symptoms, including: 

• Addison's disease 

• Cushing's syndrome 

• hypothyroidism 

• hyperthyroidism 

• iron deficiency, other 

treatable forms of anemia 

• iron overload syndrome 

• diabetes mellitus 

• cancer 

 

Also exclude: 

• treatable sleep disorders 

such as upper airway 

resistance syndrome and 

obstructive or central 

sleep apnea 

• rheumatological 

disorders such as 

rheumatoid arthritis, 

lupus, polymyositis, and 

polymyalgia rheumatica 

• immune disorders such 

as Acquired Immune 

No list provided Any active medical condition 

that may explain the presence 

of chronic fatigue, such as 

 

• untreated hypothyroidism 

• sleep apnea 

• narcolepsy 

• malignancies 

• leukemia 

• unresolved hepatitis 

• multiple sclerosis 

• juvenile rheumatoid 

arthritis 

• lupus erythematosus 

• AIDS/Human Immune 

Deficiency 

• severe obesity (Body mass 

index (BMI) greater than 

40; but if weight gain 

follows onset of ME/CFS, 

the patient could meet the 

clinical criteria) 

• celiac disease 

• Lyme disease 

• Also exclude active 

psychiatric conditions that 

As in all diagnoses, 

exclusion of alternate 

explanatory diagnoses is 

achieved by the patient's 

history, physical 

examination, and 

laboratory/ biomarker 

testing as indicated. It is 

possible to have more than 

one disease but it is 

important that each one is 

identified and treated. 

Primary psychiatric 

disorders, somatoform 

disorder, and substance 

abuse are excluded. 
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psychotic or 

melancholic 

features 

– bipolar affective 

disorders 

– schizophrenia of 

any subtype 

– delusional disorders 

of any subtype 

– dementias of any 

subtype 

– anorexia nervosa 

– bulimia nervosa. 

 

• Alcohol or other 

substance abuse 

within 2 years before 

the onset of the 

chronic fatigue and at 

any time afterward. 

• Severe obesity as 

defined by a BMI = 

weight in 

kilograms/(height in 

meters)2] equal to or 

greater than 45. 

 

Deficiency Syndrome 

(AIDS) 

• neurological disorders 

such as Multiple 

Sclerosis, Parkinsonism, 

Myasthenia Gravis, and 

B12 deficiency 

• infectious diseases such 

as tuberculosis, chronic 

hepatitis, Lyme disease, 

etc. 

• primary psychiatric 

disorders and substance 

abuse 

 

may explain the presence 

of chronic fatigue, such as: 

 

• schizophrenia or psychotic 

disorders 

• bipolar disorder 

• active alcohol or substance 

abuse—except as below: 

 

• alcohol or substance abuse 

that has been successfully 

treated and resolved 

should not be considered 

exclusionary. 

• active anorexia nervosa or 

bulimia nervosa—except 

as below: 

eating disorders that have been 

treated and resolved should not 

be considered exclusionary. 

• depressive disorders with 

melancholic or psychotic 

features 

 

Comorbidities 

(not 

necessarily 

exclusionary) 

The following conditions 

do not exclude a patient 

from the diagnosis of 

unexplained chronic 

fatigue 

Any condition defined 

Fibromyalgia syndrome 

(FMS), myofascial pain 

syndrome (MPS), 

temporomandibular joint 

syndrome (TMJ), irritable 

bowel syndrome (IBS), 

No list provided May have presence of 

concomitant disorders that do 

not adequately explain fatigue 

and are, therefore, not 

necessarily exclusionary. 

 

Fibromyalgia, MPS, TMJ, 

IBS, interstitial cystitis, 

Raynaud's phenomenon, 

prolapsed mitral valve, 

migraines, allergies, MCSs, 

Hashimoto's thyroiditis, 
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primarily by symptoms 

that cannot be confirmed 

by diagnostic laboratory 

tests, including: 

– fibromyalgia 

– anxiety disorders 

– somatoform 

disorders 

– nonpsychotic or 

nonmelancholic 

depression 

– neurasthenia 

– multiple chemical 

sensitivity disorder. 

–  

• Any condition under 

specific treatment 

sufficient to alleviate 

all symptoms related 

to that condition and 

for which the 

adequacy of treatment 

has been documented. 

Such conditions 

include: 

 

– hypothyroidism for 

which the adequacy 

of replacement 

hormone has been 

verified by normal 

thyroid-stimulating 

hormone levels or 

– asthma in which the 

adequacy of 

interstitial cystitis, irritable 

bladder syndrome, Raynaud's 

phenomenon, prolapsed 

mitral valve, depression, 

migraine, allergies, multiple 

chemical sensitivity (MCS), 

Hashimoto's thyroiditis, sicca 

syndrome, etc. 

• Psychiatric diagnoses, 

such as anxiety 

disorders, somatoform 

disorders, depressive 

disorders 

• Other conditions defined 

primarily by symptoms 

that cannot be confirmed 

by diagnostic laboratory 

tests, such as: 

– multiple food and/or 

chemical sensitivity 

– fibromyalgia 

• Any condition under 

specific treatment 

sufficient to alleviate all 

symptoms related to that 

condition and for which 

the adequacy of treatment 

has been documented. 

• Any condition that was 

treated with definitive 

therapy before 

development of chronic 

symptomatic sequelae. 

• Any isolated and 

unexplained physical 

examination, laboratory, or 

imaging test abnormality 

that is insufficient to 

strongly suggest the 

sicca syndrome, reactive 

depression. Migraine and 

irritable bowel syndrome 

may precede ME but then 

become associated with it. 

Fibromyalgia overlaps. 



51 

 

treatment has been 

determined by 

pulmonary function 

and other testing. 

 

• Any condition, such 

as Lyme disease or 

syphilis, that was 

treated with definitive 

therapy before 

development of 

chronic symptomatic 

sequelae. 

• Any isolated and 

unexplained physical 

examination finding 

or laboratory or 

imaging test 

abnormality that is 

insufficient to 

strongly suggest the 

existence of an 

exclusionary 

condition. Such 

conditions include an 

elevated antinuclear 

antibody titer that is 

inadequate to strongly 

support a diagnosis of 

a discrete connective 

tissue disorder 

without other 

laboratory or clinical 

evidence. 

existence of an 

exclusionary condition. 
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Abbreviations: AIDS, acquired immune deficiency syndrome; BMI, body mass index; CFS, chronic fatigue syndrome; CFS/ME, chronic fatigue 

syndrome/myalgic encephalomyelitis; FS, fibromyalgia syndrome; IBS, irritable bowel syndrome; MCS, multiple chemical sensitivity; ME, 

myalgic encephalomyelitis; ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; MPS, myofascial pain syndrome; PENE, post-

exertional neuroimmune exhaustion; TMJ, temporomandibular joint syndrome.  
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According to the CDC and the National Health and Medical Research Centre of Australia, the 

CCC and ICC case definitions are currently the most internationally accepted diagnostic 

criteria that specifically groups coordinated patterns of symptom clusters to identify areas of 

the pathology [2]. The cardinal symptom of ME/CFS is a pathologically low threshold of 

fatigability that is characterised by an inability to produce sufficient energy on demand, 

resulting in extreme weakness, exacerbation of symptoms and a prolonged recovery period. 

Additional key components of ME/CFS include profound dysregulation of the central nervous 

system (CNS), immune system, cardiovascular system, cellular energy metabolism and ion 

transport [2]. 
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1.1.3 Burden of ME/CFS 

a. Prevalence and demographics 

The estimated worldwide prevalence of ME/CFS ranges between 0.2 – 1.3% [28].However, an 

accurate prevalence of ME/CFS is difficult to acquire with the significant application of 

differing ME/CFS case definitions. The lack of standardized diagnostic processes caused by 

uninformed or misinformed physicians furthermore hinders the ability to obtain accurate 

prevalence data. Resultantly, many patients are misdiagnosed, accounting approximately 84–

91% of suspected ME/CFS cases [46]. Therefore, an objective diagnostic tool is urgently 

required to accurately confirm the “true” prevalence of ME/CFS. Currently, the indicative 

prevalence rates provided by the CDC and NHMRC of Australia utilise the recommended CCC 

and ICC case definitions as stringent criteria.  

 

ME/CFS is more commonly reported in women (aged 30-40 years) [47], and although patients 

who seek healthcare are predominantly caucasian, the illness may be more prevalent in 

minority groups [48-51]. The average age of onset is 33 years, however ME/CFS can affect 

individuals as early as age 10 and as late as 77 years [52]. Symptoms can persist for years, and 

most patients never regain their premorbid level of health and functioning [51, 53, 54]. 

 

b. Disability and impairment 

Numerous ME/CFS symptoms are attributable to impairment or disability, such as fatigue, 

cognitive dysfunction, pain, sleep disturbance, PEM, and secondary depression or anxiety [55, 

56]. ME/CFS patients have been determined to be more functionally impaired compared with 

other disabling illnesses, including type 2 diabetes mellitus, congestive heart failure, 

hypertension, depression, Multiple Sclerosis, and end-stage renal disease [26, 57]. At least one-

quarter of severe patients are bed-bound. Moderate cases are confined to home; and mild cases 
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are still proficient in engaging in work and social activities. For severe ME/CFS cases, illness 

duration can precede for years; significantly interrupting individuals’ critical years of social 

and economic productivity, as well as an increase in healthcare expenditure [39]. 

 

c. Healthcare costs and utilisation 

Patients with ME/CFS considerably spend more on healthcare services, as well as consult more 

healthcare providers than the general medical patient population to establish a more definitive 

diagnosis and treatment [58-60]. Unfortunately, a significant proportion of ME/CFS patients 

do not receive targeted and appropriate healthcare, partially due to constraints within healthcare 

systems in addressing chronic illnesses, as well as diminutive knowledge and misaligned 

attitudes concerning ME/CFS [61, 62].  

 

d. Employment and household income 

Given the debilitating nature of ME/CFS symptoms, patients encounter immense challenges 

maintaining employment or full-time schooling at premorbid levels [46, 59, 63, 64]. Various 

studies have determined ME/CFS patients more likely to receive a disability income, be 

unemployed, or work part-time than healthy controls (HC) [50, 54, 56, 65, 66]. A systematic 

review concluded that unemployment rates among ME/CFS patients range between 35-69% 

[64]. Interestingly, Lin et al. revealed that ME/CFS accounts for $8554 in lost household 

earnings, whereby 19% is attributable to lower educational attainment [67]. Additionally, 

another study found that ME/CFS reduced household and labour force productivity by 

approximately US $20,000 per patient or US $9.1 billion in the United States (U.S) annually 

[54]. 
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e. Economic costs 

In addition to ME/CFS patients, substantial economic costs lie at a societal level. Using an 

Australian tertiary sample, Lloyd and Pender estimated an average cost of AU $9,436 per 

ME/CFS patient, including approximately $2,000 per patient in direct medical costs [68]. 

Direct medical costs include hospital, ambulatory, prescription medications, over-the-counter 

(OTC) medications, and medical laboratory testing. Lloyd and Pender furthermore estimated 

that ME/CFS cost the Australian government an excess of AU $25 million and the Australian 

community approximately AU $59 million [68]. Additionally, Bombardier and Buchwald 

estimated an average annual expenditure of US $1,013 per ME/CFS patient from a referral 

clinic in the U.S [65]. Overall, the direct and indirect economic costs of ME/CFS to society are 

estimated to be approximately over US $18 to $24 billion annually in the U.S [69]. 

 

1.1.4 Treatment interventions for ME/CFS 

Currently, there are no universal or specific medications approved by the U.S Food and Drug 

Administration (FDA), however some medications are used off-label for the illness. An FDA 

survey identified two broad treatment intervention categories: (1) medications intended to treat 

the cause of the disease and (2) medications targeting specific symptoms or perpetuating factors 

[70]. In practice, the clinical management of patients varies widely, and many patients receive 

a multifaceted approach to treatment. 

 

a. Pharmacological therapy 

Although there is no pharmacological cure for ME/CFS, various drugs are used to facilitate 

management and relief of symptoms. The list of pharmaceuticals prescribed for ME/CFS is 

extensive, ranging from OTC medications such as analgesics and non-steroidal anti-

inflammatory drugs (NSAIDs), anticonvulsants, antidepressants and narcotics to antiviral and 
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immunomodulatory drugs. The most common drugs are classified according to cardinal 

symptoms in ME/CFS: myalgia and muscle pain, immunological abnormalities, co-morbid 

anxiety/depression and mood swings, sleep disturbances and cognitive dysfunction.  

 

i. Analgesics 

Analgesics, both  OTC and prescription-only drugs, are commonly used to relieve severe joint 

and muscle pain, headaches and fevers associated with ME/CFS [71]. A 2009 review found 

that pain relievers were the most used drugs by ME/CFS patients. Sixty-five percent of 

ME/CFS patients with ME/CFS reported use of an NSAID and a narcotic analgesic; this 

percentage was significantly greater than the use of analgesics by subjects reporting insufficient 

symptoms to diagnose as ME/CFS and control subjects [72]. Opiates and opioids occasionally 

prescribed to treat hyperalgesia and chronic pain associated with CFS/fibromyalgia have been 

determined to be minimally effective [73], although large-scale ME/CFS-specific studies have 

not yet been performed. Other prescription medications include anticonvulsants, also called 

anti‐seizure medicines. Anticonvulsants, such as gabapentin and pregabalin, are primarily 

effective for nerve pain and sleep dysfunction [74]. Narcotic medications, such as tramadol, 

codeine or morphine are occasionally prescribed for pain ineffectively relieved by OTC drugs 

[74]. However, narcotics are generally reserved for severe cases due to a high risk of addiction 

[75]. 

 

ii. COX-2 inhibitors 

Cyclooxygenase-2 (COX‐2) inhibitors are NSAIDs designed to selectively inhibit the 

inflammation‐promoting enzyme called COX‐2. This drug class provides pain relief and anti‐

inflammatory benefits equal to those of other NSAIDs while causing less gastrointestinal 

distress and bleeding [76]. Interestingly, COX-2 is up-regulated during viral infections [77]. 
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Given viral infections are a consistent trigger reported prior to the illness onset, COX-2 

inhibitors are of potential interest for treating latent infections in ME/CFS patients. Selective 

COX-2 inhibitors, such as celecoxib, have demonstrated efficacy in the treatment of 

fibromyalgia, however there is limited clinical research in ME/CFS [78].   

 

iii. Antidepressants 

Given the association between depression and ME/CFS, patients frequently take 

antidepressants, with varying degrees of success [79] as numerous antidepressants induce 

adverse side effects with other drugs [80]. Antidepressants are primarily prescribed to treat 

secondary depression or mood swings by improving cognitive ability and sleep quality, 

however its use is controversial [74, 81, 82]. A review examined five ME/CFS  trials using 

antidepressants, however only one recorded significantly improved symptoms in a cohort who 

had been assigned CBT for 12 weeks before initiating mirtazapine [83]. Other antidepressants 

that have moderate benefits for ME/CFS include buparopion, nefazodone and mirtazapine [80]. 

 

iv. Tricyclic antidepressants 

Tricyclic antidepressants are commonly administered to relieve sleep dysfunction, pain and 

low energy levels in ME/CFS [84]. Tricyclic amitriptyline is primarily prescribed, in addition 

to doxepin, desipramine, nortriptyline, clomipramine and imipramine [85]. Symptom 

improvement is usually noted in three to four weeks, and patients normally respond to lower 

doses of tricyclics compared to patients diagnosed with depression [85].  

 

v. Selective serotonin-reuptake inhibitors 

Selective serotonin-reuptake inhibitors (SSRIs) may provide benefits for ME/CFS patients who 

experience significant chronic neuropathic pain, fibromyalgia, anxiety, depression and other 



59 

 

mood disorders [84]. SSRIs widely used include fluoxetine, sertraline, and paroxetine. 

Duloxetine is a new antidepressant classified as a selective serotonin–noradrenaline reuptake 

inhibitor (SSNRI) as it affects both neurotransmitters [84]. SSRIs are not advised to be 

consumed with tricyclics due to the adverse side effects [71]. Importantly, there are no FDA-

approved SSRI treatments and neither SSRIs nor SSNRIs directly address the immunological 

dysregulation associated with the disease.  

 

b. Antiviral and immunomodulatory therapy 

Several viruses have been tentatively identified as causative agents in subsets of ME/CFS 

patients. Common viral infection reported include: Epstein Barr virus [86, 87], 

cytomegalovirus [88], human herpesvirus, cytomegalovirus, human herpesvirus (HHV) 6, 

HHV-7, HHV-8 [89-91], human parvovirus B19, enteroviruses [92], lentivirus [93] and 

bacteria as mycoplasma [94], Lyme disease causing borrelia, Q fever causing Coxiella 

burnetii [95] and other pathogens. However, the association of ME/CFS with a single 

infectious agent has not been confirmed, and the role of viral infections in ME/CFS remains 

obscure [96, 97]. This may be attributed to the small size and/or heterogeneity of studied 

ME/CFS populations, poorly characterized ME/CFS patients, lack of adequate controls, high 

prevalence of persistent viral infections in the general population, and varying methodological 

approaches applied.  

 

i. Rintatolimod (Ampligen) 

Following the Incline Village outbreak in 1984, the FDA invited Hemispherx Biopharma to 

develop a drug to treat the illness [84]. In 1988, Ampligen was administered by Dr Peterson 

and Dr Cheney to a severe ME/CFS case [98]. After a year of therapy, patient function in some 

areas had almost returned to normal, as well as an increase in intelligence quotient scoring. 



60 

 

Ampligen was suggested to enhance natural killer (NK) cell function and influence the 2‐5A‐

synthetase pathway, which is critical in the defence against viral infections [99]. Some ME/CFS 

patients present defects in the antiviral system, notably with low latent 2-5A synthetase and 

up-regulated RNase‐L activity, both of which are upregulated by Ampligen [99].  

 

Subsequently, Ampligen has undergone years of clinical trials from a multi-centre pilot study 

to independent research studies which paved the way for a large-scale FDA-approved double-

blind study of 92 ME/CFS patients in four US cities [100-102]. More than fifty percent of 

patients exhibited improved overall function, energy levels and cognitive performance, and 

many could perform daily activities with minimal assistance. Unfortunately, minimal progress 

has been made in obtaining FDA approval for the drug since 1996. In 2009 and 2012, the U.S 

FDA rejected two New Drug Applications by Hemispherx Biopharma to market and sell 

Ampligen for the treatment of ME/CFS due to insufficient efficacy and safety from the two 

randomized control trials (RCT) submitted [84]. 

 

ii. Nucleotide analogue inhibitors 

Acyclovir, valacyclovir and ganciclovir are nucleotide analogue inhibitors which inhibit viral 

replication during deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) multiplication 

[103]. In 1988, a small RCT assessing acyclovir reported no difference in improvement 

compared with placebo. Unfortunately, three patients withdrew from the trial due to reversible 

renal failure [104]. It was concluded that the improvement was due to either spontaneous 

remission or the placebo effect [105]. 
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iii. Interferons 

Two small RCTs have investigated the effect of interferon α versus placebo in ME/CFS patients 

[104]. The first crossover RCT only found treatment benefit in participants with diminished 

NK cell function but normal lymphocyte proliferation. Conversely, the second crossover RCT 

trial did not provide a clear interpretation of the effect of therapy [106]. Nonetheless, both 

studies were considered poor quality [104]. 

 

iv. Immunoglobulins 

A systematic review identified five RCTs evaluating the effect of immunoglobulin in ME/CFS 

[104]. Two of these trials determined an overall benefit, and two presented some positive 

results. However, Reid et al. concluded that the potential dangers of immunotherapy for 

ME/CFS outweighed its possible advantages [80]. 

 

v. Corticosteroids and hormones 

Hydrocortisone and fludrocortisone have been concurrently administered in a number of 

clinical trials [107-113], however neither of these drugs have been recommended for clinical 

use due to inconclusive results. Many of these studies examined Fukuda-defined ME/CFS 

cases, with predominant psychiatric comorbidity, therefore hindering its practical use for 

ME/CFS [109].  

 

vi. Rituximab 

Rituximab is a monoclonal antibody active against CD20 on healthy and malignant B 

lymphocytes. Rituximab opsonizes CD20, in turn facilitating NK cell recruitment and ligation 

with CD16. Activation of CD16 to the Fc portion of rituximab activates Ca2+-dependent 

elimination of B lymphocytes through the antibody-dependent cellular cytotoxicity (ADCC) 
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pathway, consequently reducing inflammation [114]. Rituximab was accidentally discovered 

by two Norwegian physicians who noted symptom improvement following rituximab 

administration in an ME/CFS patient with Hodgkin’s lymphoma, which catalysed two rigorous 

clinical trials in Norway [115, 116]. Although self-reported clinical improvement was noted in 

more than 60% of patients, symptom improvement was only maintained in 26.6% of patients 

twelve months post administration. Moreover, Merkt et al., reported that in vitro treatment of 

NK cells with rituximab resulted in a significant inhibition of NK cell cytotoxicity, lytic 

proteins, and phenotypical changes to CD16, in HC [114]. These findings are consistent with 

a previous investigation that determined a significant decrease in NK cell cytotoxicity 

following rituximab treatment in vitro in ME/CFS patients compared with HC [117]. Currently, 

rituximab is not recognised as an FDA‐approved treatment for ME/CFS [84]. 

 

vii. Staphylococcal toxoid vaccine 

Two RCTs have been carried out with staphylococcal toxoid vaccine, both of which 

demonstrated overall symptom benefits in ME/CFS patients [55, 118]. However, the quality of 

the follow‐up RCT was low accompanied by relatively high levels of adverse effects. A review 

concluded that there is insufficient evidence for treatments of this type [119]. 

 

c. Calcium channel blockers 

Calcium channel blockers (CCBs) bind to L-type voltage-gated Ca2+ channels located on the 

vascular smooth muscle, cardiac myocytes, and cardiac nodal tissue. CCBs are classified into 

dihydropyridine and non-dihydropyridine groups and are responsible for regulating Ca2+ influx 

into muscle cells, in turn stimulating smooth muscle contraction and cardiac myocyte 

contraction [120]. For ME/CFS, CCBs are commonly administered by clinicians to specifically 

treat the vascular symptoms of the illness, such as headaches and chronic pain [121]. 
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i. Nimodipine 

Nimodipine is a second-generation 1,4-dihydropyridine Ca2+ channel blocker originally 

invented to manage systemic hypertension [122]. Nimodipine was FDA-approved in 1988, 

however is primarily restricted to the management of vasospasm following systemic 

hypertension. Functionally, nimodipine blocks voltage-gated L-type Ca2+ channels in their 

inactive conformation, subsequently inhibiting Ca2+ influx and vasoconstriction [122]. 

Uniquely, nimodipine can also cross the blood brain barrier and enter the cerebrospinal fluid, 

making it suitable for treating cases of reduced cerebral blood flow [122], such as improving 

brain circulation in ME/CFS.  

 

Numerous clinicians have administered nimodipine under varying protocols. The quick 

response protocol expects that ME/CFS patients respond within 4 to 6 hours (hr) following a 

dose indicative of the usefulness of nimodipine in their treatment [123]. Claimed benefits 

include relaxation, increased energy, decrease in tender point sensitivity, improved exercise 

tolerance, and enhanced mental clarity [124]. Conversely, slow response protocols allow 4 days 

to 2 months before concluding treatment benefits [123]. Nimodipine has been concluded as a 

useful treatment to improve mental clarity and may increase relaxation, improve fatigue, 

decrease tender points and improve exercise intolerance [2]. However, this protocol may not 

be effective for all ME/CFS patients. Lastly, the slow toxin release protocol was designed by 

Dr. Mason Brown who designs an individualised dosage based on the exhibited side effects. 

Alongside nimodipine, filtered water, ginkgo biloba, L-glutamine, evening primrose oil, and 

probiotics are administered. This protocol aims to increase brain and total body circulation and 

functioning, as well as improve nourishment of cells, which has gained positive benefits from 

multiple clinicians [123].  
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ii.  Nifedipine 

Nifedipine is a 1,4-dihydropyridine Ca2+ channel blocker commonly used to treat hypertension 

and chronic stable angina [125, 126]. Primarily acting on vascular smooth muscle cells, 

nifedipine stabilises inactive voltage-gated L-type channels, which subsequently inhibits Ca2+ 

influx to prevent Ca2+-dependent myocyte contraction and vasoconstriction [127-129]. 

Nifedipine antagonises L-type voltage-gated Ca2+ channels at EC50 values between 0.3-7.8µM 

[130-132]. Typically, the starting daily dose for the extended-release of nifedipine is 30mg or 

60mg to treat hypertension and angina in adults [133]. Uniquely, nifedipine also acts as weak 

agonist against channels on both excitable and non-excitable cells, such as Transient Receptor 

Potential Melastatin 3 (TRPM3) with an EC50 of 30-32µM [127].  

 

Interestingly, only one case has been documented by Dr Allen B. Adolphe. Ten mg of 

nifedipine was prescribed three times a day to improve blood flow and cerebral perfusion 

pressure in the brain due to a “migraine-like” profile [134] . Additional symptoms included: 

headaches, numb hands, and cyanosis (arm turned purple). Post five days of nifedipine 

treatment, improvements in energy levels, exercise tolerance, mental clarity, orthostatic 

hypotension, and migraines were noted. However, symptoms returned within 72 hr of ceasing 

treatment. Interestingly, Dr Adolphe highlighted that “whether nifedipine’s ability to 

ameliorate this patient’s symptoms can be duplicated in other patients with the chronic fatigue 

syndrome will depend on further clinical trials.” To date, no clinical trials have been conducted 

to validate the therapeutic administration of nifedipine to treat ME/CFS. 

 

iii.  Verapamil 

Verapamil is a non-hydropyridine Ca2+ channel blocker that inhibits Ca2+ influx into slow L-

type Ca2+ channels in the myocardium and vascular smooth muscle during depolarization 
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[135]. This inhibition mediates relaxation of coronary vascular smooth muscle as well as 

coronary vasodilation. Verapamil also increases myocardial oxygen delivery which aids 

patients with vasopastic angina [135]. Furthermore, verapamil correlates with negative 

chronotropic effects and decreases sympathetic nervous system activity [135].  Various 

benefits have been documented in ME/CFS patients including an improvement in fatigue, 

myalgia, headaches, memory impairment, and vascular instability, as well as a decrease in 

immune system activation [136].  

 

d. Other Medications 

 

i. Dehydroepiandrosterone3β-hydroxy-5-androstren-17-one 

Dehydroepiandrosterone3β-hydroxy-5-androstren-17-one (DHEA) and its sulphated 

derivative, dehydroepiandrosterone sulfate (DHEAS), are endogenous steroids produced by the 

adrenal gland in humans and mammals [137]. Both steroids act of various physiological 

systems, including the brain, immune system, and somatic growth and development [138]. 

In humans, DHEA is an essential precursor for sex steroid biosynthesis. Additionally, DHEA 

acts as a neurosteroid by binding to steroid hormone receptors (class I nuclear receptors) and 

selecting class II (nuclear receptors). Subsequently, various membrane receptors are activated, 

as well inhibition of voltage-gated T-type Ca2+ channels [139]. Interestingly, serum 

concentrations of DHEA decrease steadily with age, particularly with diseases associated with 

neurocognitive decline [140-142]. Additional studies have reported altered DHEA serum 

concentrations in patients with schizophrenia [143], dementia [144], and Alzheimer’s diseases 

(AD) [143, 145-148]. Due to these associations, DHEA treatment may be a treatment for 

neuropsychiatric and neurodegenerative disorders, such as ME/CFS [138]. 
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In 1999, Himmel and Seligman conducted a pilot study consisting of 23 women CFS patients. 

Following a four to six week treatment administration, DHEAS supplementation significantly 

reduced pain, fatigue, helplessness, anxiety, as well as an improvement in daily activities, 

cognition, memory and sexual engagement [149]. Furthermore, numerous studies have 

measured DHEA/DHEAS levels in ME/CFS patients [150-153]. Unfortunately, inconsistent 

results have been reported possibly due to poor study design and quality, however most studies 

have concluded a DHEA deficiency in ME/CFS patients. Importantly, DHEA at high doses 

poses potentially adverse health risks, such as breast, ovarian and prostate cancer [154].  

 

ii. Naltrexone  

Naltrexone (NTX) hydrochloride is a pure and long-lasting opioid antagonist [155]. 

Traditionally, NTX has been used to treat opioid dependence, particularly for attenuating 

cravings for alcohol use disorders [156]. Oral NTX is rapidly and almost totally absorbed in 

the gastrointestinal tract and is metabolized almost exclusively by the liver to the primary 

activate metabolite, 6-β-naltrexol. NTX plasma concentrations peak within 1 hr accompanied 

by a half-life of 13 hr [156]. 

 

NTX specifically inhibits µ-opioid receptors (μORs) and, to a lesser extent, the delta (δ)-opioid 

receptors (δOR), thus negating inhibitory effects of opioid receptor agonists [157, 158]. 

Opioids interact with G-protein-coupled receptors (GPCRs) on the plasma membrane (PM), 

which are widely distributed in the CNS and mediate the detection and transmission of pain 

signals [159-161]. Currently, there are three primary classes of GPCRs. These are the µOR, κ-

opioid receptor (κOR) and δOR [162]. µORs bind to endogenous ligands, beta-endorphin 1 and 

2 with proopiomelanocortin as the precursor [163]. The µOR is essential for opioid-induced 

analgesia and various adverse effects of opioids, such as tolerance, hyperalgesia, respiratory 
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depression, constipation, nausea and euphoria that may lead to addiction [162]. κORs bind to 

dynorphin A and B with prodynorphin as the precursor. κORs mediate analgesia, diuresis and 

dysphoria [163]. δORs bind to enkephalins and play a role in analgeia and reduction in gastric 

motility [163].  

 

These G proteins are heterotrimeric, whereby they comprise three different subunits: an alpha 

subunit, a beta subunit, and a gamma subunit [164]. The alpha and gamma subunits are attached 

to the PM by lipid anchors. A G protein alpha subunit binds either guanosine triphosphate 

(GTP) or guanosine diphosphate (GDP) depending on the activity state of the G protein [164].  

In the absence of a signal, GDP attaches to the alpha subunit and this entire complex binds to 

a nearby GPCR. This arrangement is maintained until a signalling molecule binds with the 

GPCR, which triggers a conformational change of the GPCR following activation of the G 

protein and replacement of GDP for GTP to the alpha subunit [164]. Resultantly, the G protein 

subunits dissociate into two parts: the GTP-bound alpha subunit and a beta-gamma dimer. Both 

subunits remain anchored to the PM, however, are unbound from the GPCR to diffuse and 

interact with other membrane proteins. G proteins remain active when their alpha subunits are 

bound with GTP. However, when this GTP is hydrolyzed back to GDP, the subunits reform an 

inactive heterotrimer, and the entire G protein reassociates with the now-inactive GPCR [164].  

 

Activation of a single GPCR within the PM can activate various pathways that involve G 

proteins as well as cyclic adenosine monophosphate (cAMP)-related pathways that modulate 

cellular signalling [162]. Enzymes, such as phospholipase C (PLC) and adenylate cyclase (AC), 

and ion channels are the primary targets for activated G proteins. These mediators activate 

several downstream secondary messengers, such as cAMP, diacylglycerol (DAG) and 
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inosititol-1,4,5-triphosphate (IP3), which are essential components for pathways that modulate 

Ca2+ influx, such as the store-operated calcium entry (SOCE) [162].  

 

Interestingly, recent literature suggests that activation of GPCRs can affect TRPM3 channels 

and in turn decrease the flow of Ca2+ ions through the pore [165-167]. GPCRs interact with G-

proteins that, when activated by the receptor, release the Gβγ dimers from Gα subunits of the 

Gi/o subfamily. Inhibition of TRPM3 activity by stimulation of GPCRs (in particular μORs) is 

mediated through a direct binding of the Gβγ subunit to the ion channel [166]. A recent pilot 

investigation reported a restoration of TRPM3 ion channel function on isolated NK cells 

following NTX treatment in vitro in ME/CFS patients comparable to HC participants [168]. 

 

iii. Low-dose naltrexone 

Low-dose naltrexone (LDN) refers to daily dosages of NTX approximately 1/10th of the typical 

opioid addiction treatment dosage. The predominant daily dosage published is 4.5mg, however 

the dosage can vary below or above the common value [169, 170]. At low dosage levels, NTX 

mediates analgesic and anti-inflammatory properties, thus has emerged as a potential treatment 

for chronic medical conditions [171].  

 

Polo et al. recently conducted a retrospective study with a private Unesta Sleep and Breathing 

Clinic in Finland [172]. Medical records from 218 patients who received diagnosis of ME/CFS 

and LDN treatment (3.0 – 4.5mg/day) from 2010-2014 were examined. Outcome data was 

available in 92.2% of patients with an average follow-up time of 1.7 years. A significant 

improvement in vigilance/alertness and improved physical and cognitive performance was 

reported in 73.9% of ME/CFS patients. Despite mild adverse effects were noted at the 

commencement of LDN treatment, no long-term adverse symptoms were reported [172]. 
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e. Complementary and alternative medicine  

ME/CFS patients have reported to consume more alternative medical treatments than HC 

participants. Patients often leave medical care as they feel that their condition has been 

unjustifiably attributed to psychological causes [173]. Common alternative medications 

include nutritional supplements, acetyl-L-carnitine, essential fatty acids, magnesium (Mg2+), 

antioxidants, nicotinamide adenine dinucleotide (NADH), and coenzyme Q10 [84]. A 2011 

systematic review concluded limited evidence for the effectiveness of complementary and 

alternative medicine (CAM) therapy in relieving symptoms of ME/CFS. Importantly, the 

authors highlighted an inability to draw firm conclusions concerning CAM therapy due to 

limited number of RCTs for each therapy, small sample size, and high risk of bias [174]. 

 

f. Non-pharmacological interventions 

i. Cognitive behavioural therapy 

CBT refers to a class of interventions that share the basic premise that mental disorders and 

psychological disorders are maintained by cognitive factors. The treatment approach holds that 

maladaptive cognitions contribute to the maintenance of emotional distress and behavioural 

problems [175].  

 

Several large-scale studies have reinforced CBT with the most evidence in ME/CFS treatment 

[29, 176, 177]. A systematic review concluded that CBT interventions improve fatigue, 

physical functioning and school attendance, but is ineffective in restoring the ability to work 

[119]. Notably, the review included RCT’s with adults and/or children diagnosed with ME/CFS 

based on any criteria. The magnitude of effectiveness is modest, and there is limited beneficial 

evidence for severe ME/CFS patients. In children and adolescents with ME/CFS, internet-

based consultations have demonstrated efficacy [176] and no sign of any increase in serious 
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adverse effects [178-180]. However, CBT has demonstrated upmost benefit to a subset of 

ME/CFS patients who develop co-morbid depression, anxiety and other mental health problem. 

Given ME/CFS is a physical illness, not psychological, CBT has been not been advised as a 

primary intervention [181], particularly for severe ME/CFS patients.  

 

Interestingly, a meta‐analysis reported CBT’s effectiveness depends on the diagnostic criteria 

used as studies applying the Oxford criteria (1991) presented significantly higher effects 

compared with cohorts defined by the CDC/Fukuda case definition. Furthermore, CBT was 

noted to provide comparable efficacy as alternative psychological treatments [182]. 

Importantly, Wiborg et al., objectively measured physical activity before and after CBT and 

demonstrated that although CBT effectively reduces patients’ self‐reported fatigue scores, CBT 

does not mediate a change or improvement in activity levels [183]. Moreover, a 2014 

systematic review concluded that the lack of changes in objectively measured physical activity 

challenges the validity of the cognitive behavioural model of ME/CFS, as it suggests that 

patients avoid post‐exertional symptom exacerbations and adapt to the illness rather than 

recovering from it [184]. To date, the effectiveness of CBT for the severely ill ME/CFS patients 

has not been assessed, and in practice, these patients may be excluded from trials due to the 

necessity of a clinic [119].  

 

ii. Graded exercise therapy 

Similar to the behavioural component of CBT, GET involves a progressive return to activity. 

Introduced gradually, the physical activity commonly involves gentle stretching over a small-

time duration per day. This form of therapy is highly controlled to prevent overexercise which 

could pose detrimental health risks [185]. 
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A 2006 systematic review found an overall improvement in physical functioning and reduced 

symptom presentation however, GET was ineffective in restoring the ability to work. 

Withdrawals were recorded but the adverse effects were poorly reported. The study designs 

and protocols were strongly biased towards inclusion of mild ME/CFS patients defined by the 

Oxford and Fukuda case definitions. Importantly, patients with depression were included, 

which is a hallmark exclusionary criterion as defined by the CCC and ICC [119].  

 

Another systematic review concluded that despite the claimed positive outcomes of GET trials 

for ME/CFS, exercise therapy is not a cure and full recovery from ME/CFS is rare [186]. As 

exercise capacity significantly varies amongst ME/CFS patients, some may be limited to 

increase their aerobic intensity [187]. Graded exercise has been suggested to be optimally 

effective by holistically combining GET with CBT and psychoeducation therapy, but it may 

not work for all ME/CFS patients. Over‐exercising may intensify symptoms, and some patients 

experience profound fatigue even after moderate exercise. Two systematic reviews cautiously 

conclude that some ME/CFS patients may benefit from GET, although there are limitations 

regarding the evidence and the generalisability of the findings [119, 179]. Chambers et al., 

highlight the need for research to objectively define patient characteristics who would benefit 

from specific interventions, as well as develop clinically relevant objective outcome measures 

[119]. Nijs et al., noted that, in order to avoid detrimental effects of GET, care must be taken 

to avoid symptom exacerbation while tailoring the programme to individual capabilities and 

the fluctuating nature of symptoms [188].  

 

iii. Pragmatic rehabilitation: the FINE trial 

Pragmatic rehabilitation involves gradually increasing activity designed collaboratively by the 

patient and the therapist [84]. In response to a previous successful trial, a larger trial (FINE; 
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Fatigue intervention by nurses evaluation) was conducted. In this trial, patients fulfilling the 

1991 Oxford CFS criteria who were allocated to pragmatic rehabilitation reported a significant 

improvement in fatigue compared with patients allocated to either supportive listening or 

treatment as usual. However, post a 12 months follow‐up the differences were no longer 

statistically significant nor were there any significant improvement in physical functioning. 

Approximately 10% of the trial participants were non‐ambulatory and about 30% met the 1994 

London criteria for ME, but separate results for these groups were not published [189]. 

 

iv. Adaptive Pacing Therapy  

Adaptive Pacing Therapy (APT) is designed to alter patients’ behaviour similar to CBT. 

However, APT permits for symptom fluctuations and delayed recovery from exercise [188]. 

Patients are instructed to set achievable targets for their daily activity and exercise to avoid 

PEM by differentiating a balance between activity and rest. APT patients functioning within 

their individual limits then gradually raise their activity and exercise levels comparable to GET 

[84].  

 

A single case observational study examined seven Fukuda-defined ME/CFS patients who 

received APT for five weeks. Following three weeks of APT, an improvement in symptom 

severity and performance of daily activities was observed [188]. A larger RCT consisting of 

68 Fukuda-defined ME/CFS patients found that a combination of pacing and GET significantly 

improved symptoms compared with relaxation/flexibility therapy [190]. According to the ME 

Association, pacing was established as the most effective, safe, acceptable and preferred form 

of activity management for ME/CFS and is highlighted as a key component for ME/CFS 

management [84]. 
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v. The PACE trial 

Conducted from 2005 to 2010, the PACE trial (Pacing, graded activity, and cognitive behaviour 

therapy; a randomized evaluation) was the largest trial of treatment for ME/CFS funded by the 

UK Government at €8 million. The original PACE trial recruited a total of 641 patients meeting 

the 1991 Oxford criteria from six secondary care clinics in the UK. Patients were randomly 

assigned to one of four treatments: standard medical care (SMC) alone, SMC with CBT, SMC 

with GET, and SMC with APT. The PACE trial aimed to facilitate patients to gradually return 

to appropriate physical activities and reverse the illness deconditioning, in turn reducing fatigue 

and disability. CBT was administered to address the ‘fear avoidance’ theory for ME/CFS, 

whereas GET was investigated to tackle the theories of deconditioning and exercise intolerance 

proposed for ME/CFS [191]. 

 

When combined with SMC, CBT and GET were both ‘moderately’ effective compared with 

SMC alone. APT was ineffective when combined with SMC [191] and the performance of the 

CBT group did not significantly differ with the SMC and APT groups [192]. Interestingly, 

patients exhibited greater improvement in fatigue and physical functioning post CBT and GET 

treatments compared with APT and SMC groups alone after 1 year. However, no significant 

differences in the study’s objective measures and long-term follow-up data were reported 

between groups. According to Cella et al., a higher percentage of recovery was reported in the 

CBT and GET groups (22%) comparatively to the APT (8%) and SMC-only group (7%) [193]. 

This trial facilitated a follow-up study in 2015 that examined the proportion of patients who 

recovered after the trial [194]. ‘Recovered’ patients were defined by obtaining specified 

threshold scores within a normal range for self-reported fatigue and physical function. 

Recovery from self-reported fatigue was measured by the Chalder Fatigue Questionnaire [191]. 

This questionnaire was scored by an 11-point scale and recovery was defined as a score of 3 or 
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less out of 11. Conversely, recovery from self-reported physical function was assessed by the 

SF-36 physical function subscale. The PACE protocol defined recovery of physical function 

as a score of 85 or more [191].  

 

Patients were also required to rate their health as ‘much better’ or ‘very much better’ and no 

longer meet the applied Oxford case definition for ME/CFS. The trial reported no significant 

differences between the various treatment groups on the primary self-report measures, that is, 

the treatment‐specific effects evident at 52 weeks were not evident at 2.5 years [194]. 

Moreover, it was concluded that outcomes with SMC alone or APT were similar to those 

achieved with CBT and GET at follow‐up. This finding suggests that majority of patients 

improved subjectively to the same level with SMC and APT as with CBT and GET, without 

the need for additional therapies (including CBT and GET).  

 

A primary limitation of the PACE trial was the lack of research blindness. Therapists, doctors 

and research assessors were not masked to treatment allocation, and patients who were unable 

to attend hospital were excluded [84]. Moreover, the primary outcomes were subjective and 

bias as responses were rated by patients. Additionally, the PACE trial solely examined patients 

defined by the 1991 Oxford Criteria. Utilisation of a severely broad definition of ME/CFS 

inevitably includes patients who do not truly have CFS [180]. Overall, CBT and GET are 

moderately effective in subjective terms in chronic fatigue. However, due to the patients 

studied and the (subjective and objective) outcomes of the PACE trial, CBT and GET have 

been noted to not meet the requirements for rehabilitative or effective therapies for ME/CFS. 

Most importantly, the published-specified criteria for “recovery thresholds” were inconsistent 

and lower compared with the trial-specified criteria. Therefore, the published data from the 

PACE trial revealed inaccurate and inflated recovery rates, as well as misleading therapeutic 
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benefits from CBT and GBT [195]. As previously discussed, the NICE have developed an 

updated draft guideline on the diagnosis and management of ME/CFS. Notably, the draft 

guideline abolishes the recommendation of GET as exercise is not an effective treatment 

intervention or cure for ME/CFS. Similarily, CBT is not a treatment intervention or cure for 

ME/CFS. However, the draft guideline highlights that CBT may be used as a supportive 

psychological therapy to improve the wellbeing and quality-of-life of patients, and, CBT 

should only be offered in this context [33]. 
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1.2 Calcium and ion channels in non-excitable cells 

Ionized calcium (Ca2+) is a ubiquitous intracellular messenger in cells ranging from bacteria to 

specialised neurons [196]. Comparative to other secondary-messenger molecules, Ca2+ is 

required for life, however dysregulated intracellular levels can induce cell death. Therefore, 

intracellular Ca2+ [Ca2+]i levels are meticulously regulated through multiple binding and 

specialized extrusion proteins [196].  

 

1.2.1 Cellular Ca2+ content and regulation 

Normal [Ca2+]i levels are approximately 100nM, which is 20,000-fold lower than total 

extracellular Ca2+ concentration levels at 2mM. In their primary coordination sphere, Ca2+ ions 

can accommodate 4-12 oxygen atoms, however a coordination of 6-8 is most common [197]. 

Proteins often bind Ca2+ through 6 oxygen atoms provided by glutamate and aspartate residues 

charged at biologically relevant pH levels. Ca2+-binding sites predominantly encompass an 

interior shell of oxygen atoms clustered 2.1 – 2.7 Å from the Ca2+ ion. A second shell is formed 

by carbon atoms to support the coordinating oxygen atoms of the inner shell, as well as a third 

shell that contains nitrogen atoms 4-5Å away from the Ca2+ ion  [197].  

 

Image Removed
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1.2.2 Calcium homeostasis and signalling 

[Ca2+]i concentration levels vary between cellular locations. Under resting conditions, [Ca2+]i 

is ~10-7M, 104 times lower than Ca2+ in the extracellular milieu [197]. Ca2+ levels in the nuclear 

and mitochondrial matrixes are comparable to the cytoplasm. Conversely, other intracellular 

organelles, known as Ca2+ stores, can accumulate and maintain higher [Ca2+]i levels than the 

cytoplasm. The primary Ca2+ store is the endoplasmic reticulum (ER). The ER functions as an 

extensive framework for Ca2+-binding proteins by actively pumping Ca2+ into the lumen where 

it is sequestered by specialized molecules, such as calreticulin. Ca2+ diffusion in cells 

approximately varies between 15 and 65µm2/s. Resultantly, this very slow diffusion enables 

Ca2+ diffusion to be directly localized in the cell. The low resting [Ca2+]i and Ca2+ signal are 

tightly maintained at minimal levels as slight elevations can mediate various signal 

transduction pathways and cellular functions, such as secretion, gene expression, muscle 

contraction and metabolism [196]. Importantly, unregulated [Ca2+]i elevations can cause cell 

injury or cell death (Figure 2B) [198-200]. 

 

In a resting cell, the low [Ca2+]i is maintained through the PM Ca2+ transport ATPase and 

Na+/Ca2+ exchanger (NCX). When [Ca2+]i increases, the sarcoendoplasmic reticulum Ca2+-

ATPase (SERCA) facilitates replenishment of the ER Ca2+ store. In addition, the mitochondrial 

Ca2+ uniporter (mtCU) also regulates [Ca2+]i homeostasis, however, the mtCU plays a minor 

role. SERCA and these PM-based proteins sense and are activated by Ca2+, and therefore any 

elevations in [Ca2+]i stimulate removal of [Ca2+]i, resulting in a homeostatic control of 

[Ca2+]i (Figure 2A, green arrows) [197]. Additional stimuli such as membrane depolarization, 

extracellular signalling molecules or intracellular messengers enhance [Ca2+]i from 100nM to 

at least 1µM [197]. This increase in [Ca2+]i results from either extracellular Ca2+ influx via PM 

Ca2+ channels or Ca2+ release from internal stores mostly via the 1,4,5-triphosphate receptor 
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(IP3R) and ryanodine receptor (RyR) from the ER/sarcoplasmic reticulum (SR) (Figure 2A, 

blue arrows) [197].  

 

The increase in [Ca2+]i is rapidly steep, followed by repetitive [Ca2+]i spikes or oscillations. 

Each Ca2+-regulated protein possesses a unique activation threshold [197]. For example, the 

PM and SERCA pumps have higher Ca2+ affinities and lower pumping rates (≈30 and ≈10 Hz, 

respectively) [201, 202], thus are suitable in regulating modest elevations in [Ca2+]i levels to 

re-establish resting Ca2+ levels. Conversely, the NCX and mitochondrial Ca2+uniporter possess 

a lower affinity for Ca2+ and rapid transport rates (150 - 300 Hz for NCX, [203]) and thus limits 

larger [Ca2+]i transients. Importantly, each cell type presents a unique combination of 

Ca2+ channels and pumps to create a specified cell type-and agonist-specific Ca2+ signal 

tailored to the physiological requirements [204]. 
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1.2.3 Molecular mechanisms of Ca2+ sensing 

Each Ca2+ signal is meticulously encoded and processed by intracellular Ca2+-binding motifs. 

These motifs are localised within effector proteins (i.e. IP3R and RyR) and proteins mediating 

Ca2+-controlled cell functions (i.e. isocitrate dehydrogenase (Figure 3A) [197]. Ca2+-binding 

motifs are also localized in specialized Ca2+-sensing proteins, which couple changes in [Ca2+] 

to various cellular functions depending on their localization, pattern of modulation, and 

Ca2+ source. These proteins either associate with effector proteins (e.g. calmodulin (CaM), 

troponin C) or exhibit enzymatic activity (e.g. calcineurin or calpain) to relay the effect of Ca2+-

binding to the effector proteins (Figure 3B and C, respectively) [197]. CaM furthermore 

mediates Ca2+-sensitivity to enzymes such as Ca2+/calmodulin-dependent protein kinase 

(CaMK) that phosphorylates many effectors of Ca2+ to alter their activity (Figure 3D). 

Depending on the loop geometry of their Ca2+-binding site(s), Ca2+-binding proteins are 

classified into three families: the EF-hand proteins, the annexins and the C2 domain proteins 

[197]. 
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Figure 3: Family of Ca2+-binding motif proteins. Ca2+-binding sites are located within 

effector proteins (A) and regulate their function in a Ca2+-dependent manner, or in specialized 

Ca2+-sensing proteins (B-D). These proteins may regulate effector protein activity by Ca2+-

dependent association (i.e. Ca2+-binding proteins, CaBP) (B) or by post-translation 

modifications (C-D). These modifications are displayed by enzymes that are regulated in a 

Ca2+-dependent manner due to the presence of a Ca2+-binding motif (i.e. Ca2+-binding 

enzymes, CaBEnzyme) (C) or association with a CaBP (D). (Figure sourced from Bagur and 

Hainóczky, 2018) 
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a. EF-hand proteins 

The EF-hand denotes a Ca2+-binding motif that possesses a Ca2+-coordinated loop flanked by 

two α-helices (Figure 4). EF-hand domains are the most common Ca2+-binding motifs in 

proteins and acquire diverse functions correspondent to differing binding affinities, such as 

Ca2+ buffering in the cytoplasm; signal transduction between compartments; and gene 

expression in the nucleus [197]. Some Ca2+-binding proteins with relatively high affinity 

behave as Ca2+-buffer proteins, which modulate the shape and/or duration of Ca2+ signals, as 

well as maintain Ca2+ homeostasis. Comparatively, Ca2+-sensors with affinity constants 

between 10-5M and 10-7M detect and respond to physiological changes in [Ca2+]i. Functional 

differences correlate with variations in conformational changes upon Ca2+ binding. Ca2+ 

binding to Ca2+ sensor proteins facilitates a structural opening that permits their interaction 

with downstream targets [205]. On the contrary, Ca2+ buffer proteins maintain a ‘closed’ 

conformation upon Ca2+ binding similar to their Ca2+-free state [206].
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Figure 4: The EF-hand domain. (A) Schematic representation of an EF hand motif constituted 

by two helixes E and F perpendicularly placed and linked by a Ca2+ binding 12 amino acid 

sequence. (B) Symbolic representation of the same motif as a right in which the E helix 

correspond to the index and F helix to the thumb. (Figure sourced from Rogawski et al., 2012) 

 

A ubiquitously expressed protein specialized for Ca2+-sensing is CaM. CaM contains two 

globular domains, each containing a pair of EF-hand motifs, connected by a central helix [197]. 

Activation following Ca2+ binding induces openingof each EF-hand domain, subsequently 

exposing the hydrophobic binding sites to interact with downstream targets [205]. Ca2+-

activated CaM (Ca2+/CaM) interacts in a Ca2+-dependent manner with target enzymes 

triggering either self-activation (e.g. CaMK and calcineurin), or activation of their target 

proteins, resulting in the regulation of their function in a Ca2+-dependent manner (e.g. 

Orai, Figure 3). The CaM-dependent activation of enzymes may occur by direct or sequential 

mechanisms (e. g. CaMK and calcineurin, respectively) (Figure 3) [197].  
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Direct CaM interaction and activation of target enzymes occurs under elevated [Ca2+]i, whereas 

the sequential mechanism requires partial Ca2+-activation of CaM under resting Ca2+ conditions 

to form an inactive low affinity complex [197]. CaM-dependent enzymes include cyclic 

nucleotides, AC, cyclic nucleotide phosphodiesterase, guanylate cyclase, PM Ca2+-ATPase, 

phospholamban kinase, phosphorylase kinase, Ca2+/CaM-dependent protein kinases, and 

nicotinamide adenine dinucleotide (NAD) kinase [207]. Ca2+ binding to CaM’s EF hand is 

furthermore required for activation and provides a sensitive switch to control enzyme activity 

within a narrow range of [Ca2+]i. Additionally, Ca2+-free CaM (apo-CaM) can interact with 

target proteins in a reversible or irreversible manner and regulates their activities [197]. Apo-

CaM-binding proteins include enzymes (i.e. phosphorylase b kinase, AC, inducible nitric oxide 

synthase, glutamate decarboxylase, and cyclic guanosine monophosphate -dependent protein 

kinase), actin-binding proteins (i.e. brush-border myosin I, Myr4, and P190), cytoskeletal and 

membrane proteins (i.e. neuromodulin, neurogranin, PEP-19 igloo, syntropin, and IQGAP), as 

well as receptors and ion channels (IP3R and SR Ca2+ release channel) Therefore, CaM 

interaction is not solely facilitated by its Ca2+-induced conformational change, but also through 

Ca2+-independent binding sites named IQ-motif. These motifs of sequence IQXXXRGXXXR 

provide binding sites for CaM and other proteins of the EF-hand family [208]. 

 

CaMK enzymes are one of the best characterized downstream targets of CaM [209]. CaMK 

enzymes transfer phosphates from adenosine triphosphate (ATP) to defined serine, threonine 

or tyrosine residues within protein substrates. Subsequently, CaMK phosphorylation activates 

various transcription factors within the nucleus such as the activation protein-1 (AP-1), ATF-

1, serum response factor (SRF), cAMP-response element binding protein (CREB), and 

myocyte enhancer factor 2, therefore regulates the expression and activity of target proteins 

(Figure 5). CaMK also conducts autophosphorylation to increase its affinity for CaM, thus 
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resulting in their association at low [Ca2+]i  [197]. CaMK’s capacity to entrap CaM enables these 

enzymes to detect the frequency of calcium signals [210]. Based on substrate specificity, 

CaMKs are classified into multifunctional kinases and substrate-specific kinases. 

Multifunctional kinases entail numerous downstream targets (e.g. CaMKK, CaMKI, CaMKII 

and CaMKIV) and their activation can coordinate several downstream signalling pathways 

controlling various cellular functions, including gene expression, the cell cycle, cell 

differentiation, and ischemic tolerance [211, 212]. In contrast, substrate-specific kinases 

possess one known downstream target (e.g. CaMKIII, phosphorylase kinase, and the myosin 

light chain kinases) and thereby, induce a specific function within the cell or tissue where they 

are expressed [197]. 

 

Calcineurin and calpain can directly bind and sense Ca2+ that affects their protein phosphatase 

and protease function, respectively. Calcineurin is regulated by Ca2+ directly and via CaM. 

Calcineurin has been implicated in extensive biological responses including lymphocyte 

activation, neuronal and muscle development [213]. Conversely, calpain is regulated by Ca2+-

binding to its EF-hand domains and has been linked to integrin-mediated cell migration, 

cytoskeletal remodeling, cell differentiation and apoptosis [214]. 
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Figure 5: Calcium signalling pathways. Extracellular agonists (Ag) bind to cell surface 

receptors (R), including G protein-coupled receptors (GPCRs) such as mGluR, mAChR, and 

P2YR, and receptor tyrosine kinases (RTKs) such as Trk receptors and ErbB receptors. GPCRs 

activate phospholipase C (PLC)- and RTKs activate PLC through G protein (G) or tyrosine 

kinase-coupled pathways (TK), respectively. PLC cleaves PIP2 to produce IP3, which mobilizes 

Ca2+ from ER stores via IP3R Ca2+ release channels. Upon store depletion, the luminal EF-

hand domain of STIM1 senses the loss of ER [Ca2+], triggering STIM1 to oligomerize and 

translocate from the bulk ER to plasma membrane-ER junctions where it activates store-

operated Ca2+ entry through CRAC channels. Voltage-gated Ca2+ channels (VOCCs) mediate 

Ca2+ influx in response to membrane depolarization. NMDA receptors (NMDAR) and nicotinic 

ACh receptors (nAChRs) are Ca2+-permeable channels that are activated by neurotransmitters 

glutamate and ACh, respectively. Transient receptor potential (TRP) channels are Ca2+-
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permeable channels that are activated by a wide variety of stimuli. These Ca2+ influx pathways 

contribute to a rise in cytosolic [Ca2+]i, which activates various Ca2+-dependent downstream 

gene expression pathways through regulation of transcription factors such as NFAT, CREB, 

NeuroD, and DREAM. Activation of these pathways has been linked to proliferation, 

migration, and differentiation of neural progenitor cells. (Figure sourced from Toth, Shum and 

Prakriya, 2016) 

 

b. Annexins and C2 domain proteins 

Annexins and C2 domain proteins comprise unique Ca2+-binding sites that permit peripheral 

docking onto negatively charged membrane surfaces in their Ca2+-bound conformation [215]. 

The Annexin’s Ca2+ binding sites lack an EF-hand-type-helix-loop-helix structure and are 

involved in endocytosis and exocytosis. Five of the seven coordination sites are occupied by 

oxygen, whilst the remaining two coordination sites are provided by water molecules[197]. 

Conversely, the C2 domain is based on β-sheets. Variations in the interconnecting loop residues 

of the β-sandwich core confer C2 domains with differing responses to different Ca2+ 

concentrations and lipids. C2 domains are primarily involved in membrane trafficking and 

signal transduction [197].  

 

1.2.4 Ca2+ influx in non-excitable cells 

In non-excitable cells such as blood cells, hepatocytes, endothelia and immune cells, the IP3-

mediated pathway predominates. Two classes, the GPCR class and the receptor tyrosine 

kinases, release IP3 via the =SOCE pathway [197]. 

 

SOCE is a ubiquitous receptor-regulated Ca2+ entry route that has been long appreciated for its 

prominence in non-excitable cells. The experimental hallmark of the SOCE process follows an 
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[Ca2+]i-dependent plateau of elevated [Ca2+]i subsequent to the receptor-activated [Ca2+]i 

transient (Figure 6). Agonist induced stimulation of G-protein-coupled, T-cell, or tyrosine 

kinase receptors initiates ligation of PLC-coupled receptors. PLC ligation induces hydrolysis 

of membrane-associated phosphatidylinositol-3,4-bisphosphate (PIP2) yielding second 

messengers, DAG and IP3. IP3 is a small diffusible second messenger which binds to the IP3R 

on the ER membrane [216]. IP3 binding allosterically opens this Ca2+ release channel, resulting 

in Ca2+ store depletion from the lumen into the cytoplasm. The ER lumen can only transiently 

supply the cytosol with Ca2+ prior to rapid depletion. Emptying of intracellular Ca2+ stores 

triggers translocation of stromal interaction molecule 1 (STIM1) from a pervasive ER 

distribution to specific aggregates at ER-PM junctions. This clustered complex of Ca2+-

depleted STIM1 facilitates recruitment of Orai1 to these junctions, establishing sites of open 

calcium release activated channel (CRAC) channels to replenish the luminal stores via the 

SERCA pump [216, 217] (Figure 6). Resultantly, several downstream signalling proteins are 

activated, including the CaM-dependent phosphatase calcineurin and its target transcription 

factor nuclear factor of activated T cells (NFAT); CaMK and its target CREB; NeuroD; and 

downstream regulatory element antagonist modulator (DREAM) (Figure 5).  
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Figure 6: Store-operated Ca2+ entry (SOCE) by stromal-interaction (STIM)/Orai channels. 

Following stimulation of G-protein or tyrosine kinase-coupled (G/T) receptors (R), 

phospholipase C (PLC) hydrolyses phosphatidylinositol 4,5-biphosphate (PIP2) to inositol 

triphosphate (IP3). The latter binds to its receptor, a Ca2+ release channel in the endoplasmic 

reticulum (ER) membrane and opens it, which induces the Ca2+ depletion of ER Ca2+ stores. 

Reduced [Ca2+]i activates luminal Ca2+ sensor proteins, the STIMs. Activated STIMs 

oligomerize and transit to the plasma membrane where they bind and open Orai channels, 

leading to a Ca2+ influx across the plasma membrane. Plasma membrane Ca2+ ATPases 

(PMCAs), Na+-Ca2+ exchangers (NCX), and sarco-endoplasmic reticulum Ca2+ ATPases 

(SERCAs) export Ca2+ from the cytosol. (Figure sourced from Frisch, Angenendt, Hoth, Roma 

and Lis, 2019) 
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a. Nuclear factor of activated T cells 

NFAT consists of a family of four transcription factors (NFAT1-4) [218, 219]. 

Dephosphorylation of cytoplasmic NFAT proteins by calcineurin reveals the nuclear 

localization sequence following which NFAT proteins rapidly translocate into the nucleus 

[218] (Figure 5). NFAT-driven gene expression is highly dependent on sustained Ca2+ influx 

and calcineurin activity as when [Ca2+]i drop, NFAT is immediately rephosphorylated and its 

nuclear localization sequence is exposed. This leads to rapid export of NFAT from the nucleus 

and cessation of the transcription of NFAT-dependent genes, such as Foxp3[220]. Foxp3 is a 

primary regulator of thymic nTreg cell development and peripheral function, sufficient to 

induce regulatory T cell phenotype in conventional CD4+CD25- T cells [221]. Foxp3 can 

cooperate with other transcription factors, such as NFAT and Runx1 (also known as AML1), 

to regulate the expression or repression of characteristic genes in regulatory T cells [221]. 

 

b. Cyclic adenosine monophosphate response element-binding protein 

The CREB protein is localized in the nucleus and functions as a Ca2+-regulated transcription 

factor [222, 223] (Figure 5). CREB binds to DNA target sequences, such as the cAMP-response 

element by dimerization through a leucine zipper dimerization. Several serine-threonine 

kinases have demonstrated to promote phosphorylation of CREB at its transcription activating 

site, serine 133, including: protein kinase A (PKA), protein kinase C (PKC), CaMK, 

extracellular signal-regulated protein kinase (ERK1/2) and mitogen-activated protein kinase 

(MAPK). Following serine 133 phosphorylation, CREB interacts with its coactivator protein, 

CREB-binding protein to initiate transcription of CREB-responsive genes [222, 223]. CREB 

has been shown to be involved in multiple cellular processes, including cell proliferation, 

survival, differentiation, adaptive responses, glucose homeostasis, spermatogenesis, circadian 

rhythms, and synaptic plasticity associated with memory [222-224]. 
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c. Downstream-regulatory-element antagonist modulator 

Downstream-regulatory-element antagonist modulator (DREAM) is a multifunctional 

Ca2+ binding protein with specific roles in different subcellular compartments through protein-

DNA and/or protein-protein interactions (Figure 5). In the nucleus, DREAM binds to DRE 

sites in the DNA and represses transcription of target genes [225]. DREAM also interacts with 

other nucleotides, such as CREB, CtBP1, nuclear receptors or TTF-1 and modifies their 

transcriptional function [226-229]. Binding to Ca2+ induces conformational changes in 

DREAM that prevents DREAM binding to DRE sites in the DNA [225] and modifies the 

interaction with other proteins [230, 231].  

 

Both IP3-mediated signal transduction pathways increase [Ca2+]i from ~100nM to 1µM [197]. 

Alternatively, Ca2+ can enter non-excitable cells by crossing the PM via hyperpolarization. 

Open potassium (K+) channels propel the membrane potential to more negative potentials, 

resultantly rapidly drawing more Ca2+ across the PM. Ca2+ enters through specialized voltage-

independent Ca2+ selective channels triggered by second-messenger molecules. Ca2+ selectivity 

is ensured by the structure of the channel pores, which strain out all other ions [197]. An 

additional channel critical for modulating Ca2+in non-excitable cells is the Transient Receptor 

Potential (TRP) ion channel family. 
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1.3 Transient receptor potential ion channels 

TRP channels are a group of unique ion channels that function as cellular sensors for a wide 

spectrum of physical and chemical stimuli [232]. The first TRP channel was discovered in a 

mutant strain of Drosophila melanogaster whereby the absence of a functional trp gene caused 

visual impairment in a fly and an abnormal electroretinogram response to light [233]. TRP 

channels are expressed on almost all cells in both excitable and non-excitable tissues [232]. 

They mediate an extensive range of physiological functions from sensory (pheromone 

signalling, taste transduction, nociception, and temperature sensation), homeostatic (Ca2+ and 

Mg2+ reabsorption and osmoregulation), and motile (muscle contraction and vasomotor 

control) [234]. Each TRP subfamily is differentially expressed throughout the body and 

acquires unique permeability, biological functions and activation mechanisms in response to 

fluctuations within the cellular environment, such as pathogens, temperature, pressure, 

chemicals, oxidation and reduction, toxins, osmolarity, and pH [232].  

 

1.3.1 TRP classification and structure 

To date, more than 50 TRP channels have been identified with representative members in 

various species. In mammals, 28 TRP channels have been found and classed into 6 subfamilies 

according to homology: TRPA (ankyrin), TRPC (canonical), TRPM (melastatin),TRPML 

(mucolipin), TRPP (polycystin) and TRPV (vanilloid) [235].  

 

The molecular architecture of TRP channels is reminiscent of voltage-gated channels and 

comprises six putative transmembrane segments (S1–S6), intracellular N- and C-termini, and 

a pore-forming re-entrant loop between S5 and S6 [236] (Figure 7). TRP classification is 

established on sequence similarity as opposed to functional similarity. This is unique from 

other ion channel families that similarly exhibit both high sequence and ion selectivity to 
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specific activation stimuli. Hence, same subfamily members may be functionally distinct and 

members from different subfamilies may share mutual features. For instance, temperature-

sensitive TRP channels include subfamilies: TRPC, TRPV, TRPM and TRPA; however, 

TRPM2, TRPM6 and TRPM7 are the only TRPM members that contain an enzymatic domain 

[237] (Figure 7). 



95 

 

 

Figure 7: TRP channel structural domains.TRP channels have a predicted 6 transmembrane 

topology (S1-S6) with a pore loop between S5 and S6. The cytoplasmic N- and C-termini 

contain unique structural and functional elements as illustrated for each subfamily. TRP Box, 

EWKFAR in TRPCs; AnkR, ankyrin repeats (number differs by subfamily members); CC, 

coiled-coil domain (position in the cytoplasmic termini varies); S/T Kinase, serine/threonine 

kinase intrinsic to TRPM6 and TRPM7; CIRB, calmodulin- and inositol triphosphate receptor 

(InsP3R)-binding site; PDZ, amino acid motif binding PDZ domains (TRPV3 contains a 

consensus PDZ binding motif); NUDIX, NUDT9 homology domain binding ADP ribose 

(ADPR) or ADPR-2’-phosphate (ADPRP); EF Hand, canonical Ca2+-binding domain in 

TRPP1/PKD2 (EF Hand sequence motif in TRPA1 not shown); ER retention, endoplasmic 

reticulum retention signal. (Figure sourced from Clapham, 2003)
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1.3.2 TRPM subfamily 

The mammalian TRPM subfamily contains eight members (TRPM1-8) and is subdivided into 

four groups based on their structural similarities: (1) TRPM1 and TRPM3, (2) TRPM2 and 

TRPM8, (3) TRPM4 and TRPM5, and (4) TRPM6 and TRPM7. TRPM subunits do not possess 

an ankyrin repeat domain found in the intracellular N terminus of most TRP subunits. Instead, 

the N terminus contains a 700 amino acid TRPM homology region, whereby most TRPM 

subunits contain a highly conserved C-terminal TRP box and a coiled-coil domain. TRPM2, 

TRPM6, and TRPM7 are distinct among known ion channels as they encode enzymatically 

active protein domains fused to their ion channel structures [238]. Despite some overlapping 

structural features, the TRPM subfamily is less conserved than other subfamilies.  

 

Almost all TRPM members are nonselective Ca2+-permeable cation channels; with the 

exception of TRPM4 and TRPM5 [239, 240] TRPM4, TRPM5, and TRPM8 are voltage-

sensitive, but lack the classic voltage sensor of other voltage-gated ion channels, which consists 

of several positively charged residues within the S4 helix. Upon stimulation, Ca2+ permeable 

TRPM channels generate oscillations in [Ca2+]i, by acting as Ca2+ gatekeepers via the PM. 

TRPM channels also modify membrane potentials and local Ca2+ gradients as Ca2+ modulators, 

which subsequently mobilises Ca2+ influx and facilitates intracellular pathways for Ca2+ release 

from cellular organelles [235]. 

 

Deviations in cellular Ca2+ concentration can affect multiple biological processes including the 

sensing of oxidative stress, regulation of endothelial permeability and cell death, Mg2+ 

homeostasis, myogenic response, and regulation of vascular tone [241-245]. Thus, the TRPM 

subfamily has attracted increasing attention in the past decade as promising drug targets for 

treatment of neurodegenerative disorders [246], cardiovascular diseases [247], type II diabetes 

[248], inflammation [249], and inflammatory pain [250]. 
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1.3.3 TRPM2 

The human TRPM2 gene is located in chromosome 21q22.3 and consists of 32 exons across 

approximately 90kb [251]. Previously known as LTRPC2 or TRPC7, TRPM2 is a 

multifunctional Ca2+ permeable, non-selective cation channel with a unique C-terminal 

adenosine disphosphoribose (ADPR) pyrophosphate domain (Nudix-like domain or NUDT9 

homology domain) (Figure 8) [251, 252]. The TRPM2 N-terminus has four homologous 

domains and a CaM binding IQ-like motif, which modulates channel activation. Conversely, 

the C-terminus contains a TRP box and a coil-coil domain, which is critical for the homo-

tetrameric assembly of TRPM2 [253]. Interestingly, TRPM2 is known as a “chanzyme” due to 

its dual function as an ion channel and C-terminal enzyme domain [254] (Figure 8).  
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Figure 8: TRPM2 protein structure. The human TRPM2 is a protein of ∼170 kDa composed 

of 1503 amino acids (1507 in mouse and rat). The channel's N-terminal has four homologous 

regions (MHR) of unknown function and a calmodulin (CaM) binding IQ-like motif, followed 

by six transmembrane segments (TM: S1–S6). The TRPM2 pore-forming loop domain locates 

between S5 and S6. The TRPM2 C-terminus contains a TRP box and a coil–coil domain (CC), 

and a C-terminal adenosine diphosphate ribose (ADPR) pyrophosphatase domain (Nudix-like 

domain or NUDT9 homology domain, NUDT9-H). (Figure sourced from Rosenbaum, 2015) 
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TRPM2 is highly expressed in the brain, but is also detected in other tissues such as bone 

marrow, spleen, heart, liver and lung, as well as different cell types such as pancreatic β-cells, 

endothelial cells, microglia, neurons, cardiomyocytes, and immune cells [255-269]. Although 

originally described as a PM channel, TRPM2 has recently been found to also function as a 

lysosomal Ca2+ release channel in pancreatic β-cells [257].  

 

a. TRPM2 activation 

Various studies have suggested that TRMP2 channels are divergently activated by other 

nucleotides, including cyclic ADPR (cADPR), nicotinic acid-adenine dinuclotide (NAAD), 

NAAD-phosphate (NAADP), and NAD [270-273]. 

ADPR is hallmarked as the primary gating molecule of TRPM2 with a half-maximal EC50 of 

1-90µM [268, 271, 274-277]. ADPR binds with high specificity to the Nudix-like domain in 

the C-terminus of TRPM2 and is hydrolysed to ribose 5-phosphate and adenosine 

monophosphate (AMP). The primary cellular pathways that generate free ADPR are the 

hydrolysis of NAD+ and/or cADPR by glycohydrolases, including the ectoenzymes CD38 and 

CD157, in addition to the mitochondrial NADase [278]. An alternative source of ADPR is 

provided by the dual action of poly(ADPR) polymerases (PARPs, PARP enzymes) and 

poly(ADPR) glycohydrolases (PARG enzymes), which indirectly produce ADPR via poly-

ADPR formation and hydrolysis when hyperactivated in response to DNA damage [279-281]. 

Additional nucleotides that can activate TRPM2 channels, although less effectively, are 

cADPR and NAADP (Figure 9) [268]. 

 

Upon ADPR binding, TRPM2 channels open to facilitate cell permeation of sodium (Na+), K+ 

and Ca2+, with a relative permeability of 0.3-0.9. TRPM2 currents are characterised by a linear 

current-voltage relationship with a reversal potential of ~0mV [252, 276, 282]. Extracellular 
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ADPR may also bind to PM receptors (e.g. GPCRs), subsequently increasing [Ca2+]i following 

activation of the SOCE pathway. Although its enzymatic characteristic remains undefined, the 

consensus supports a negative feedback inhibition for TRPM2 activity with enzymatic activity 

as AMP antagonises ADPR-mediated gating of TRPM2. An essential component to ADPR 

production, and TRPM2 activation, is CD38. CD38 is a multifunctional ectoenzyme widely 

expressed in haematopoietic cells and non-haematopoietic tissues [283]. CD38 uses NAD+ to 

catalyse the production of various Ca2+ mobilizing secondary messengers, such as ADPR, 

cADPR and NAADP, which can bind and open TRPM2 channels and subsequently release 

Ca2+ [284, 285].  
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Figure 9: Signalling mechanisms for TRPM2 activation. NAD+ and ROS, including H2O2, 

accumulate during inflammation and tissue damage. External NAD+ may be converted to 

ADPR, cADPR and NAADP by the ectoenzymes CD38 and CD157. Extracellular ADPR may 

bind to PM receptors (e.g. P2Y receptors) and increase [Ca2+]i through Ca2+ release from 

stores via G-proteins and PLC activation with subsequent IP3 production. H2O2 may cross the 

PM and mobilize ADPR from mitochondria (both H2O2 and cADPR can synergize with ADPR 

to activate TRPM2). ADPR is also generated from poly-ADPR during ROS-induced DNA 

damage through activation of the PARP-1/PARG pathway. Free cytosolic ADPR acts on the 

NUDT9-H of lysosomal and PM TRPM2 channels, enabling Ca2+ influx across the PM and/or 

release of lysosomal Ca2+, raising the Ca2+ concentration in the cytosol. Ca2+ overload can 

trigger programmed cell death (apoptosis) and possibly necrosis. Finally, extracellular signals 

that remain to be identified could potentially induce the production of intracellular free ADPR, 
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which may then gate TRPM2 channels in the lysosome and/or PM and regulate receptor-

mediated signalling. Abbreviations: ADPR, adenosine diphosphoribose; cADPR, cyclic 

adenosine diphosphate ribose; NAD+, nicotinamide adenine dinucleotide; ROS, reactive 

oxygen species; NAADP, nicotinic acid-adenine dinucleotide phosphate; DNA, 

deoxyribonucleic acid; IP3, inosititol-1,4,5-triphosphate; PARG, poly adenosine diphosphate 

ribose glycohydrolase; PARP-1, poly adenosine diphosphate ribose polymerase 1; PLC, 

phospholipase C; PM, plasma membrane. (Figure sourced from Sumoza-Tolendo and Penner, 

2011) 

 

A recent in vivo mice investigation discovered a novel anti-tumour mechanism in NK cells via 

an ADPR-CD38 synergy with TRPM2 [12]. Rah et al., reported that NK cells treated with 8-

Br-ADPR and NK cells from CD38-/- mice demonstrated reduced tumour-induced granule 

polarisation, degranulation, granzyme B release and cytotoxic activity [12]. This investigation 

highlighted three fundamental steps of this synergistic pathway: (1) activation of intracellular 

CD38 by protein kinase A following NK cell recognition of a tumour cell results in ADPR 

production; (2) ADPR targets TRPM2 channels on cytolytic granules, and (3) TRPM2-

mediated Ca2+ signalling causes cytolytic granule polarisation and degranulation, resulting in 

anti-tumour activity [12]. These results suggest that CD38, ADPR and TRPM2 are key 

components in mediating Ca2+-induced anti-tumour activity in NK cells [12]. Although ADPR 

is the primary metabolite produced by CD38 and evidence points to TRPM2 as a mediator of 

the Ca2+ entry, questions remain in regards to the process of extracellular ADPR generated by 

CD38 and crossing the PM to act on the cytosolic Nudix domain of TRPM2 channels [254]. 
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b. TRPM2 modulation 

TRPM2 gating is subject to both activated and inhibited modulatory mechanisms. Some of 

these modulatory mechanisms directly interact with the channel protein, whereas other 

indirectly mediate with cytosolic components that have yet been identified [286].  

 

i. Hydrogen peroxide 

Hydrogen peroxide (H2O2) and other agents that generate oxygen and nitrogen species can 

furthermore activate TRPM2 (50µM) in HEK293 cells expressing TRPM2 [270] (Figure 9). 

The  mechanism of H2O2-mediated gating of TRPM2 has been proposed to be direct and 

independent of NAD+ or ADPR [272], as well as indirect via conversion of NADH to NAD+ 

[287]. More recent evidence suggests an indirect mechanism as H2O2 releases ADPR from the 

mitochondria [288].. An additional source of ADPR under oxidative stress is the nucleus. This 

alternative pathway involves the activation of the PARP-1/PARG pathway. PARP-1 binds to 

damaged DNA and catalyses the cleavage of NAD+ to nicotinamide and ADPR, whereby 

ADPR is polymerised onto various nuclear proteins to activate DNA repair mechanisms [280, 

281]. 

 

ii. Tert-butyl hydroperoxide  

Tert-butyl hydroperoxide (tBOOH) is an alkyl hydroperoxide commonly used as a model 

substance to evaluate mechanisms of cellular alterations resulting from oxidative stress. Given 

oxidative stress activates TRPM2 ion channel activity, tBOOH has been identified as an 

additional oxidant activator of TRPM2.  Hara et al. reported slight increased levels of [Ca2+]i 

in HEK293 cells expressing TRPM2 following tBOOH activation (4mM) [287]. However, 

Haraguchi et al. identified no significant difference in mechanical allodynia evoked by an 
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interplantar injection of TNF-α or a ROS donor (tBOOH, 3µM) between TRPM2+/+ and 

TRPM2-/- mice [289]. 

 

iii. Dithionite  

Dithionite (Na2S2O4) is an inorganic sodium salt commonly applied as a reducing agent and a 

bleaching agent. Similarily to H2O2 and tBOOH, Na2S2O4 is an oxidant that has demonstrated 

effective TRPM2 channel activation. Hara et al. applied 1mM of Na2S2O4, which generates 

superoxide anions, which significantly increased [Ca2+]i levels in TRPM2-expressing HEK293 

cells compared to control HEK293 cells [287]. 

 

iv. Arachidonic acid 

Arachidonic acid is a polyunsaturated fatty acid present in the phospholipids of cell membrane, 

an important inflammatory mediator involved in various molecular and cellular functions under 

physiological and pathological conditions. Arachidonic acid has been suggested to activate 

TRPM2 via a specific binding domain on the channel, the deletion of which causes abrogation 

of TRPM2-mediated responses [287]. Hara et al. identified arachidonic acid (30µM) 

significantly potentiated manganese (Mn2+) influx in TRPM2-expressingg HEK293 cells 

without H2O2, whereas arachidonic acid slightly affected Mn2+ influx in control HEK293 cells 

[287]. 

 

v. Nucleotides: β-NAD+, cADPR and NAADP 

Various studies have suggested that TRPM2 channels are also activated by other nuclotides, 

such as cADPR, NAD and NAADP. However, whether these nucloetides play a direct role in 

TRPM2 activation remains controversial. NAD+ is a substrate of CD38 which catalyses the 

production of ADPR, cADPR and NAADP, which can in turn activate TRPM2 ion channels. 
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Whether these nucleotides bind directly to the Nudix domain, or to different cooperative sites, 

or are converted to ADPR continues to remain unknown [290].  

 

1. Nicotinamide-adenine dinucleotide 

Sano et al. and Hara et al. reported effective gating of TRPM2 ion channels in both whole-cell 

patch clamp recordings and excised membrane patches in HEK293 cells [287] and 

immunocytes [276] following activation with NAD+ (1mM).  Similarily, Naziroglu et al. 

identified a clear plateau activation of TRPM2 channels in Chinese hamseter ovary cells 

following 1mM of NAD+ [291]. Although the activation of TRPM2 by high concentrations of 

NAD+ has been observed, its status as a direct agonist for TRPM2 remains uncertain, as some 

studies reported contaminations with ADPR or metabolism with NAD+ may account for the 

TRPM2 activation [271, 292]. 

 

2. Cyclic adenosine disphosphoribose 

cADPR is a metabolite of NAD+ that is able to activate TRPM2 by mobilising Ca2+ from 

intracellular stores and the PM [293, 294]. The cellular target for cADPR remains still elusive. 

Importantly, the relatively high concentrations of cADPR required to activate TRPM2 

(0.7mM) are above physiological levels [268, 270]. Kolisek et al. determined effective TRPM2 

channel activation in TRPM2-expressing HEK293 cells at cADPR concentrations above 

100µM [270]. Interestingly, lower concentrations cADPR (10µM) mediated a potentiating 

effect that enabled ADPR to gate the TRPM2 channel at nanomolar concentrations by 

increasing TRPM2 channel sensitivity to cADPR. Lange et al. reported that cADPR activates 

TRPM2 currents with an EC50 of 44µM in primary human neutrophils. This EC50 shifted to 

3µM following synergistic activation with ADPR (100nM) [268]. 
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3. Nicotinic acid-adenine dinuclotide-phosphate 

NAADP is a potent Ca2+ mobilising secondary messenger produced by CD38 which can also 

facilitate ADPR activity on TRPM2 [271].  Beck et al. identified strong activation of natively 

expressed TRPM2 channels in HEK293 cells and Jurkat T cells overexpressing TRPM2 in a 

dose-dependent manner with an EC50 of 0.73mM [271]. The authors furthermore 

demonstrated that NAADP synergizes with ADPR within the low micromolar range (100µM). 

Similarily, Lange et al. reported activation of TRPM2 with NAADP (95µM) in primary human 

neutrophils, whereby the EC50 shifted to 1µM in the synergistic presence of ADPR (100nM) 

[268]. 

 

vi. Adenosine monophosphate 

AMP can antagonize TRPM2 gating by ADPR with an IC50 of 70 μM in HEK293 cells 

overexpressing TRPM2 channels [270] and 10μM is sufficient to suppress endogenous 

channels in neutrophils [268]. AMP has been suggested to act as competitive antagonist for the 

Nudix domain, which generates AMP from ADPR following enzymatic pyrophosphatase 

activity [270]. 

 

vii. Calcium 

Extracellular and [Ca2+]i also play a pivotal role in facilitating the full activation of TRPM2 

channels [275, 295]. [Ca2+]i facilitates TRPM2 activation by enhancing channel sensitivity to 

ADPR. In the absence of Ca2+ ADPR cannot induce TRPM2 cation currents, which requires a 

minimum of 30nm [Ca2+]i. However, this mechanism is not applicable to Mg2+, barium and 

zinc (Zn2+) [275]. Ca2+ has also been suggested to directly gate the channel in a dose dependent 

manner with an EC50 of 17μM or 0.5μM in the presence of ADPR in HEK293 cells [273, 275]. 

Although this mechanism is yet to be defined, it is thought to reflect conformational changes 
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following  [Ca2+]i-dependent tethering of CaM with TRPM2 IQ-like motif or other intracellular 

sites [273]. 

 

c.  TRPM2 pharmacology 
 

i. TRPM2 agonists 

Pharmacologically, TRPM2 currents can be modulated by altering the production TRPM2 

secondary messengers, such as ADPR. To date, there are limited market available 

pharmacological TRPM2 agonists.   

 

1. N6-Benzoyladenosine-3′,5′-cyclic monophosphate  

N6-Benzoyladenosine-3′,5′-cyclic monophosphate (N6-Bnz-cAMP) has been investigated to 

indirectly stimulate TRPM2 via PKA production. The cAMP-dependent PKA pathway is a 

major pathway downstream from Gs-coupled receptor activation. PKA has been previously 

been reported  to potentiate TRPM2 activity [256], suggesting that PKA acts as a modulator of 

TRPM2 activity, most likely through phosphorylation [296]. Due to these findings, Rah et al., 

used N6-Bnz-cAMP to measure TRPM2-induced ADPR and [Ca2+]i levels in mouse NK cells. 

In TRPM2+/+ mice, N6-Bnz-cAMP (100µM) significantly increased intracellular ADPR, 

however this increase was inhibited in Ca2+-free conditions. These findings suggest that the 

initial transient Ca2+ influx and cAMP/PKA are required for CD38 activation in tumour-

induced ADPR production [12]. Given N6-Bnz-cAMP is not a direct TRPM2 agonist, the 

development of more specific and potent TRPM2 agonists is required to enable accurate 

investigations of TRPM2 channel activity and modulation in both in vivo and in vitro models. 
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2. 2’Deoxyadenosine 5’-diphosphoribose  

2’Deosxyadenosine 5’-diphosphoribose is an endogenous superagonist of TRPM2 that is 

closely structurally related to ADPR. 2’-deoxy-ADPR does not require any NAD+ consumption 

for its synthesis, therefore it directly binds to the NUDT9 domain and activates the TRPM2 ion 

channel. 2’-deoxy-ADPR activates TRPM2 ion channels at lower concentrations (~55µM) than 

ADPR (1-90µM) with similar potency, however greater efficacy compared with ADPR [297]. 

Using high-performance liquid chromatography technqiues, 2′-deoxy-NAD can be synthesized 

by nicotinamide mononucleotide adenylyltransferase (NMNAT; EC 2.7.7.1) catalyzing the 

condensation of β-NMN and 2′-deoxy-ATP, as well as the hydrolysis of 2′-deoxy-NAD by 

either type III CD38 or the PARP/PARG system [297]. Fliegert et al. reported that 2’-deoxy-

ADPR induces a 10.4-fold 24 higher whole cell currents at saturation in Jurkat T cells (~100-

550µM) compared with other ADPR analogues, such as 3’-deoxy-ADPR, 2’-phospho-ADPR 

and 2-F-ADPR [297]. This significant increase in macroscopic current was due to decelerated 

TRPM2 inactivation and a higher average open probability, whereas the single-channel 

conductance remained unaffected [297]. More recently, Epshtein et al. reported significant 

augment of lung endothelial cell barrier function by 2’-deoxy-ADPR alone and synergistic 

effect with Tysiponaye [298]. Importantly, the authors concluded that 2’-deoxy-ADPR as a 

potential therapeutic molecule for patients with radiation-induced lung injury and other 

inflammatory lung diseases.  

 

ii. TRPM2 antagonists 

Several TRPM2 pharmacological antagonists have been reviewed in the literature, however 

majority of these molecules are insufficiently potent and do not exhibit high TRPM2 specificity 

[254] (Table 2). 
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1. 2-Aminoethoxydiphenyl borate 

2-Aminoethoxydiphenyl borate (2-APB) was initially reported as an IP3R antagonist and 

studies have reported inhibition of IP3R activity [299]. However, several reports have proposed 

that the blocking effects of 2-APB on increased [Ca2+]i results from inhibition of PM, Ca2+ 

permeable, cation channels, including TRPC and TRPM ion channels [300-304]. A 2008 study 

found that 2-APB exhibited partial (10µM) and complete (100µM) inhibition of TRPM2 

channels in HEK293 cells expressing TRPM2 that had been previously activated by ADPR, 

cADPR or heat. 2-APB (100µM) also inhibited heat-evoked insulin release from pancreatic 

islets from rats [305]. 

 

2. Miconalzole 

Miconazole is an azole antifungal medication used to treat ring worm, pityriasis versicolour, 

and yeast infections of the skin or vagina. A previous investigation reported complete inhibition 

of ADPR (100µM)-evoked TRPM2 responses after miconazole (10µM) treatment in HEK293 

cells expressing TRPM2 [305]. Miconazole inhibits TRPM2 in an irreversible manner [306]. 

Miyake et al., found that miconazole (10µM) inhibited [Ca2+]i evoked by 

lipopolysaccharides/interferon (IFN)-γ in microglia cultures from TRPM2+/+ mice [307]. 

Tsutui et al., also reported that knockout or pharmacological inhibition of TRPM2 with 

miconazole (10mg/kg) inhibited progression of experimental autoimmune encephalomyelitis 

[308].  

 

3. Anthranilic acid 

Anthranilic acid (ACA) is an aminobenzoic acid produced by the L-tryptophan-kynureine 

pathway in the CNS. ACA has previously been reported to inhibit arachidonic acid, a 

phospholipase A2 (PLA2) metabolite. Moreover, PLA2 has shown to potentiate Mn2+ influx in 
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TRPM2-expressing cells [287]. A previous investigation examined the effects of PLA2 

modulation on TRPM2 activity. Following 20µM of ACA, a rapid and complete suppression 

of recombinant and native human TRPM2 (hTRPM2) channels was reported in HEK293 cells 

transfected with hTRPM2 [309].  

 

4. Flufenamic acid 

The arylaminobenzoate flufenamic acid (N-[3-trifluoromethyl)-phenyl]anthranilic acid, FFA) 

is a member of the pharmacological family of fenamates [310]. These analgesic molecules are 

non-steroidal anti-inflammatory agents capable of producing anti-inflammatory effects in the 

CNS. Fenmates also produce inhibition of a variety of ion channel responses encompassing 

both anion and cation channels [310]. A previous publication demonstrated that FFA inhibits 

recombinant hTRPM2, as well as currents activated by intracellular ADPR in the CRI-G1 rat 

insulinoma cells at all concentrations tested (50-1000µM) [311]. Interestingly, hTRPM2 

activation was required for FFA antagonism. Additionally, ADPR activated currents in rat 

insulinoma cells were irreversibly antagonised by FFA with concentration- and pH-dependent 

kinases, but not in hTRPM2 [311]. 

 

5. Antifungal Agents: Clotrimazole and Econazole 

Clotrimazole (1[(2-chlorophenyl)diphenylmethyl]-1H-imidazole and econazole (1-[2-[4-

chlorophenyl)methoxy]-2-(2,4-dichlorophenyl) ethyl-1H-imidazole are structurally related 

imidazole antifungal agents, first synthesised in the 1960s for clinical and veterinary treatment 

of fungal infestation [312]. The mechanism of action has been suggested to involve inhibition 

of sterol 14-α-demethylase [306]. This leads to impaired synthesis of ergosterol and 

accumulation of 14-α-methylsterols, which may impair membrane structure and inhibit 

respiratory function and fungal growth [306]. Both clotrimazole and econazole have reported 
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to inhibit SOCE involving TRP ion channels. Hill, McNulty and Randall demonstrated 

irreversible inhibition of ADPR currents following clotrimazole and econazole stimulation in 

HEK293 cells expressing recombinant hTRPM2 at all concentrations tested (3-30µM) [306]. 

Additional experiments indicated hTRPM2 activation was required for the antagonism of either 

compound prior to inhibition [306].  

 

6. 8-Bromoadenosine-5’-O-diphosphoribose 

8-Bromoadenosine-5’-O-diphosphoribose (8-BR-ADPR) is an antagonistic analogue of the 

secondary messenger ADPR and inhibits ADPR-activated cation influx [12]. Rah et al., 

determined inhibition of sustained tumour-induced Ca2+ signals and degranulation in mouse 

NK cells following 8-Br-ADPR treatment (100µM). The antagonistic effects were confirmed 

by confocal microscopy whereby 8-Br-ADPR blocked the tumour cell-induced translocation 

of perforin and granzyme B towards the immunological synapse between B16F10 and NK 

cells, as well as reduced NK cell cytotoxicity [12]. 

 

7. 8-Bromo-cyclic adenosine diphosphoribose 

8-Bromo-cyclic adenosine diphosphoribose (8-Br-cADPR) is an antagonistic analogue of the 

secondary messenger cADPR and inhibits TRPM2 channel activity [270]. A recent publication 

demonstrated inhibition of Ca2+ influx in HL-60 cells differentiated with all-trans-retinoic acid 

following 8-Br-cADPR treatment (10µM) [313]. Another study also revealed that both low 

dose (40µg/kg) and high dose (400µg/kg) of 8-Br-cADPR treatment reduced renal ischemia-

reperfusion injury, as well as caspase-3 and TRPM2 expression in rat kidney tissue following 

histopathological examination [314]. Conversely, Rah et al., did not observe significant 

inhibition of tumour cell-induced sustained Ca2+ signals in mouse NK cells following 8-Br-
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cADPR treatment (100µM). Comparable results were obtained for cytolytic degranulation, 

translocation of perforin and granzyme B, and NK cell cytotoxicity [12].  
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Table 2: Pharmacological activators and inhibitors of TRPM2 ion channels 

  EC50  References 

 

 

 

 

Activators 

H2O2 50 µM Kolisek et al. (2005) 

Tert-butyl hydroperoxide 

(tBOOH) 

4 mM Hara et al. (2002) 

Dithionite (Na2S2O4) 1 mM Hara et al. (2002) 

Arachidonic acid 30 µM Hara et al. (2002) 

β-NAD+ 1 - 1.8 mM Sano et al. (2001); Hara et al. (2002); Beck et al. 

(2006); Naziroglu & Luckhoff (2008)  

ADPR 1-90 µM (depending on cell type) Perraud et al. (2001); Sano et al. (2001); Inamura 

et al. (2003); Beck et al. (2006); Gasseret al. 

(2006); Starkuset al. (2007); Lange et al. (2008)  

cADPR 0.7 mM Kolisek et al. (2005) 

Lange et al. (2008)  

NAADP 0.73 mM  Beck et al. (2006) 

Lange et al. (2008) 

Adnosine monophosphate IC50 = 10-70µM (depending on cell 

type) 

Kolisek et al. (2005) 

Lange et al. (2008) 

Intracellular Ca2+ 0.5 - 17µM McHugh et al. (2003) 

Starkus et al. (2007) 

Du et al. (2009) 

N6-Bnz-cAMP n.d - 

2’Deosxyadenosine 5’-

diphosphoribose 

~55-550µM Fliegert et al. (2017) 

 

 

 

 

2-APB 1.2 µM  Kraft et al. (2006) 

(Togashi et al. 2008) 

Miconazole 10 µM Hill et al. (2004) 
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Inhibitors 

N-(p-

amycinnamoyl)anthranilic 

acid  

1.7 µM Kraft et al. (2006); Togashi et al. (2008) 

Flufenamic acid 50 µM – 1mM Hill et al. (2004) 

Chlotrimazole  3-30 µM Hill et al. (2004) 

Econazole 3-30 µM Hill et al. (2004) 

8-Br-ADPR n.d - 

8-Br-cADPR 300uM Kirchberger et al. (2009) 
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1.3.4 TRPM3 

TRPM3 is a nonselective cation channel with a relatively high permeability to Ca2+ and a strong 

outward rectifying current-voltage relationship [315]. Within the nervous system, TRPM3 

expression has been reported in both the CNS and peripheral nervous system (including dorsal 

root ganglion), as well as nonneuronal tissues such as adipocytes, pancreatic β-cells, the kidney, 

eye, brain and pituitary gland [316]. A unique ~700 amino acid TRPM-specific domain runs 

through the cytoplasmic N-terminal, as well as two CaM binding sites [317]. These binding 

sites are essential for PIP2 to complete TRPM3 activity. Conversely, the C-terminal contains 

the TRP domain at the sixth transmembrane domain within the cytosol (Figure 10) [317]. 

Currently, eleven isotypes have been identified in the human TRPM3 gene demonstrating 

unique differences in Ca2+ permeabilities due to the primary sequence of the channel’s pore 

[318, 319]. The TRPM3α2 isotype is the most permeable to Ca2+ and Mg2+ in contrast to 

TRPM3α1 which possesses poor permeability for divergent cations [320]. 
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Figure 10: Modular structure, membrane topology, and expression of TRPM3. TRPM3 

comprises six transmembrane domains with a pore-forming domain between transmembrane 

domains 5 and 6. Both the N- and C-terminals are localised within the cytosol. The former 

terminal contains two calmodulin binding sites encompassing amino acids 35-124 and 291-

382. The latter terminal contains the TRP domain on the sixth transmembrane domain. (Figure 

sourced from Thiel et al., 2017) 



117 

 

a. TRPM3 activation and signalling 

TRPM3 channel activation mediates an intricate intracellular signalling pathway, initially 

inducing a rapid influx and rise in [Ca2+]i. Resultantly, the ERK1/2 signalling cascade is 

activated by PKC and Raf, in addition to the stimulus-responsive transcription factors AP-1, 

CREB, early growth factor response 1 (Egr-1), and Elk-1, resulting in activation of various 

Ca2+-dependent biological functions (Figure 11) [321]. 

 

i. Calcium 

Multiple studies have reported Ca2+ influx in pancreatic β-cells, sensory 

neurons, retinal ganglion cells, vascular smooth muscle cells or synovial fibroblasts triggered 

by stimulation of endogenously expressed TRPM3 channels with pregnenolone sulfate 

(PregS) [127, 315, 322]. Similarly, Ca2+ imaging experiments with isolated pancreatic islets 

have demonstrated an increase in [Ca2+]i concentration post PregS or the synthetic ligand 

CIM0216. In contrast, intracellular Ca2+ ceased in stimulated pancreatic islets derived from 

TRPM3 knockout mice [315]. Interestingly,  Ca2+ influx and a subsequent rise in [Ca2+]i have 

been demonstrated to be required for TRPM3 channel signalling [323] (Figure 11). However, 

only Ca2+ permeable splice variants of TRPM3 have been investigated, whereas no information 

is available for the TRPM3 variants that are poorly permeable for Ca2+ or that function as decoy 

receptors. 

 

ii. Phosphatidylinositol phosphates 

A shared view within the literature is the regulation of TRP channels by PM 

phosphatidylinositol phosphates, in particular by PIP2 [324] (Figure 11). Representing 

approximately 1% of phospholipids, PIP2 is located within the inner leaflet of the PM. A 

binding site for PIP2 has been identified within the N-terminal CaM binding site of TRPM3 
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[325]. PIP2 is synthesised from phosphatidylinositol via phosphatidylinositol 4-kinase and 

phosphatidylinositol 4-phosphate-5-kinase [321]. Previous cell free inside-out patch clamp 

recordings revealed a recovery post TRPM3 channel desensitisation by application of PIP2to 

the intracellular side of excised membrane patches [326, 327]. In contrast, TRPM3 currents 

were inhibited by 5’-phosphatases and bacterial phosphatidylinositol-specific PLC that 

catalyzes the hydrolysis of phosphatidylinositol. Similarly, stimulation of Gαq-coupled M1 

muscarinic acetylcholine receptors inhibited TRPM3 channel activity by activating PLCβ that 

catalyses the hydrolysis of PIP2 into DAG and IP3 [326, 327]. Collectively, these data suggest 

that PIP2 positively regulates TRPM3 activity and this mechanism is attenuated by Gαq-

coupled receptor stimulation.  

 

iii. Protein kinases and Phosphates 

Following activation of Gαq-coupled receptors, voltage or ligand-gated Ca2+ channels, a rise 

in [Ca2+]i triggers the phosphorylation and activation of ERK1/2 [328-332]. Inhibition of 

ERK1/2 or Raf protein has shown to attenuate the signalling cascade from TRPM3 channels to 

the nucleus [332, 333]. Attenuation of the TRPM3 signalling pathway has also been 

demonstrated in MAPK phosphatase-1expressing cells, a nuclear phosphatase that 

dephosphorylates and inactivates the MAP kinases ERK1/2, c-Jun N-terminal kinases (JNK) 

and p38 [334, 335]. These data indicate that ERK1/2 and Raf function as cytoplasmic signal 

transducers of activated TRPM3 channels, and that activated nuclear MAP kinases are required 

within the TRPM3-induced signalling cascade [321]. Activation of Ca2+/calmodulin-dependent 

protein kinase-2 has furthermore been detected following TRPM3 channel stimulation [336]. 

Similarly to TRPC6 and TRPV1, activation of the Ca2+-dependent protein phosphatase, 

calcineurin, is suggested to facilitate the rise in [Ca2+]i [337, 338]. Constitutively active mutants 

of calcineurin have demonstrated a regulatory role with TRPM3 channel signalling, suggesting 
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that calcineurin, as well as mitogen-activated protein kinase-1, may act within a second 

negative feedback loop of the TRPM3-trigerred signalling cascade [332, 333].  

 

iv. Transcription factors 

The intracellular TRPM3 signalling cascade is connected to the nucleus via signal transducers, 

ERK1/2 and JNK, both of which phosphorylate gene regulatory proteins [321] (Figure 11). A 

central transcription factor within the TRPM3-induced signalling pathway is Elk-1. Elk-1 

forms a ternary complex by binding to a DNA motif with a GGAA/T core sequence and a 

dimer of the SRF which interacts with a CC[A/T]6GG DNA sequence [321]. Both Elk-1 and 

SRF bind to the SRE to regulate transcription [339, 340]. The intracellular signalling cascade 

targets the transcriptional activation domain of Elk-1 via the phosphorylation of serine residues, 

S383 and S389 [341].  

 

Two prominent target genes of Elk-1 is the zinc finger transcription factor, Egr-1, and leucine 

zipper protein, c-Fos [321]. The former target gene is regulated via five serum response 

elements within the 5’-flanking region of the Egr-1 gene [342]. Simulation of pancreatic beta-

cells, insulinoma cells and HEK293 cells endogenously expressing TRPM3 channels induce 

the biosynthesis of Egr-1 and increase the transcriptional activity of Egr-1 [333, 341]. A 

previous investigation determined a dependent relationship between Egr-1 and Elk-1 activity 

whereby Egr-1 biosynthesis was inhibited in insulinoma cells expressing a dominant-negative 

mutant of Elk-1 [333]. Similarly, c-Fos biosynthesis was inhibited by expression of a dominant-

negative mutant of Elk-1 [343]. c-Fos dimerizes with the bZIP protein, c-Jun, to produce the 

AP-1 transcription factor complex [344]. Genetic experiments have highlighted c-Jun as an 

essential component for the activation of transcription factor, AP-1, as TRPM3 stimulation 

phosphorylates c-Jun and subsequently activates AP-1 [323]. Furthermore, Elk-1 is an 
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important AP-1 regulator of AP-1 through its interplay on the c-Fos gene [323, 343], hence 

Elk-1 possesses a central role within the TRPM3-induced signalling cascade.  

 

Additionally, TRPM3 channel stimulation mediates the phosphorylation of the bZIP 

transcription factor, CREB, and is regulated via the cAMP response element [344] (Figure 11). 

CREB is activated by increased cytoplasmic cAMP and Ca2+ levels and integrates various 

signalling pathways induced by hormones, neurotransmitters, and neurotrophins [321]. A 

target gene for CREB within the TRPM3 signalling pathways is the c-Fos gene, as well as the 

calcitonin-gene related peptide [343, 345].  



121 

 

 

Figure 11: Intracellular signal transduction of TRPM3 channels. TRPM3 channel activation 

induces Ca2+ influx, leading to a rapid rise in cytoplasmic Ca2+ and activation of the 

extracellular signal-regulated protein kinase (ERK1/2) signalling cascade, mediated by PKC 

and Raf. Elk-1 is a major nuclear substrate for ERK1/2, an essential component of the serum 

response element (SRE) ternary complex. Elk-1 binds to the Egr-1 and c-Fos genes and 

promotes activation of Egr-1 and c-Fos biosynthesis. Activated ERK1/2 in the nucleus 

phosphorylates the protein kinase MSK which phosphorylates and activates the transcription 

factor CREB. The rise in intracellular Ca2+, triggered by the stimulation of TRPM3 channels, 
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may also active Ca2+/calmodulin-dependent protein kinase kinase-2 (CaMKK2), which 

activates Ca2+/calmodulin-dependent protein kinases via phosphorylation. 

The phosphatases MKP-1 and calcineurin (CaN) function as negative regulators of the 

TRPM3-induced signaling cascade. (Figure sourced from Thiel et al., 2017) 
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b. TRPM3 Biological Functions 

TRPM3 channel activation has been correlated with an extensive list of biological functions 

which are tissue and cell type specific [321]. 

 

i. Insulin biosynthesis 

Islets from wild-type and TRPM3-deficient mice have demonstrated to induce insulin secretion 

in a TRPM3-deficient manner following stimulation with PregS and CIM0216 [315]. Additive 

effects of insulin secretion have furthermore been found post tolbutamide treatment, an ATP-

regulated K+ channel inhibitor, whereby insulin secretion reduced in the presence of the 

TRPM3-inhibitor, mefenamic acid [346].PregS-induced β cell activation, via TRPM3 and 

voltage-gated Ca2+ channels, has also shown to induce the biosynthesis of the zinc finger 

transcription factor Egr-1, resulting in increased biosynthesis of insulin.  

 

Activation of endogenously expressed TRPM3channels has also been reported to trigger 

insulin secretion under varying  cell culture conditions  For example, insulinoma cells trigger 

insulin secretion under glucose concentrations > 6mM, whereas pancreatic islets cultured in 

medium with low glucose(3mM) release insignificant amounts of insulin from PregS 

stimulation [127]. Interestingly, Ca2+ influx and glucose-induced insulin release are similar in 

wild-type and TRPM3-deficient mice, suggesting that TRPM3 channels minorly regulate 

glucose-induced insulin release [347].  

 

TRPM3 channels have also been proposed to constitute a regulated Zn2+ entry pathway in 

pancreatic β cells [348]. Zn2+ is important for insulin secretion as forms cocrystals with insulin 

in exocytotic vesicles. These insulin crystals are dependent on the ZnT8 transporter, which 

facilitates efficient packaging of stored insulin [349]. As Zn2+ ions are coreleased with insulin, 
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pancreatic β cells require continuous replenishment of their Zn2+ stores by uptaking Zn2+ ions 

from the extracellular space. Insufficient Zn2+ uptake impairs insulin synthesis and results in 

the aggrevation of diabetic symptoms [350].  

 

The molecular mechanism underlying TRPM3-mediated stimulation of insulin in pancreatic β-

cells remains unknown. A potential theory was provided by an investigation that examined 

PregS-induced signalling in insulinoma cells. The TRPM3 signalling cascade was inhibited by 

verapamil (a voltage-gated Ca2+ channel blocker), suggesting that  voltage-gated Ca2+ channel 

activation was required to sustain the signalling cascade catalysed by TRPM3 channel 

stimulation [333]. 

 

ii. Heat sensation and inflammation 

TRPM3 channels have been identified as thermosensitive nociceptor channels in a subset of 

somatosensory neurons that detect noxious heat [351-353]. Similarly, with thermoTRP 

channels TRPV1, TRPV2, TRPV4, TRPA1, TRPM2 and TRPM8, TRPM3 ion channels are 

activated by heat (40°C) following temperature sensation [351].  

TRPM3-deficient mice subjects exhibited diminished ability to avoid noxious heat, but not 

noxious cold, as well as a strong deficit in developing inflammatory hear hyperalgesia [351]. 

Interestingly, TRPM3 modulation with flavanones (hesperetin, isosakuranetin, and primidone) 

attenuated the sensitivity of mice to noxious heat and PregS-induced pain behaviour [352, 353]. 

Moreover, TRPM3 channels mediate nocifensive responses to heat and are only marginally 

involved in body thermoregulation [352].  
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iii. TRPM3 in the Central Nervous System 

TRPM3 is expressed at glutamatergic synapses from neonatal Purkinje cells [354]. Functional 

experiments have revealed that TRPM3 channel stimulation with PregS potentiates glutamate 

release. This effect was blocked post mefenamic acid (TRPM3 inhibitor) administration, 

indicating that PregS’s effect is mediated via TRPM3 channel activation [354]. Additional 

brain functions in TRPM3-deficient mice are yet to be investigated.  

 

iv. TRPM3 in the retina 

TRPM3 channels are highly expressed in the eye, notably in the iris, retinal pigment epithelium, 

and retina [321]. In mouse retina, TRPM3 expression has been identified within the inner 

plexiform layer,  in addition to the ganglion cell layer, in a minor retinal cell population and 

Brn3a-positive ganglion cells [355]. The cellular localization of TRPM3 channels within the 

inner retina has obtained conflicting results [355, 356]. Brown et al., demonstrated that PregS-

stimulation of immunopurified retinal ganglion cells increased [Ca2+]i, which was blocked with 

mefenamic acid or genetic inactivation of the TRPM3 locus [355]. Moreover, transgenic mice 

lacking TRPM3 channels exhibit a normal structure and morphology of the retina [356]. It has 

been suggested that TRPM3 channels do not regulate visual processing in the outer retina due 

to normal scoptopic and photopic a- and b-waves in TRPM3-deficient mice [355]. Significant 

attenuations in the pupillary light reflex (iris constriction) has furthermore been identified 

[356]. Conversely, a mutated TRPM3 channel has been discovered in humans and is correlated 

with autosomal dominant cataract and high-tension glaucoma [357].  

 

v. TRPM3 and tumour production 

TRPM3 channels are overexpressed in specific tumour types, including clear cell renal cell 

carcinoma, glioblastoma multiforme, and choroid plexus papillomas [321]. Ribonucleic acid 
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interference experiments have demonstrated a significant reduction in tumour formation and 

growth within orthotopic xenografts following TRPM3 knockdown [336]. A knockdown-

resistant TRPM3 variant in orthotopic xenographs induced comparable size and incidence of 

tumours [321]. Moreover, mefenamic acid treatment of ccRCC xenograft tumours significantly 

reduced tumour growth, tumour regression, and TRPM3 expression, suggesting a direct 

interference with TRPM3 gene transcription [336]. Importantly, the tumour-promoting role of 

TRPM3 relies on the promotion of oncogenic autophagy, which requires Ca2+ influx and 

subsequent activation of CaMKK2 [336].  

 

c. TRPM3 and pharmacology 

The complete list of endogenous ligands for TRPM3 have not been conclusively established 

(Table 3). Nonetheless, pharmacological modulation of endogenously expressed TRPM3 

channels has facilitated the identification of various metabolites and synthetic compounds to 

function as TRPM3 channel ligands. PregS and CIM0216 have been determined as powerful 

activators of TRPM3 [315, 341, 351, 358], however PregS is currently the most potent and 

selective TRPM3 agonist in the literature [250].  

 

Naturally an endogenous steroid, PregS is synthesised from pregnenolone which is a precursor 

for steroid hormones. PregS induces a rapid and reversible activation of TRPM3 channels via 

binding to the extracellular side of the PM [127]. The binding site for PregS is chiral and 

proteinaceous in both overexpression systems and in cells endogenously expressing TRPM3 

[127, 129, 351]. A common assumption is the presence of a stereo-specific binding site, the 

“steroid modulatory domain”, within the TRPM3 molecule, however this specific binding site 

has yet to be determined [321].  
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Additional steroids, including pregnenolone, progesterone, 17β-estradiol, 17β-estradiol sulfate, 

dihydrotestosterone, aldosterone, cortisol, and vitamins D2 and D3, do not stimulate Ca2+ 

influx via the TRPM3 channel [359]. Importantly, PregS influences the activity of 

neighbouring ion channels and receptors, such as voltage-gated Ca2+ channels, killer 

immunoglobulin-like receptor2.3 K+ channels, the N-methyl-D-aspartatereceptor, and the 

gamma butyric acid-A receptor [360-364]. Physiologically, PregS interacts with the central 

nervous system and immune system, which includes improvement of memory and cognitive 

function, enhanced neuronal myelination, activation of neurotransmitter‐gated channels, 

modulation of glutamate–nitric oxide–guanosine 3′,5′‐(cyclic) phosphate pathways, regulation 

of insulin secretion and the management of noxious pain [365, 366]. Importantly, PregS has 

also been previously described to activate TRPM1 receptors [367], potentiate NMDA receptors 

[368], and inhibit GABAA receptors [369] using whole-cell patch clamp technology. Therefore, 

to account for these confounding factors additional positive controls are commonly performed, 

such as the use of nifedipine.  

 

1,4-dihydropyridine nifedipine and D-erythro-sphingosine have also been reviewed as 

proposed TRPM3 ligands (Table 3). Although both compounds induce a rise in [Ca2+]i, they 

were insufficient to facilitate an intracellular signalling cascade to alter gene expression [321]. 

Additional claimed benefits include an improvement of energy levels, exercise intolerance, 

mental clarity, orthostatic hypotension, and migraines [134].  

 

Nifedipine is a 1,4-dihydropyridine Ca2+ channel blocker commonly used to treat hypertension 

and chronic stable angina [125, 126]. Primarily acting on vascular smooth muscle cells, 

nifedipine stabilises inactive voltage-gated L-type channels, which subsequently inhibits Ca2+ 

influx to prevent Ca2+-dependent myocyte contraction and vasoconstriction [127-129]. 



128 

 

Nifedipine also rapidly and reversibly activates TRPM3 [127] with moderate potency 

compared with  PregS, but binds at a different site which has not been identified. Interestingly, 

co-application of PregS and nifedipine induces a supra-additivity effect on TRPM3 activation 

as opposed to isolated application suggesting a possible ‘cocktail’ approach for therapeutic 

purposes [370]. However, sensory neuron analyses in TRPM3-deficient mice confirm that 

nifedipine may activate TRPA1 channels [351]. 

 

Various metabolites and synthetic and plant-derived compounds have been suggested as 

TRPM3 channel inhibitors, such as cholesterol, progesterone, mefenamic acid, antidiabetic 

PPARγ-agonists (rosiglitazone and troglitazone), and citrus fruit flavanones (naringenin, 

eriodictyol, hesperetin, liquiritigenin, and isosakuranetin) [346, 352, 371-373] (Table 3). From 

TRPM3 expressing HEK293 cells, the flavanones completely inhibited PregS-induced Ca2+ 

influx [352, 373]. Similarly, mefenamic acid reduces PregS-induced cytoplasmic Ca2+ and 

gene transcription and, to a lesser extent, by preincubation with naringenin [346]. 

Comparatively, progesterone, pregnenolone, and rosiglitazone exhibited minor effects on 

TRPM3-induced gene activation, suggesting that these compounds do not function as TRPM3-

specific inhibitors [341]. Recently, the natural occurring deoxybenzoin, ononetin, has shown 

to effectively inhibit PregS- and nifedipine-induced [Ca2+]i accumulation in HEKmTRPM3 cells 

and dorsal root ganglion neurones in vitro [373]. 
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Table 3: Pharmacological activators and inhibitors of TRPM3 ion channels 

   EC50 References 

 

 

 

 

 

 

 

Agonists 

 

 

Sphingolipid 

D-erythro-sphingosine  12 µM (CI) Grimm et al. (2005) 

N,N-Dimethyl-D-erthyro-

Sphingosine 

n.d Grimm et al. (2005) 

Dihrdo-D-erthryo-

Sphingosine 

n.d Grimm et al. (2005) 

1,4-Dihydropyridine Nifedipine 30-32 µM (PC) Wagner et al. (2008) 

 

 

 

Steroid 

Pregnenolone sulfate 12 – 32 µM (PC) 

1 - 5 µM (CI) 

Wagner et al. (2008) 

Majeed et al. (2010) 

   

Pregnenolone  14-15 µM (PC) Wagner et al. (2008) 

DHEA sulfate 299-303 µM (PC) 

10-33 µM (CI) 

Majeed et al. (2010) 

Wagner et al. (2008) 

DHEA 62-72 µM (PC) 

10-33 µM (CI) 

Wagner et al. (2008) 

Majeed et al. (2010) 

Naylor et al. (2010) 

Other CIM0216 0.77 µM (PC) Held et al. (2015) 

 

 

 

 

 

 

 

Antagonists 

1,4-Dihydropyridine Nimodipine, Nicardipine, 

Nitrendipine 

n.d Drews et al. (2014) 

Fenamate Mefenamic acid 6.6 µM (CI) Klose et al. (2011) 

DCDPC 7.5 µM (CI) Klose et al. (2011) 

Tolfenamate 11.1 µM (CI) Klose et al. (2011) 

Meclofenamate 13.3 µM (CI) Klose et al. (2011) 

Flufenamate 33.1 µM (CI) Klose et al. (2011) 

Niflumate 123.5 µM (CI) Klose et al. (2011) 

Steroid Pregnanolone, Progesterone n.d Majeed et al. (2012) 

17OH-Progesterone, 

21OG-Progesterone 

n.d Majeed et al. (2012) 
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Dihydrotestosterone  n.d Majeed et al. (2012) 

Estradiol, Mifepristone n.d Majeed et al. (2012) 

Cholesterol n.d Drews et al. (2014) 

Naylor et al. (2010) 

Flavanone Naringenin  0.3-0.5 µM (PC) 

0.5 µM (CI) 

Straub et al. (2013b) 

Hesperetin 2 µM (CI) Straub et al. (2013b) 

Eriodictyol 1 µM (CI) Straub et al. (2013b) 

Liquiritigenin  0.5 µM (CI) Straub et al. (2013b) 

Deoxybenzoin Ononetin 0.3-2 µM (PC) 

0.3 µM (CI) 

Straub et al. (2013a) 

Straub et al. (2013b) 

Others 2-APB n.d Xu et al. (2005) 



131 

 

TRPM2 and TRPM3 are cation channels ubiquitously expressed throughout the human body 

and expressed in almost all cell types, such as NK cells. Both TRPM members are highly 

permeable to Ca2+, therefore are critical regulators of Ca2+-dependent pathways, such as NK 

cell cytotoxicity. TRPM2 is activated by multiple stimuli, including adenine dinucleotides 

(ADPR, cADPR, NAADP, ꞵ-NAD), reactive oxygen species (ROS), such as H2O2 and 

hydroxyl radical (OH-), and [Ca2+]i. Conversely, TRPM3 is potently activated by neural 

steroids, such as PregS and nifedipine. Upon stimulation, TRPM2 and TRPM3 ion channels 

trigger a rapid influx of Ca2+ influx and rise in [Ca2+]i. In NK cells, TRPM2 and TRPM3 have 

predominantly been investigated using in vivo models and methodologies, such as genetic 

remodification, western blot and immunohistochemistry. Currently, there are limited in vitro 

studies of TRPM3 on human NK cells in HC and ME/CFS patients. Importantly, there are no 

in vitro investigations that have examined the phenotype and function of TRPM2 on human 

NK cell subsets, notably in ME/CFS research. 
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1.4 Natural killer cells 

NK cells are effector lymphocytes of the innate immune system that regulate microbial 

infections and malignant cells by limiting their spread and subsequent tissue damage. 

Originally, NK cells were defined as large granular lymphocytes with natural cytotoxicity 

against tumour cells. To date, NK cells are recognised as a separate lymphocyte lineage, 

possessing both cytotoxic and cytokine-production functions [7].  

 

1.4.1 Anatomical localisation and phenotypes 

NK cells are extensively distributed throughout lymphoid and non-lymphoid tissues. NK cells 

comprise a minor fraction of total lymphocytes (2-10% in mouse spleen and lung and 2-18% 

in human peripheral blood) and human NK cell turnover in peripheral blood is approximately 

two weeks [374, 375]. Phenotypically, NK cells are defined as CD56+ and CD3- cells [376]. In 

both mice and human models, distinct NK cell subsets have been determined based on 

phenotypic, functional and anatomical characteristics. In human peripheral blood, five NK cell 

populations can be easily distinguished by flow cytometry based on the surface density of 

CD56 and CD16 markers: (1) CD56bright CD16−, (2) CD56bright CD16dim/-, (3) CD56dim CD16−, 

(4) CD56dim CD16+, and (5) CD56− CD16Bright (Figure 12) [377, 378].  
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Figure 12: Natural killer cell subset populations in human peripheral blood based on 

surface density expression of CD56 and CD16.Peripheral blood mononuclear cells were 

stained with anti-CD3 antibodies. CD56 and CD16 surface expression was measured on CD3- 

cells to populate: (1) CD56BrightCD16-, (2) CD56BrightCD16Dim/-, (3) CD56DimCD16-, (4) 

CD56DimCD16+ and (5) CD56-CD16+(Figure sourced from Poli et al., 2009) 

 

The CD56 antigen is an isoform of the human neural-cell adhesion molecule. Although the 

function on human NK cells continues to remain unknown , early studies have suggested CD56 

to mediate interactions between NK cells and target cells [379, 380]. Conversely, CD16 is the 

low-affinity FcγRIII on the surface of NK cells, which binds to antibody-coated (opsonized) 

targets and signals through associated subunits containing an immunoreceptor tyrosine-based 

activation motif (ITAM) to direct ADCC [381]. In healthy individuals, the CD56DimCD16+ and 
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CD56BrightCD16Dim/- subsets represent the most predominant circulating NK cell populations 

[382, 383]. 

 

a. CD56DimCD16+ NK cell subset 

Approximately 90% of peripheral blood and spleen NK cells acquire low‐density expression 

of CD56 (CD56Dim) and elevated levels of a low-affinity receptor for the constant region of 

immunoglobulin FcγIII receptor (CD16).The high expression level of CD16 enables this subset 

to function as efficient mediators of ADCC, hence possess robust cytotoxic activity. 

Resultantly, CD56DimCD16+ cells contain abundant levels of perforin, granzymes and cytolytic 

granules, as well as form more conjugates in vitro with K562 target cells [384]. Additionally, 

this subsetproduces diminutive cytokines levels, however possess a broader expression of 

inhibitory cell-surface NK receptors (NKR) [385]. 

 

b. CD56BrightCD16Dim/- NK cell subset 

CD56BrightCD16Dim/- cells are the most efficient immunoregulatory cytokine producers[382]. 

The primary cytokines include IFN-γ, tumour necrosis factor (TNF)-α, granulocyte–

macrophage colony-stimulating factor, interleukin (IL)-10 and IL-13, in response to low doses 

of IL‐2 or activated monocytes [386]. Additionally, this subset possesses low expression of 

numerous cell‐surface NKRs and is poorly cytotoxic. Interestingly, CD56BrightCD16+ NK cells 

are more lytic to target cells than resting NK cells following IL-2 stimulation. NK cells found 

in secondary lymphoid tissues such as tonsils, lymph nodes and spleen differ from peripheral 

blood NK cells as they secrete cytokines (i.e. IFN) following dendritic cell activation, which 

mediates a more sophisticated killing response by T lymphocytes [387].  
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i. IL-2 receptor 

All NK cells express a functional heterodimeric interleukin-2 receptor (IL-2Rβγ), with 

intermediate affinity for IL-2 [388]. The IL-2 receptor (IL-2R) is a heterotrimeric protein 

expressed on several immune cells that binds and responds to IL-2. The IL-2R comprises three 

forms, generated by different protein or “chain” combinations [388]. These include: α (alpha) 

(also called IL-2Rα, CD25), β (beta) (also called IL-2Rβ or CD122) and γ (gamma) (also called 

IL-2Rγ or CD132). Resting NK cells express functional IL-2Rβγ [389]. Binding of IL-2 

promotes Janus tyrosine kinase (JAK) 1 and JAK 3 enzyme activation, in turn initiating the 

MAPK, phosphoinositide 3-kinase (PI3K), and the Signal Transducer and Activator of 

Transcription (STAT) pathways [390]. Activation of these pathways enhances NK cell 

cytotoxic function, known as lymphokine-activated killing (LAK). NK cells are the 

predominant effector cells within LAKs, which are mechanistically equivalent to peripheral 

blood NK cells [391], however possess enhanced cytotoxic potential against an extensive 

spectrum of cell targets [392]. 

 

Initially, CD56BrightCD16Dim/- NK cells appeared to be the sole lymphocyte with constitutive 

expression of the high-affinity heterotrimeric IL-2R (IL-2Rαβγ) [393, 394]. This subset 

exhibits a high proliferative response to low doses of IL-2 alone and can be expanded in 

vitro and in vivo in response to picomolar concentrations of IL-2 [393, 395]. The 

CD56BrightCD16Dim/- NK cell subset also expresses the c-kit receptor tyrosine kinase 

constitutively, whereby the ligand enhances IL-2-induced proliferation and induces cell 

survival through up-regulation of bcl-2 expression [396, 397]. In contrast, resting 

CD56DimCD16+ NK cells express IL-2Rβγ only, are c-kit− and show almost no proliferation in 

response to high doses of IL-2 (1–10 nm) in vitro [393, 395]. 
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1.4.2 NK cell cytotoxic activity 

Upon direct target cell recognition by NK cells, CD56DimCD16+ NK cells mediate cytotoxic 

activity via the granule-dependent secretory pathway or death receptor pathway (Figure 13) 

[398]. The former pathway secretes a series of cytoplasmic granule toxins (perforin) and a 

family of structurally related serine proteases (granzymes) to induce apoptosis of the target cell 

[399]. This granule-exocytosis pathway initiates independent and dependent apoptotic cysteine 

protease (caspase) activation cell-death pathways [400]. The latter pathway engages death 

receptors (e.g. Fas/CD95) on target cells with their cognate ligands (e.g. FasL) on NK cells, 

resulting in a classical caspase-dependent apoptosis [8]. Tailored to the research objectives of 

this thesis, the granule-dependent secretory pathway will be discussed in depth. 
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Figure 13: NK cell cytotoxic pathways. Natural killer (NK) cytotoxicity is triggered by two 

primary mechanisms. The former mechanism is granule-dependent cytotoxicity whereby 

stimulation of (a) NK activating receptors or (b) the Fc receptor (CD16) facilitates polarisation 

of the cytotoxic granules (primarily perforin and granzyme B) towards the immunological 

synapse of the target cell. The latter mechanism triggers apoptotic pathways in the target cell 

via stimulation of NK death receptors by (c) TNF-related apoptosis-inducing ligand (TRAIL) 

or (d) Fas ligand surface expression on NK cells, in addition to (e) TNF-α secretion. (Figure 

sourced from Sutlu and Alici, 2009) 
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a.  Granule-dependent cell death 

NK cell cytotoxicity has long been recognised as a stepwise, highly balanced process between 

activating and inhibitory signals that is requisite to exercising control over their powerful 

‘armed and ready’ state [401]. Two proposed hypotheses of this sophisticated interplay include 

the “missing self” and “induced self” theories [402]. The former hypothesis suggests that NK 

cells attack target cells that present reduced or aberrant major histocompatibility complex 

(MHC) or human leukocyte antigen class I. Thus, NK cell activation is inhibited following 

MHC class I expression. Conversely, the “induced self” model is not exclusive from the 

“missing self” model and describes the recognition of cellular stress ligands induced upon 

malignant transformation or viral invasion [403].  

 

i. Inhibitory receptors 

A classic NK cell expresses between 2-4 inhibitory receptors [404]. The NK cell inhibitory 

receptor family expresses an extensive range of extracellular domains including killer 

immunoglobulin-like receptors, C type lectin receptors (CD94-NKG2A) and leukocyte 

inhibitory receptors (LIR1, LAIR-1) (Figure 14) [404]. Inhibitory receptors recognize self-

MHC class I molecules to facilitate self-tolerance and discrimination of infected/abnormal 

cells, thus preventing host-cell killing. Inhibitory receptors signal through intracellular 

immunoreceptor tyrosine-based inhibitory motifs, located in the cytoplasmic tail of these 

receptors [405]. Ligation of the inhibitory receptors recruits tyrosine phosphatases to the 

immune synapse (IS), a specialized interface formed between an NK cell and a target cell [406]. 

At the IS, protein substrates are dephosphorylated by tyrosine phosphatases required for the 
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tyrosine kinases on the activating receptors [406, 407]. Resultantly, NK cell activation is 

inhibited and the conjugate formed with the target cell is terminated [408].   

 

Figure 14: NK cell inhibitory receptors. (Figure sourced from Huth et al., 2015) 

  

ii. Activating receptors 

Activating receptors recognise and adhere to target cells following reduction or absence of 

MHC class I expression [406]. NK cells express an array of activating receptors as more than 

one signal is required to surmount the activation threshold set by the inhibitory receptors [409, 

410]. Activating receptors include the natural cytotoxic receptors (NKp46, NKp44), C type 

lectin receptors (NKG2D, CD94-NKG2C) and Ig-like receptors (2B4). Resting and activated 

NK cells exclusively express NKp30, NKp46 and NKp80 whilst NKp44 is only expressed on 

activated NK cells [411] (Figure 15). Ligation of the activating receptors initiates signal 

transductions through the receptor cytoplasmic tails which contain ITAMs [406, 412]. 

Subsequently, the Src homology 2 domain containing kinases (Syk or ZAP70) are recruited, 
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propagating an intricate signalling cascade which results in degranulation and transcription 

of cytokine and chemokine genes.  

 

Activation signals are propagated through MAPK phosphorylation cascade to specific 

intracellular targets required for cytotoxic activity [413]. The cytoplasmic tails of adhesion 

molecules and activating receptors recruit Src family of kinases to phosphorylate ITAMs or 

immunoreceptor tyrosine-based switch motifs (ITSMs) [414-417]. Subsequently, proximal 

signalling molecules including Lck, Zap70, linker activation for T cells LAT and SH2 domain-

containing Leukocyte Protein of 76kDa (SLP-76) are phosphorylated which to propagate 

signals down the cascade [417]. Downstream activation of MAPK kinase kinase (MAPKKK), 

MAPK kinase (MAPKK), and ERK1/2 are required to direct movement of the cytotoxic 

secretory granules [418, 419].  

 

Figure 15: NK cell activating receptors. (Figure sourced from Huth et al., 2015)



141 

 

b.  Antibody-dependent cellular cytotoxicity 

The alternate granule-mediated cytotoxic pathway is the ADCC mechanism (Figure 13). This 

secondary pathway is uniquely mediated via antibody interactions between the Fc domain of 

the antibody and the FcγRIIIa (CD16) receptor on NK cells and other myeloid cells [420]. 

Upon crosslinking of FcγRIIIa by the immune complex, the immunoreceptor tyrosine-based 

activation domain is phosphorylated by the SRC family tyrosine kinase LYN to form a 

signalling complex. This complex triggers PLC activation and hydrolyses PIP2 into DAG and 

IP3. These secondary messengers catalyse various Ca2+-dependent signalling events from the 

ER and opening of the CRAC, including Orai1 and STIM1. Elevated intracellular Ca2+ causes 

the serine/threonine phosphatase, calcineurin, to dephosphorylate the NFAT [220, 421]. 

Dephosphorylation of cytoplasmic NFAT exposes a nuclear localisation sequence that 

translocates this transcription factor to the nucleus to induce the expression of several genes 

involved in the ADCC pathway. Subsequently, cytokines (IFN-γ and TNF-α) and cytotoxic 

granules (perforin and granzymes) are rapidly secreted to complete apoptosis [220, 421, 422]. 

 

c.  Death receptor pathway 

NK granules possess robust mediators of a diverse range of cell-death pathways that have 

historically evolved to rapidly eliminate cell harbouring intracellular pathogens. Although 

multiple pathogens have meticulously devised methods to evade apoptotic cell death, the death 

mediated by an activated NK cell remains rapid, powerful and multi-faceted response to limit 

pathogen replication and spread. The secondary pathway involves an interaction between death 

receptors on target cells and their corresponding ligands on NK cells, resulting in caspase-

dependent apoptosis [423] (Figure 13). The death receptor pathway is augmented by NK cell 

production of IFN-γ (Figure 13) [424]. IFN-γ increases cell surface expression of the ligands 

for tumor necrosis factor-related apoptosis-inducing ligand and FasL, and also sensitizes the 
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target cell to the cytotoxic effects of the death receptor pathway by acting as transcriptional 

targets for pro-apoptotic genes [424] (Figure 13). 

 

1.4.3 Intracellular signalling pathway of NK cell cytotoxicity 

Intracellular Ca2+ is crucial for NK cell activation, as well as to catalyse the requisite steps for 

NK cells to mediate their natural cytotoxicity [425]. These include: (1) lytic IS and 

reorganisation of the cytoskeleton; (2) polarisation of the microtubular-organizing centre and 

secretory lysosomes to the lytic synapse; (3) docking of secretory lysosomes with the PM; and 

(4) fusion of secretory lysosomes (Figure 16) [425]. 

 

a. Stage 1: Lytic immunological synapse and reorganisation of the cytoskeleton 

Following target cell recognition, a two-domain active lytic immunological synapse forms. The 

former domain, peripheral supramolecular activation cluster (pSMAC), forms a ring which 

contains adhesion molecules including lymphocyte function-associated antigen 1 

(CD11a/CD18). Conversely, a central SMAC (cSMAC) is located within the ring to create an 

exocytosis landmark for direct discharge of secretory lysosomes towards the target cell. The 

lytic synapse is also a major site of NK receptor signalling that is initiated upon target cell 

recognition. Ca2 + influx is not requisite to form a functional IS, however Ca2+ is required to 

induce cell polarisation, whereby motor-based transport of mitochondria requires Ca2+ 

elevations which cannot be maintained by transient Ca2+ release from intracellular stores, but 

requires Ca2+ influx across the membrane [426] (Figure 16). 

 

At the lytic synapse, a variety of Ca2+-binding proteins bind Ca2+ via the C2-domain motif. 

Synaptic C2-domain proteins include PKC, synaptotagmin, Munc13, RIM, Piccolo, Rabphilin-

3A and Doc2, each of which interact with one or more of the soluble N-Ethylmaleimide-
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sensitive factor attachment protein receptors (SNAREs). Each protein binds to phospholipid 

membranes, in turn increasing the Ca2+ affinity of the C2 domains [427].  Furthermore, actin 

polymerisation and cytoskeletal reorganisation at the lytic synapse are integral components to 

this process. Cytoskeletal reorganisation involves recruitment of filamentous-actin (F-actin) in 

the pSMAC domain of the lytic synapse, whereas cSMAC is actin-free, and permits secretory 

lysosomes to contact the PM [428, 429] (Figure 16).  

 

Importantly, Ca2+ affects the dynamics of actin, the major component of the cytoskeleton [430, 

431]. Although Ca2+ does not directly bind to actin, it modulates various actin regulators. 

Firstly, Ca2+ activates PKC and calmodulin-dependent kinases, both of which interact with 

actin affecting its dynamics  [432, 433]. Secondly, Ca2+ signalling regulates Rho GTPases 

[434], which are essential for actin bundle formation for lamellipodia, focal adhesion 

complexes and filopedia [435], the major components of the cytoskeleton. Additionally, the F-

actin severing protein, cofilin [241, 436], also depends on cytosolic Ca2+ for its proper activity. 

Therefore, although not a direct regulator, Ca2+ modulates actin dynamics through multiple 

signalling pathways and structural molecules [437] (Figure 16). 

 

Conversely, myosin is highly dependent and sensitive to Ca2+. At the junction of lamellipodia 

and lamella (the foremost structure of a migrating cell), local Ca2+ pulses activate myosin light-

chain kinase (MLCK) [438], which phosphorylates myosin light chain and induces myosin 

contraction. The affinity between MLCK and myosin-calmodulin is extremely high, thus a 

slight increase in local Ca2+ concentration is enough to activate MLCK and cause subsequent 

contraction of myosin II [437].  
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In cell migration, the immediate effect of myosin contraction is the retraction of actin bundles, 

which not only facilitates the disassembly of F-actin at lamella (structure located behind 

lamellipodia) but also allows the protruding front to attach to the extracellular matrix [438, 

439]. Additionally, myosin contraction also stabilizes nascent focal adhesion complexes in the 

front of migrating cells [440, 441]. This force induces remodelling and stabilisation of the 

components in focal adhesion. Therefore, through MLCK and myosin II, local Ca2+ pulses are 

tightly linked to the oscillatory dynamics of cell protrusion, retraction, and adhesion. 

 

b. Stage 2: Polarisation of the mictotubule-organising centre and secretory lysosomes 

to the lytic synapse 

Coordinated with the formation of the lytic synapse and reorganisation of the actin skeleton, 

the microtubule-organizing centre (MTOC) and secretory lysosomes are polarised towards the 

lytic synapse in a Ca2+-dependent manner (Figure 16). In human NK cell lines, YTS, Wiskott-

Aldrich syndrome protein-interacting protein (WIP) and the Wiskott-Aldrich Syndrome 

protein (WASp) form a complex with F-actin-myosin IIa following PKC-θ activation [442-

444]; however, these interactions remain undetermined. 

 

c. Stage 3: Docking of lytic proteins with the plasma membrane 

Prior to fusion with the PM, secretory lysosomes are anchored at the lytic synapse (Figure 16). 

Former studies have reported a requirement of Rab27a for NK cell cytotoxicity, however 

GTPase is dispensable under certain circumstances for secretory lysosome exocytosis [445]. 

Myosin IIa may also contribute to the latter stages of secretory lysosome exocytosis by 

facilitating movement of secretory lysosomes from the MTOC into close proximity with the 

PM [446, 447].This protein is recruited by WIP to WASp-WIP-F-actin complex at the lytic 

synapse for NK cell activation [443].   
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d. Stage 4: Fusion of secretory lysosomes 

To discharge their cytotoxic contents, secretory lysosomes fuse with the PM by SNAREs via 

exocytic and endocytic pathways [448] (Figure 16). SNAREs comprise one or two SNARE 

domains, variable N-terminal domains and either a transmembrane domain or a lipid tail to 

anchor the complex to the membrane. Three SNAREs, syntaxin, vesicle associated membrane 

protein and synaptosomal associated protein of 25kDa (SNAP25) converge to form a four-

helical SNARE protein bundle; whereby Ca2+ facilitates fusion of these membrane bilayers 

[448].  

 

Additionally, EF-hand domain proteins bind Ca2+ via a short 30 residue helix-loop-helix motif 

whereby Ca2+ binding to the loop facilitates a conformational change to expose a hydrophobic 

surface to enable target protein binding [449] (Figure 16). Two EF-hand domain proteins 

implicated in the regulation of exocytosis are CaM and NCS-1 [427]. In addition to modulating 

synaptic efficacy, increases in residual Ca2+ can simultaneously exert functional effects via a 

Ca2+-dependent regulation of presynaptic protein phosphorylation. Two Ca2+-activated 

kinases, Ca2+-CaM dependent protein kinase II and PKC, have been experimentally implicated 

to phosphorylate a number of key exocytic proteins; subsequently transducing activity-

dependent changes to complete the exocytosis of secretory lysosomes [427].  
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Figure 16: Secretory lysosome exocytosis. (a) Stage 1: Upon target cell recognition by the NK 

cell a lytic immunological synapse forma, and the actin cytoskeleton is recognised to form an 

F-actin ring around the psMAC. (b) Stage 2: the MTOC and secretory lysosomes polarise 

towards the lytic synapse. (c) Stage 3: secretory lysosomes transit and dock onto the PM. (d) 

Stage 4: secretory lysosomes fuse with PM, discharging their cytotoxic contents towards the 

target cell PM to initiate apoptosis. Abbreviations: MTOC; microtubule organisation centre; 

NK, natural kill; psMAC, peripheral supramolecular activation cluster; PM, plasma 

membrane. (Figure sourced from Topham and Hewitt, 2009)
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1.4.4 Secretory lysosomes 

Secretory lysosomes are sophisticated organelles that syndicate a degenerative function as 

traditional lysosomes with the ability to undergo regulated exocytosis. The pore-forming 

protein (perforin) and serine protease (granzymes) are the predominant cytotoxic proteins in 

NK cell secretory lysosomes [450].  

 

a. Perforin 

Perforin is a glycoprotein responsible for pore formation in target cell membranes and are 

principally found in NK cells and CD8+ T lymphocytes. Perforin is a 60-70-kDa glycoprotein, 

composed of approximately 555 amino acids [451]. A single perforin molecule consists of four 

domains, whereby two domains (N-terminal and C-terminal) are perforin-typical and the 

remaining two are 20%-homologous to analogous domains in complement molecules (C6, C7, 

C8 and C9) centred at the protein. This domain is hydrophobic to enable efficient incorporation 

into the target cell lipid membrane and possesses a cysteine-rich domain homologous to low 

density lipoprotein receptor type B and epithelial growth factor precursor. Recent structure 

prediction analyses have suggested that the C-terminus of perforin forms a Ca2+-dependent 

membrane-binding C2 domain [452, 453]. C2 domains are localised in various unrelated 

proteins, including synaptotagmin, PKC-β, and PLC-δ [452, 454, 455] and is essential for 

regulation of perforin activity. The C2 domain can coordinate up to four Ca2+ atoms which 

promotes a conformational change through exposed carboxylic groups within the Ca2+ binding 

loops and/or metal ions of the β-sheet scaffold to interact with lipid membrane head groups 

[456, 457]. Low concentrations of Ca2+ and acidic pH prevent premature activation of perforin, 

whereas high extracellular Ca2+ and neutral pH promote phospholipid membrane binding [451, 

457, 458]. 
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Following Ca2+-mediated membrane interaction, perforin monomers assemble into a pore. The 

pores created by perforin in the target cell are 5-20nm in diameter. Polymerised perforin 

molecules form cylindrical, hydrophobic channels facilitating free, non-selective, passive 

transport of ions, water, small-molecule substances and enzymes. Consequently, the channels 

disrupt the protective cell membrane and destroy the integrity of the target cell. Perforin pore 

formation requires Ca2+ ions to transform the inactive globular form to active perforin, as well 

as to incorporate itself onto the target cell membrane [459]. Both incorporation and 

polymerisation are factorised by temperature, phosphatidylserine content, platelet-activating 

factor, as well as membrane receptor activation [460].  

 

An additional pore formation component is calreticulin. Calreticulin is a vital enzyme to 

preserve the glomerular form of perforin, in turn preventing spontaneous activation and 

degradation of perforin [461]. This protective mechanism is mediated by calreticulin binding 

to Ca2+ following perforin engagement with target cells via membrane phospholipids. 

Phosphatidylcholine binds to Ca2+ ions and increases perforin affinity to target cell membrane. 

Pore formation by perforin disrupts the target cell membrane and permits free influx and efflux 

of ions and polypeptides. Consequently, an imbalance in mineral homeostasis and tonic shock 

develops that indirectly activates pro-apoptotic pathways and DNA degeneration to achieve 

target cell death [462, 463]. 

 

b. Granzymes 

Granzymes comprise approximately 90% of cytolytic granules of both NK cells and cytotoxic 

T lymphocytes. Eight granzymes (A-G and M) have been identified in mice, but only five have 

been defined in humans (A, B, H, M and tryptase-2). Following receptor-mediated conjugate 

formation between a granzyme-containing cell and an infected or transformed target cell, 
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granzymes enter the target cell via endocytosis and induce apoptosis in a perforin-dependent 

manner [399, 464]. Granzyme B possesses the strongest apoptotic activity due to its divergent 

caspase-like ability in cleaving substrates at key aspartic acid residues. Granzyme B can cleave, 

and subsequently activate, several procaspases directly, as well as directly cleave downstream 

caspase substrates, including the inhibitor of caspase-activated DNase. Thus, granzyme B can 

alter DNA fragmentation in the target cell [465].  

 

1.4.5 NK cells, TRP ion channels and ME/CFS 

Although the underlying aetiology of ME/CFS remains undefined, immunological dysfunction 

has been consistently reported in ME/CFS patients. Altered plasma cytokine profiles, abnormal 

T lymphocytes and impaired cytotoxic responses have been described in ME/CFS patient 

serum, plasma and blood samples [5, 466]. Although these investigations have demonstrated 

equivocal lymphocyte and cytokine quantification, reductions in NK cell cytotoxic function 

has been consistently reported in ME/CFS patients compared with HC [3-6, 467-469], therefore 

highlighting NK cells as the most reliable and appropriate cell model for ME/CFS research. 

Significant variations in CD56DimCD16+ and CD56BrightCD16- NK subsets have been 

consistently found in ME/CFS patients compared with HCs [5, 470], as well as in ME/CFS 

patients studied longitudinally [5, 471]. Overall, NK cytotoxic activity was significantly 

decreased at 12 months as opposed to baseline in comparison to HC [5]. ME/CFS patients also 

acquired significantly reduced numbers of CD56DimCD16+ and CD56BrightCD16- NK cells at 

baseline, 6 months, and 12 months compared with HC [472]. Additional NK cell abnormalities 

reported in ME/CFS patients include: reductions in perforin and granzymes [5, 470, 473]; 

reductions in ERK 1/2 in CD56DimCD16+ NK cells [474]; increases in MEK1/2 and p38 

following K562 tumour cell incubation [474]; and significant decreases in [Ca2+]i in the 

presence of 2-APB and thapsigargin [14]. Collectively, these findings suggest a possible 

increased susceptibility and viral latency to foreign pathogens in ME/CFS in patients as 
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abnormalities in either NK cell subtype can affect Ca2+ signalling pathways to mediate anti-

viral cytokine production and subsequent pathogen clearance [5, 6, 475, 476]. 

 

Reduced NK cell cytotoxicity has furthermore been suggested to possibly facilitate a helper T 

(Th) 2 bias, subsequently causing prolonged viral activation and chronic infection. Evidence 

of this Th2 bias has been reported previously [477] whereby increased levels of IL-4 messenger 

ribonucleic acid (mRNA) was associated with a CFS-like syndrome in Gulf War veterans. This 

finding confirmed a previous study that found significant reductions in IFN-γ in ME/CFS 

patients compared with HC [478]. A recent study by Skowera and colleagues found evidence 

of a significant bias towards Th2 immune responses in ME/CFS patients compared with HCs 

due to significant increases in IL-4 in ME/CFS patients, whereas no significant differences in 

IFN-γ, IL-2 and IL-10 were observed between groups [479]. Alterations in Th1/Th2 cytokines 

have been consistently reported in ME/CFS patients and may possibly explain the recurrent 

infections and increased inflammation experienced by these patients [4, 480]. 

 

A previous investigation examined 240 single nucleotide polymorphisms (SNPs) and found 13 

alleles significantly associated with ME/CFS patients compared with HC [481]. Nine of these 

SNPs were associated with TRPM3, while the remaining SNPs were associated with TRPA1 

and TRPC4 [482]. TRPM3 channel expression has been identified and characterized on B cells 

and NK cell from ME/CFS patients and HC [14, 483]. A significant reduction in TRPM3 

surface expression has been detected on B cells and CD56BrightCD16Dim/- cells in ME/CFS 

patients compared with HC [483]. Conversely, TRPM3 surface expression was significantly 

reduced on CD56DimCD16+ cells post PregS-stimulation which caused impaired Ca2+ influx in 

ME/CFS patients compared with HC [14, 483].  
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Impaired NK cell cytotoxicity has furthermore been observed in ME/CFS patients following 

PregS stimulation, thus inferring an impaired TRPM3 channel function in ME/CFS [14]. 

Whole-cell patch clamp techniques have also reported a loss of TRPM3 ion channel function 

in isolated NK cells from ME/CFS patients compared with HC following PregS stimulation 

[484]. Moreover, ionic currents following PregS stimulation were mostly resistant to ononetin 

in isolated NK cells from ME/CFS patients in comparison with HC, hence reinforcing a 

significant loss of TRPM3 channel activity in ME/CFS patients [484]. These findings have 

been recently validated, whereby nifedipine mimicked the PregS-induced ionic current but at 

a smaller magnitude [485]. Successive applications of PregS and nifedipine caused a similar 

increase in TRPM3-like currents [485]. Ionic currents evoked by PregS and nifedipine were 

effectively inhibited by ononetin in isolated NK cells from HC participants, but resistant in 

ME/CFS patients confirming the loss of TRPM3 ion channel function in ME/CFS patients 

[485]. Restoration of TRPM3 channel activity has been previously reported in ME/CFS 

patients following in vitro treatment with the opioid antagonist, NTX [168]. Collectively, these 

results emphasise the importance of TRPM3 functionality and Ca2+ signalling in the 

pathophysiology of ME/CFS. Interestingly, TRPM2 has emerged as a key receptor in 

mediating Ca2+-induced anti-tumour activity in mouse NK cells via synergistic activation of 

CD38 and subsequent production of ADPR [12]. Moreover, no in vitro investigations of 

TRPM2 have been conducted on human NK cells. Given TRPM2 and TRPM3 are critical 

regulators of Ca2+-dependent pathways, such as NK cell cytotoxicity, this thesis was designed 

to measure TRPM2 surface expression on human NK cell subsets, as well as investigate the 

function of TRPM2 and TRPM3 ion channels in mediating NK cell cytotoxicity in ME/CFS 

patients compared with HC.
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1.5 Aims and Hypotheses 

The aims and null hypotheses (H0) of the three studies were to: 

1. Determine TRPM2 and CD38 surface expression on CD56DimCD16+ and 

CD56BrightCD16Dim/- NK subsets from ME/CFS and HC participants. 

H0: No difference will be observed between the surface expression of TRPM2 

and CD38 on NK subsets between ME/CFS and HC participants. 

 

2. Determine TRPM2 and CD38 surface expression on CD56DimCD16+ and 

CD56BrightCD16Dim/- NK subsets following IL-2 stimulation from ME/CFS and HC 

participants. 

H0: No difference will be observed between the surface expression of TRPM2 

and CD38 on NK subsets following IL-2 stimulation between ME/CFS and HC 

participants. 

 

3. Determine TRPM2 and CD38 surface expression on CD56DimCD16+ and 

CD56BrightCD16Dim/- NK subsets following 8-B-ADPR and N6-Bnz-cAMP drug treatments 

from ME/CFS and HC participants. 

H0: No difference will be observed between the surface expression of TRPM2 

and CD38 on NK subsets following 8-B-ADPR and N6-Bnz-cAMP drug 

treatments between ME/CFS and HC participants. 

 

4. Measure baseline NK cell cytotoxicity from ME/CFS and HC participants. 

H0: No difference will be observed in baseline NK cell cytotoxicity between 

ME/CFS and HC participants. 
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5. Measure NK cell cytotoxicity following 24 hr stimulation with IL-2 from ME/CFS and HC 

participants. 

H0: No difference will be observed in NK cell cytotoxicity following IL-2 

stimulation between ME/CFS and HC participants. 

 

6. Measure NK cell cytotoxicity following 8-Br-ADPR and N6-Bnz-cAMP drug treatments 

from ME/CFS and HC participants. 

H0: No difference will be observed in NK cell cytotoxicity following 8-Br-

ADPR and N6-Bnz-cAMP drug treatments between ME/CFS and HC 

participants. 

 

7. Measure NK cell cytotoxicity following PregS and nifedipine drug treatments from 

ME/CFS and HC participants. 

H0: No difference will be observed in NK cell cytotoxicity following PregS and 

nifedipine drug treatment between ME/CFS and HC participants. 

 

8. Measure associations between reduced NK cell cytotoxicity and clinical ME/CFS 

symptoms within ME/CFS patients. 

H0: No association will be observed between reduced NK cell cytotoxicity and 

clinical ME/CFS symptoms within ME/CFS and HC groups. 

 

9. Measure correlations between reduced NK cell cytotoxicity and TRPM2 ion channel 

overexpression within ME/CFS and HC groups.  

H0: No correlation will be observed between reduced NK cell cytotoxicity and 

TRPM2 ion channel overexpression within either ME/CFS or HC groups. 
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1.6 Significance 

 

Biological Impact 

ME/CFS has recently emerged as a potential channelopathy disorder due to various genetic 

variations associated with the TRPM subfamily identified in ME/CFS patients [13, 481]. 

Additionally, we have previously identified a significant reduction in TRPM3 surface 

expression on the CD56BrightCD16Dim/- NK cell subset from ME/CFS patients, in addition to 

dysregulated Ca2+ influx after PregS treatment. Whole-cell patch clamp techniques have 

suggested impaired TRPM3 channel function in ME/CFS patients post PregS and nifedipine 

drug stimulations. TRPM2 has furthermore gained interest due to its essential role in mediating 

NK cell cytotoxicity via synergistic activation of CD38 and subsequent production of ADPR 

[12]. Given reduced NK cell cytotoxicity is a consistent finding in ME/CFS patients, 

assessment of TRPM2 and TRPM3 will further elucidate the role of TRP ion channels in 

mediating NK cell cytotoxicity in the pathomechanism of ME/CFS.   

 

Clinical Impact 

ME/CFS is currently diagnosed through differential elimination with other diseases or illnesses 

exhibiting similar symptoms, such as multiple sclerosis [486]. Thus, the clinical valuable of 

these investigations will facilitate the development of a definitive definition for ME/CFS, 

subsequently establishing efficient diagnostics tools and targeted treatments. 

 

Population Impact 

The prevalence of ME/CFS ranges between 0.2 – 0.4% [42, 50, 51, 487]. Eighty four to ninety 

one percent of individuals with ME/CFS have not been diagnosed [46], thus the true prevalence 

of ME/CFS is unknown. At least one-quarter of ME/CFS patients are bed- or house-bound at 

some point of their illness, with a significant proportion of patients never regaining their pre-
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disease health state [488]. Thus, most patients are incapable of maintaining full-time 

occupations, whereby severe cases necessitate constant daily assistance [489]. Therefore, 

establishing a clear understanding of the immunological mechanism of ME/CFS will not only 

reduce the overall physical burden of ME/CFS, but also associated economic burden due to 

high medical costs and misdiagnosis.  
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CHAPTER 2: STUDY METHODOLOGIES 
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2.1 Study Design 

Three studies were designed to investigate the role of TRPM2 and TRPM3 ion channels and 

their contribution in mediating NK cell cytotoxicity in ME/CFS patients. Study one aimed to 

develop an in vitro methodology to characterise TRPM2 and CD38 surface expression on NK 

cell subsets using an antibody that has not been previously applied using flow cytometry. 

Applying this optimised methodology, study two aimed to quantify TRPM2 and CD38 surface 

expression on NK cell subsets at baseline and post in vitro drug treatments (N6-Bnz-cAMP and 

8-Br-ADPR) in ME/CFS patients and HC. Moreover, study two measured NK cell cytotoxicity 

at baseline and post in vitro drug treatments (N6-Bnz-cAMP and 8-Br-ADPR) between groups. 

Lastly, study three aimed to examine the clinical presentation of moderate-severe ME/CFS 

patients, as well as measure NK cell cytotoxicity post in vitro drug treatments with TRPM3 

agonists, PregS and nifedipine, and ononetin (TRPM3 antagonist) in ME/CFS patients and HC. 

All three studies utilized flow cytometry to measure TRPM2 and TRPM3 surface expression 

on NK cell subsets, as well as NK cell cytotoxicity.  

 

2.2 Participant Recruitment 

Participants were recruited from the National Centre for Neuroimmunology and Emerging 

Diseases (NCNED) database consisting of approximately 600 ME/CFS patients, fatigued 

patients and HC who have previously participated in research projects conducted by the 

NCNED. Research participation was only open to Australian citizens and Australian permanent 

residents. Methods of additional recruitment occured through email, telephone or Facebook.  

 

Regular email updates were sent to participants who have previously subscribed to NCNED 

newsletters (Appendix 2). Recruitment emails were sent to current study participants through 
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these newsletters. Moreover, several ME/CFS support groups around Australia distributed this 

recruitment information at their support group meetings.  

 

The NCNED Facebook page provided updates on research outcomes and upcoming 

participation dates (Appendix 3). For recruitment purposes, Facebook posts included 

information on the purpose of the research study, participant criteria, study dates and contact 

details for further information. All participation was voluntary and once information was 

provided on Facebook, potential participants could directly contact NCNED staff.  

 

Prior to participant recruitment, a rigorous screening process was performed via an online 

registry questionnaire through the online portal, LimeSurvey. LimeSurvey is an online 

questionnaire database that stores personal, sensitive and health-related information of 

participants. All participants were emailed a link to access this online registry questionnaire. 

The questionnaire could be saved and completed in multiple seatings and participants were 

given 1 month to complete the questionnaire (Appendix 4). The questionnaire was not 

accessible until participants agreed and provide electronic consent. Researchers could only 

access this information once participants provided written consent online once completing the 

registry questionnaire. 

 

Participants were asked questions pertaining to their medical history, medication routine and 

ME/CFS symptoms, which facilitated the classification and recruitment of CCC and ICC case-

defined participants. Moreover, quality-of-life and disability measures were obtained via the 

SF-36 health survey and the World Health Organization Disability Assessment Survey 

(WHODAS).  
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The SF-36 survey evaluates health-related quality-of-life measures via eight scales: (1) 

physical functioning, (2) role physical, (3) bodily pain, (4) general health, (5) vitality, (6) social 

functioning, (7) role emotional, and (8) mental health. Conversely, the WHODAS measures 

health and disability at a population level or in clinical practice. The WHODAS provides a 

global disability score as well as six domain scores: (1) cognition, (2) mobility, (3) self-care, 

(4) getting along with others, (5) participation in society, and (6) life activities. In addition to 

recruiting CCC and ICC-case defined ME/CFS patients, both surveys were used to determine 

disease severity, as well as ensure appropriate and validated diagnosis of ME/CFS patients 

prior to study participation due to the continued lack of standardized criteria for ME/CFS. 

Participants were asked to update responses every 6 months prior to blood collection to ensure 

medical information remained updated for future research participation.  

 

Once this screening questionnaire was completed, an email confirmation was received by 

NCNED’s administrative assistant from LimeSurvey. Participants who fulfilled the CCC or 

ICC case definitions received an email stating their eligibility to participate in Study 2 and/or 

Study 3. Participants who were ineligible to participate in Study 2 and/or Study 3 were 

welcomed to complete additional survey-based research projects to determine nutrition, 

gastrointestinal issues, health-related quality-of-life and economic burden of ME/CFS (not 

included for this thesis).  

 

Eligible participants were provided with all the relevant information pertaining to participation, 

including volume of blood volume required during collection; what experiments will be 

performed on their blood; and what will happen to their data. Participants were informed with 

the flexibility to withdraw from participation at any time without consequence. Once the 

participant was satisfied, NCNED’s administrative assistant organised an appointment for the 
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participant. Participants were emailed clear instructions regarding the processes involved for 

the blood collection (Appendix 5). The administrative strongly advised all participants to eat a 

hearty breakfast and drink plenty of fluids before the blood collection. Proper blood preparation 

promotes plumper and easily identifiable veins for the phlebotomist, particularly for 

participants with difficult veins. The administrative assistant also asked if participants had a 

history of fainting during blood collections. If yes, researchers were advised prior the the blood 

collection to position the participant lying down to minimise risks and potential injury.  

 

Participants were contacted via email and/or telephone at least three days before their 

appointment by NCNED’s administrative assistant to ensure an optimal health status and 

competence to provide voluntary written consent to participate in Studies 1-3. If a participant 

was unwell to donate blood, their appointment was rescheduled.  

 

2.3 Participant Eligibility 

Extensive inclusion and exclusion criteria were used during the preliminary screening of 

potential participants: 

i. Aged between 18 and 65 years of age 

ii. BMI between 18.5 and 30 

iii. Diagnosed with ME/CFS by a physician at least 6 months ago 

iv. Not pregnant or breastfeeding 

 

To minimise confounding effects of underlying conditions or the effects of some medications, 

participants were excluded if: 

v. Report history of the following: 
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a. Psychosis 

b. Cardiovascular disease 

c. Diabetes 

d. Autoimmune or immune activation disorders 

e. Malignancies  

f. Alcohol/drug abuse 

g. Smoking within last 2 years 

h. Sleep disorders 

i. Neurological disorders, including but not limited to multiple sclerosis 

j. Thyroid related diseases 

k. No major surgery within the last 4 years 

l. Hormone therapy 

m. Opioids (i.e. LDN) 

n. Pharmacological agents that directly or indirectly influence TRPM3 or Ca2+ 

signalling (i.e. Lexapro, Lyrica) 

o. Supplements containing Ca2+ and/or magnesium  

 

2.4 Participant Consent 

Prior to the blood collection, all participants were provided with all relevant information about 

Studies 1-3 and were informed about the flexibility to withdraw at any time point without 

consequence. Participants were also informed about the associated risks involved in blood 

collections (i.e. possible bruising). To minimise further harm after the blood collection, 

participants were strongly advised to not lift any heavy items or engage in strenuous activity 

after the blood collection.  
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All participants were asked to sign a consent form. Written consent was obtained on paper or 

electronically signed using a stylus pen on an iPad. The research assistant accompanying the 

phlebotomist obtained consent from all participants. Family members, authorised 

representatives or any others involved in the participants’ decision to participate in Studies 1-

3 were not authorised to provide consent on behalf of participants.  

 

2.5 Participant Blood Samples 

2.5.1 Blood Collection Sites 

The following blood collection sites were used for the duration of Studies 1-3:  

 

1. Griffith University – Griffith Health Centre (G40_4.63) 

2. Robina Hospital 

3. Logan Hospital 

4. Royal Brisbane Women’s Hospital 

5. Sunshine Coast Hospital 

6. Toowoomba Hospital 

7. Tweed Heads Hospital 

8. Participant Home Visits - Southeast Queensland (Gold Coast, Logan, Brisbane, Sunshine 

Coast and Toowoomba) and Northern Border of New South Wales (i.e. Tweed Heads, 

Murwillumbah) 

 

2.5.2 Pre-blood Collection Protocol 

Nine ethylenediaminetetraacetic acid (EDTA) tubes (x8 10ml and x1 5ml) and the 

corresponding consent form were labelled with a unique alpha-numeric code to de-identify 

participants at the end of each study. 
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NCNED researchers ensured each participant was seated for 10 minutes prior to the blood 

collection. During this time, the researchers observed if participants appeared distressed. If so, 

participants were asked to consider another day for the blood collection or to withdraw from 

the study without consequence. Prior and during the blood collection, participants were 

strongly advised to disclose any discomfort experienced during the blood collection to the 

phlebotomist and research assistant. If discomfort was raised, the phlebotomist immediately 

stopped the blood collection at the participant's request and the researcher assessed the 

participant's vital signs until fully recovered. All participants were given a care package 

(bottled water, fruit juice, nuts and muesli bar) to ensure participants were hydrated and were 

not feeling faint before and after the blood collection (Appendix 6).  

 

2.5.3 Blood Collection Protocol and Risk Management 

Phlebotomists and research assistants wore protective gloves during the entire blood collection 

process. All blood samples were collected between 8:30 and 10:00am. A total of 85ml of blood 

was collected into EDTA tubes from the antecubital vein of participants by a qualified 

phlebotomist. EDTA tubes were used to prevent blood coagulation and clotting, as well as 

maintain cell viability.  

 

a. Needle Stick Injury Protocol 

In the event of a needle stick injury, the following first aid protective measure procedure was 

performed: 

1. Immediately discard the used needle and vacutainer into a sharps bin, as well as the 

used gloves 

2. Encourage the wound to bleed by positioning the wounded area under running water  
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3. Thoroughly wash the wound with water and soap for at least 5-10 minutes (depending 

on the severity of the needle stick injury) 

4. Thoroughly dry the wounded area before securing the puncture with a bandage  

5. Compile and lodge an incident report online via GSafe   

6. Book an appointment with a GP to get tested for Hepatitis and/or B and C (rarer virus 

tests such as Cytomegalovirus and Epstein Barr Virus) 

7. Speak to your GP regarding treatment options if blood tests confirm positive infection 

 

b. Difficulty Finding a Suitable Vein 

• A heat pack was applied to the antecubital area to promote vasodilation and visibility of 

potential veins.  

• If a suitable vein could not be identified, a second opinion was obtained by another 

phlebotomist. 

• Phlebotomists were only allowed to bleed a participant if confident with a maximum of two 

attempts. 

 

c. Difficulty Collecting 85ml of Peripheral Blood 

• If a vein collapsed during a blood collection, the phlebotomist asked participants 

permission to venepuncture a second time. Failure to collect 85ml, a second phlebotomist 

was permitted to attempt only at the participant's request. 

• If no alternative vein was identified, the blood collection immediately stopped.  

 

2.5.4 Post-blood Collection Protocol 

Following the blood collection, researchers observed the health status of participants and 

provided a refreshment pack containing a bottle of water, juice box, fruit and individually 
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wrapped biscuits or a snack bar (Appendix 6). Additionally, participants were given 

instructions outlining the care of their arm post-blood collection and instructions to seek 

medical advice if they felt unwell or were concerned (Appendix 7). The administrative assistant 

followed up on participants prior to 5pm on the collection day to ensure their wellbeing.  

 

 

All blood samples were received by researchers at the laboratory within a maximum of 4 hours 

to ensure viability of samples. For samples collected outside Griffith University, blood samples 

were placed into an esky at room temperature and away from the sunlight. Upon arrival, all 

samples were deidentified with an alphanumeric code before analysis resulting in all laboratory 

tests being conducted blind from the perspective of the researcher. Of the 85 ml of blood 

collected, a 5ml EDTA tube was sent to Queensland Heath Laboratories at the Gold Coast 

University Hospital for full blood count (FBC) analysis.  

 

FBC reports were performed as a standardised control measure. FBC results were emailed or 

posted to each participant’s provided residential address. Reference range values alongside a 

basic explanation of the FBC were provided (Appendix 8), as well as a disclaimer that the 

results are experimental and not diagnostic. Patients were advised to show and discuss their 

FBC results with their GP if any parameter was outside the reference range. Significant 

deviations in any FBC parameter resulted in a participant as an outlier to ensure results were 

not influenced by environmental factors, such as a prior viral infection.  

 

All participants received a $5 Coles e-Gift Card to acknowledge their contribution and 

participation. Additionally, each participant was entered in the draw for three Coles e-Gift 

Cards to the value of $50, $75 and $100. Entry was free and was drawn half-yearly throughout 
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the duration of the project. Only participants who donated blood and completed the registry 

questionnaire were eligible for this participant.  

 

2.6 Laboratory Experiments 

The remaining 80ml of whole blood from each participant was immediately processed at the 

Griffith University laboratory. Peripheral NK cells were isolated from whole blood samples 

using the EasySep Negative Human NK Cell Isolation Kit as previously described [3, 490]. 

Phenotypic expression of NK cell markers and NK cell cytotoxicity was measured at baseline 

and drug-treated conditions using flow cytometry as outlined below:  

STUDY NUMBER EXPERIMENTS MARKERS ASSESSED DRUGS/CYTOKINES 

USED 

 

STUDY 1 

1. Phenotypic Surface 

Expression 
• NK cell purity: CD3 and 

CD56  

• NK cell subsets: CD3, 

CD56 and CD16 

• TRPM2 specific: 

TRPM2 and CD38 

• NK cell viability: 7-AAD 

N/A 

 

 

 

STUDY 2 

1. Phenotypic Surface 

Expression 

2. NK cell 

cytotoxicity 

• NK cell purity: CD3 and 

CD56  

• NK cell subsets: CD3, 

CD56 and CD16 

• TRPM2 specific: 

TRPM2 and CD38 

• NK cell cytotoxicity: 7-

AAD and Annexin V 

• IL-2 

• 8-Br-ADPR 

• N6-Bnz-cAMP 

 

 

 

 

 

STUDY 3 

1. NK cell 

cytotoxicity 

2. Clinical Data 

• NK cell purity: CD3 and 

CD56 

• NK cell cytotoxicity: 7-

AAD and Annexin V 

• IL-2 

• PregS 

• Nifedipine 

• Ononetin 
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2.6.1 Flow Cytometry  

Flow cytometry is globally recognized as the gold-standard technique for the rapid detection 

and quantification of microscale cellular populations [491]. Historically, the first developed 

flow cytometer was a single-parameter instrument detecting solely cell size. Currently, highly 

sophisticated contemporary flow cytometers have evolved with the capability for determining 

and quantifying homogenous cell subsets due to its single-cell levelled analysis for multiple 

parameters according to precise scattering or fluorescence criteria [491].  

 

Flow cytometers are categorized into non-sorting and sorting instruments. Non-sorting flow 

cytometers perform light scattering and fluorescence emission whilst sorting particles. 

Conversely, fluorescent activated cell sorters are a specialized instrument for sorting 

heterogenous mixtures of fluorescent-labelled cells, such as peripheral blood mononuclear 

cells [492]. Flow cytometers are composed of fluidics, optics (excitation and collection), and 

electronic network (detectors) and a computer. 

 

a. Flow Cytometer Components 

The fluidic system transports cells from two components: (1) sheath fluid and (2) pressurized 

lines [493]. Sheath fluid is a diluent composed of phosphate-buffered saline, which is injected 

into the flow chamber of the instrument by pressurized lines. The sample stream becomes a 

central core in the sheath fluid stream called a coaxial flow. Importantly, the pressure is 

maintained greater than the sheath fluid pressure to facilitate single-cell alignment and uniform 

illumination through a laser beam, called hydrodynamic focusing [493]. 

 

The optical system comprises a laser, lenses and collection optics. The lenses shape and focus 

the laser beam, whilst the laser produces light by energising electrons to high energy orbitals 
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with high voltage electricity [493]. Once the laser strikes each individual cell, light scattering 

occurs resultant of light deflection around the cell edges. Two types of light scatter occur: (1) 

forward scatter (FSC) and (2) side scatter (SSC) [493]. Total light scatter parameters include 

the cell membrane, nucleus, cell granularity, cell shape, and surface topography. FSC is 

proportional to cell-surface area or size, whereas SSC is proportional to cell granularity. 

Furthermore, the collection optics is a group of lens that collects emitted light from the particle-

laser beam interaction, and subsequently separates and directs specified wavelengths to 

appropriate optical detectors from the collected light [493]. 

 

Light signals generated as particles passing through the laser beam are converted to voltages 

by photodetectors. Dependent on signal sensitivity, the two types of photodetectors are 

photodiodes (PDs) and photomultiplier tubes (PMTs) [493]. PDs detect stronger light signals 

generated by FSC, whilst PMTs identify weaker signals generated by SSC and fluorescence. 

The light signals captured by PD or PMT are converted into a proportional number of electrons 

to create an electrical current. This electrical current is converted to a voltage by two amplifiers, 

which are linear and logarithmic, followed by conversion into a digital signal that can be 

displayed as plots or histograms for computer processing and analysis [493].   

 

This sensitive and specific feature enables prompt and accurate quantification, analytical 

precision, superior throughput, and reproducibility, all of which are advantageous for rare and 

delicate cell populations, such as NK cells [491]. Current flow cytometers can detect up to 

eighteen colours in one flow assay. Thus, the scientific prospects of flow cytometry not only 

lie in biomedical research, but also for clinical applications of diagnostic value [491]. 
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b. Intracellular vs Extracellular Marker Expression 

Intracellular proteins, such as phosphorylated signalling proteins and cytokines, are detected 

following cell fixation with formaldehyde to stabilise PM antigens and subsequent 

permeabilisation with detergent or alcohol. Fixation and permeabilization treatment facilitates 

the antibodies to pass through the PM into the cell interior, whilst maintaining the 

morphological characteristics used to sort the cells [493]. However, in order to quantify the 

expression of intracellular markers, the cell viability is compromised. Therefore, cell surface 

antigens localised on the PM are the most common proteins used for flow cytometry due to 

easy antibody access for cell surface staining and identification.  

 

c. Flow cytometry Setup 

The primary goal of flow cytometric analysis is to classify cells positive or negative for a 

marker or to determine the precise ratio of positive to negative cells. Accurate marker 

quantification requires good and reproducible instrument setup, as well as careful use of 

controls for anaylysing and interpreting the data. All experiments are recommended to contain 

at least three types of flow cytometer controls: (1) setup (instrument) controls, (2) specificity 

(gating) controls, and (3) biological comparison controls [494]. 

 

i. Setup (Instrument) Controls 

Setup or instrument controls are used to accurately setup (or at least check the setup of) the 

instrument. Some components include laser alignment, laser time delay, and sensitivity [494]. 

The setup controls are specific to the flurochromes and markers of interest and can vary 

between different types of cytometers and different types of experiments (one or two colour 

vs. multicolour). Importantly, the surface markers and flurochromes measured, spectral overlap 

increases. Therefore, multicolour setup must include two elements: (1) setting the instrument 
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gain (i.e. PMT voltages) and (2) determining the degree of spectral overlap and required 

compensation [494].  

 

ii. Setting PMT Voltages 

PMT voltages are usually setup using an unstained sample of cells. The voltages are adjusted 

to position the unstained cell population in the first quartile of the flow cytometer spreadsheet. 

Subsequently, a full stained sample of cells can be acquired which should shift the population 

to the right. There are various methods to determine whether the PMT voltage requires 

adjustment. Firstly, positive expression for a marker that is known to be absent on a cell type, 

such as CD3 on NK cells, should be reduced to bring the negative population mean down to 

the unstained population at baseline [494]. Secondly, if the positive signals are extremely high 

and off‐scale in a particular detector, the PMT voltage should be reduced to bring all events 

on‐scale. Thirdly, in situations of high background (positive events are on-scale) the sources 

of high background should be investigated and reduced. These include: reducing the titer of 

the antibody (and/or choosing a higher avidity antibody), increasing the number of washes, and 

using an unlabeled irrelevant antibody or Fc‐binding reagent to block nonspecific staining 

[494]. 

 

iii. Setting Compensation 

Fluorescence spillover occurs when a fluorescent signal, aimed to be detected by its designated 

detection channel, is also detected in an adjacent detection channel [494]. Predominantly 

inevitable in multicolour experiments, fluorescence spillover can be easily measured and 

removed from the data by “compensating” its effects. Resultantly, populations with equivalent 

fluorescence in a channel will acquire similar means (or medians), regardless of their 

fluorescence in other channels. Once the PMT voltages are determined for each 
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immunofluorescence detector, determining the experiment compensation is straightforward as 

the spillover of each fluorochrome may be directly measured [494]. Therefore, it is important 

that compensations control samples are conducted after the PMT voltages have been set as the 

degree of compensation required is PMT‐dependent. Estimating compensation requires 

controls, most commonly through cell samples or beads, each stained with a single fluorescent 

marker used in the experiment. Correct compensation is subsequently calculated and applied 

either through the instrument or software.  

 

Use of single‐stained cells as compensation controls is common, particularly when the cell 

model that cannot be stained with antibody conjugates, such as K562 cells. One drawback of 

using cells for compensation is requiring a source of cells, either extra cells from an experiment 

or sourcing an alternative cell population [494]. Secondly, dim and/or rare markers are difficult 

to accurately set compensation using antibodies to those markers. To resolve this challenge, a 

different antibody conjugated to the same fluorochrome is routinely used as a compensation 

control. For example, CD8 is commonly used for compensation as it is present on a vast 

majority of cells and exhibits a bright signal. Resultanetly, the signal that is equal or brighter 

in intensity to the signal in the test samples will allow for accurate calculation of compensation 

for a given dye [494]. 

 

Two types of beads can be used to set compensation: (1) pre-stained beads with a particular 

fluorophore or (2) capture beads that can be stained with a desired labelled antibody [494]. The 

former compensation bead is highly convenient as it provides automated compensation for 

various applications where emission characteristics of the dyes are stable. However, 

experiments using tandem dyes (i.e. APC‐Cy7 or PE‐Cy7) tend to possess significant lot-

dependent variability in their emission spectra. Their spillover is also sensitive to handling and 
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storage of the antibody and stained samples. Therefore, pre-stained compensation beads are 

limited to accurately set compensation for every antibody conjugate that can be used in these 

channels [494]. Comparatively, capture beads can be stained with antibodies like cells. 

Beneficially, as antibodies are captured without regard to their specificity, they exhibit a bright, 

uniform signal for each antibody regardless of the “true” emission on stained cells, which is 

helpful for accurately capturing dim cell populations [494]. It is rare that an antibody appears 

brighter on cells than on capture beads.  

 

Capture beads can also be used with test samples whereby they are exposed to the same 

experimental conditions (fixation, permeabilization, temperature, light exposure, etc.), which 

can be important for sensitive tandem conjugates [494]. The only major caveat to using capture 

beads is that they require a different scatter gate than cells, and they will only capture antibodies 

of a certain class (i.e. mouse kappa light chains for an anti‐mouse kappa capture bead). 

Therefore, knowledge of the source species and class of antibody used in the experiment is 

important to successfully use capture beads for compensation [494]. 

 

 

iv. Specificity (Gating) Controls 

Once PMT voltages and compensation samples are optimised, the experimental samples can 

be collected and analyzed. Additional controls may be required to establish expression gates to 

ensure accurate quantification or positive and negative cell expression when data is acquired 

[494]. However, markers that exhibit clear bimodal expression, with no overlap of positive and 

negative populations, are exempted from this control, such as CD4 and CD8 on T cells. The 

only caution is that a small subset of dimly stained cells may be important (e.g. in functional 

responses) and consistent inclusion of these dim cells in the positive gate is advised.  
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Gating controls are important when there is no clear distinction between positive and negative 

cell populations. The gating control for these markers might involve a biological comparison 

control (i.e. unstimulated or vs. stimulated cells), or generic controls such as isotype controls 

or fluorescence‐minus‐one (FMO) controls [494]. 

 

1. Isotype Controls 

Isotype controls account for non-specific staining of an antibody of a particular isotype 

conjugated to a specific fluorochrome. Therefore, matching the correct isotype to the test 

antibody is vital to determine the accurate expression gates. However, even when the control 

antibody is correctly isotype‐matched, there are two main limitations to this type of control. 

Firstly, individual antibody conjugates have various levels of background staining, depending 

upon their specificity, concentration, degree of aggregation, and fluorophore:antibody ratio, 

among other variables [494]. Thus, the process is a hit‐or‐miss prospect to find an isotype 

control that truly matches the background staining of a particular test antibody. Secondly, using 

isotype controls by themselves does not account for fluorescence spillover from other channels. 

This limitation can be overcome by including all relevant antibodies in the other channels along 

with an isotype control antibody in a single channel of interest [494].  

 

2. FMO Controls 

FMO controls are samples that include all the antibody conjugates in a test sample except one 

[494]. The channel in which the antibody conjugate is missing is the one for which the FMO 

provides a gating control. FMO controls can measure the effects of spillover from populations 

in other dye dimensions on a particular channel. However, FMO controls do not provide a 

measure of background staining that may be present when an antibody is included in that 

channel [494]. Overall, if the background staining is insignificant in comparison to background 
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caused by spillover, this is not an issue. But if antibody‐dependent background becomes 

significant, the FMO alone will no longer be appropriate for determining a negative or positive 

boundary. 

 

v. Biological Comparison Controls 

Biological comparison controls are important for stimulation assays, where unstimulated 

samples usually provide the best means to distinguish positive from negative events [494]. 

Exceptions may be present where high background in an unstimulated sample causes difficulty 

to establish a clear positive/negative boundary, however in most cases this control is more 

relevant than an isotype control or FMO. Like an FMO control, the unstimulated control 

accounts for spillover effects on the channel of interest by including all of the antibody 

conjugates present in the other test samples. Similarly to an isotype control, biological 

comparison controls account for non-specific staining in the channel of interest [494]. 

Importantly, as the sample stimulation is the differentiating factor between the other test 

samples, matching the background of the control antibody to the test antibody is simple. Thus, 

a biological comparison control in this situation is usually the most relevant control for 

determining positivity of the test samples [494].  

 

Positive biological comparison controls are also important. In functional assays, these may be 

samples stimulated with cytokines, such as IL-2. Positive controls validate the potential finding 

of negative results in the other test samples and ensures that the cell sample in question is 

capable of being activated [494]. This minimises misinterpretation of negative data in cases 

where a reagent was not added, the cells were nonviable, etc. The most appropriate positive 

control stimulus is thus one for which (1) all individuals to be tested (or at least as many as 
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possible) are positive, and (2) the response is as close as possible in its physiological 

requirements to the response being measured in the other test samples [494].  

 

2.6.2 Phenotype Surface Expression 

For Study 1 and Study 2, NK cell purity was determined by measuring the surface expression 

of CD3- and CD56+ markers. CD56DimCD16+ and CD56BrightCD16Dim/- NK cell subsets were 

sorted by measuring the surface expression of CD3-, CD56+ and CD16+ markers. NK cell 

viability was determined by positive 7-AAD surface expression. Finally, TRPM2 surface 

expression was measured on both NK cell subsets alone, as well as co-expression with CD38. 

Isotype controls and FMO controls were performed for CD3, CD56, CD16 and CD38. Due to 

the lack of an appropriate isotype control for the TRPM2 antibody, normal rabbit serum (NRS) 

was used to determine an individualised TRPM2 expression gate. Capture beads were used to 

set compensation for CD3, CD56, CD16 and CD38. Compensation for TRPM2 surface 

expression was calculated using freshly isolated human NK cells. PMT voltages and 

compensation calculations were verified by a flow cytometer application specialist by Becton, 

Dickinson and Company (BD).  

 

2.6.3 NK cell Cytotoxicity 

Evolved from the long-time “gold-standard” chromium release assay, a more simple, sensitive 

and reproducible flow cytometry-based method has been developed to measure NK cell 

cytotoxicity using K562 cells. K562 cells are lymphoblasts and were the first human 

immortalized myelogenous leukemia line established. Morphologically, K562 cells are 

rounded and non-adherent in suspension. This unique cell line was derived from a 53-year-old 

female chronic myelogenous leukemia patient in blast crisis. Recently, studies have 

demonstrated that K562 blasts are multipotential, hematopoietic malignant cells that 
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spontaneously differentiate into recognizable progenitors of the granlocyte, erthryocytes and 

monocytic series. K562 cells were maintained at a total cell concentration of 1.0 x 106 cells/ml. 

Cells were passaged every 48 hours to remove debris and dead cells and renewed with fresh 

and warm Roswell Park Memorial Institute (RPMI)-1640 supplemented with 10% fetal bovine 

serum (FBS) at 37oC with 5% CO2.  

 

In human NK cell assays, K562 cells are commonly used as targets for their high and 

reproducible sensitivity to NK cell cytotoxicity. Prior to incubation with K562 cells, NK cells 

were labelled with Paul Karl Horan-26 (PKH-26) (3.5µl/test) Sigma-Aldrich, St. Louis. MO, 

USA), a highly fluorescent dye widely used for general cell membrane labelling.  After 5 min 

in the dark, NK cells were washed with 2ml of warm FBS following centrigugation (350g, 

MAX  5 min). NK cells were resuspended with 100µl of warm RPMI-1640 supplemented with 

10% FBS. Per condition, the concentration of NK cells and K562 cells was adjusted to 5x105 

cells/ml and 1x105 cells/ml, respectively. Subseqeuently, NK cells were combined at effector 

target (E:T) ratios of 25:1, 12.5:1 and 6.25:1 in addition to control samples for 4 hours at 37oC 

with 5% CO2. Baseline and drug-treated NK cells were stained using Annexin V (2.5µl/test) 

(BD Bioscience, Miami, FL, USA) and 7-AAD (2.5µl/test) (BD Bioscience, Miami, FL, USA) 

to determine total K562 cell death. NK cytotoxic activity for each E:T ratio was measured as 

previously described [474, 483, 490] and outlined below:  

 

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =  
(𝑒𝑎𝑟𝑙𝑦 𝑠𝑡𝑎𝑔𝑒 𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 + 𝑙𝑎𝑡𝑒 𝑠𝑡𝑎𝑔𝑒 𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 + 𝑑𝑒𝑎𝑑 𝐾562 𝑐𝑒𝑙𝑙𝑠)

𝐴𝑙𝑙 𝐾562 𝐶𝑒𝑙𝑙𝑠
× 100 

 

7-AAD is a standard flow cytometric viability probe that binds extracellularly to distinguish 

viable and nonviable cells. Converesely, Annexin V is used to identify apoptotic cells. Annexin 
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V is a 35-36 kDa, Ca2+-dependent phospholipid-binding protein that possesses high affinity for 

the anionic phospholipid phosphatidylserine (PS) [495]. In normal healthy cells, the PS is 

located on the cytoplasmic surface of the PM. However, during apoptosis, the PM undergoes 

structural changes that includes the transclocation of the PS from the inner to the extracellular 

leaflef of the PM [495].  

 

Biological comparison controls were used to set the PMT voltages and compensation values 

for the NK cell cytotoxic assay. PMT voltages and compensation calculations were verified by 

a flow cytometer application specialist by BD. Freshly isolated human NK cells and cultured 

K562 cells were used under the following conditions as previously described: 
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CHAPTER 3 – STUDY 1: 

IDENTIFICATION AND CHARACTERISATION OF TRPM2 AND 

CD38 CHANNELS ON NK CELL SUBSETS 

 

Balinas, C, Cabanas, H, R., Staines, D. and Marshall-Gradisnik, S, 2019. Identification 

and characterization of transient receptor potential melastatin 2 ion channels on natural 

killer cells using the novel application of flow cytometry. Biomed Central Immunology 

(published).
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Abstract 

Introduction: Natural killer (NK) cells are effector lymphocytes of the innate immune system 

and are subclassed into CD56BrightCD16Dim/– and CD56DimCD16+ NK cells. Intracellular 

calcium (Ca2+) is fundamental to regulate a number of intracellular signalling pathways and 

functions in NK cells, which are essential in mediating their natural cytotoxic function. 

Transient receptor potential melastatin 2 (TRPM2) is a Ca2+-permeable non-selective cation 

channel that possesses a critical role in calcium-dependent cell signalling to maintain cellular 

homeostasis. TRPM2 and CD38 protein surface expression has yet to be determined on NK 

cells using flow cytometry. Characterisation of TRPM2 has been previously identified by in 

vivo models, primarily using methods such as genetic remodification, immunohistochemistry 

and whole cell electrophysiology. The aim of this study was to develop an in vitro methodology 

to characterise TRPM2 and CD38 surface expression on NK cell subsets using an antibody that 

has not been previously applied using flow cytometry.  

 

Results: At 1hr/30min, TRPM2 and CD38 surface expression significantly increased on CD3-

/CD56+ NK cells and NK cell subsets (CD56BrightCD16Dim/- and CD56Dim/CD16+) between the 

following primary TRPM2 antibody dilutions: 1:300 and 1:10 (p<0.05); 1:300 and 1:5 

(p<0.05); 1:100 and 1:10 (p<0.05); and 1:100 and 1:5 (p<0.05). Statistical significance of 

TRPM2 and CD38 surface expression furthermore increased at 2hr/1hr between 1:300 and 1:10 

(p<0.01); 1:300 and 1:5 (p<0.01); 1:100 and 1:10 (p<0.01); and 1:100 and 1:5 (p<0.01).  No 

significant differences in TRPM2 surface expression were observed between 1:10 and 1:5 

primary TRPM2 antibody dilutions within each incubation period. Hence, the 1:10 primary 

TRPM2 dilution at 2hr/1hr was determined as the optimal conditions for significant TRPM2 

surface expression on NK cells.  
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Conclusion: For the first time, we describe a methodology to characterise TRPM2 surface 

expression on NK cells in healthy participants. Finally, we describe using an antibody that has 

not been previously applied in flow cytometry a determined antibody concentration and 

incubation time in a robust, rapid and sensitive fashion. 
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Introduction 

Natural killer (NK) cells are effector lymphocytes of the innate immune system found in 

peripheral blood, bone marrow, spleen, and lymph nodes. In peripheral blood, NK cells 

represent 15% of lymphocytes and are phenotypically distinguished by the surface expression 

of CD56 (neural cell-adhesion molecule) and CD16 (FcγIII receptor, the low affinity receptor 

of IgG) receptors. Thereby, NK cells are subclassed into CD56BrightCD16Dim/– and 

CD56DimCD16+ NK cells which represent respectively 10% and 90% of NK cells in peripheral 

blood [8]. NK cells have diverse biological functions, which include recognizing and killing 

virally infected or transformed cells. The former NK population is primarily involved in 

immunosurveillance and cytokine production, whereas the latter are cytotoxic and kill infected, 

tumour or ‘missing self’ cells [9]. Intracellular calcium (Ca2+) mobilisation is required to 

regulate a number of intracellular signalling pathways in NK cells, such as the antibody 

dependent cellular cytotoxicity (ADCC) or mitogen-activated protein kinase pathway, which 

are essential for the development of IS formation, cytokine production and cytotoxic activity 

[8]. Intracellular calcium Ca2+is also required for the target cell adhesion, granule polarization 

and degranulation, all of which are necessary for NK cells to mediate their natural cytotoxicity 

[8, 10].  

 

Transient receptor potential melastatin 2 (TRPM2) is a Ca2+-permeable nonselective cation 

channel that is characterised with a unique C-terminal ADP-ribose (ADPR) pyrophosphate 

domain [496]. TRPM2 is synergistically activated by intracellular ADPR and Ca2+ within the 

PM and/or lysosomal compartments. Binding of ADPR to TRPM2 opens the channel and 

allows the permeation of sodium (Na2+), potassium (K+) and Ca2+ into the cell and hydrolysis 

of ADPR to ribose 5-phosphate and adenosine monophosphate(AMP)[282]. Previous 

investigations have shown that TRPM2 mediates a novel anti-tumour mechanism in NK cellsin 
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synergy with CD38, a multifunctional ectoenzyme using NAD+ as a substrate to catalyse the 

production of ADPR, cyclic ADPR (cADPR) and nicotinic acid adenine dinucleotide 

phosphate (NAADP) [12]. Rah et al., (2016) demonstrated that CD38 facilitates the production 

of ADPR, which in turn mobilizes intracellular Ca2+ and can activate TRPM2 resulting in 

cytolytic degranulation and antitumor activity of NK cells [12]. 

 

Investigation of TRP ion channel expression on lymphocytes has been quite limited due to 

methodology difficulties as TRP channels are relatively low in abundance and there is limited 

availability of specific and high-affinity antibodies. Characterisation of TRPM2 has been 

predominantly investigated with in vivo models accompanied by  genetic remodification [12, 

257, 263, 289, 296, 497-502], western blot [12, 500, 503], immunohistochemistry [12, 289, 

502], polymerase chain reaction [252, 257, 263, 289, 499, 500, 502, 503], and whole cell-

electrophysiology [252, 263, 497-500] methods. In vitro investigations of TRPM2 have 

furthermore been examined on cell lines [252, 263, 276, 503, 504], neurons [505, 506], and 

immune cells [257, 263, 289, 499, 500].  

 

TRPM3 surface expression on CD56BrightCD16Dim/– and CD56DimCD16+ NK cells has been 

identified on healthy participants by flow cytometry [14, 483]. Flow cytometry has been the 

preferred technology for determining and quantifying homogenous cell subsets [507] due to its 

single-cell levelled analysis for multiple characteristics, such as cellular features, organelles, 

and structural components [507]. This sensitive and specific feature enables prompt and 

accurate quantification, analytical precision, superior throughput, and reproducibility [492], all 

of which are advantageous for unique and rare cell populations, such as NK cells. Current 

flowcytometer technologies can detect up to eighteen colours in one flow assay. Thus, the 
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scientific prospects not only lie in biomedical research, but also for clinical applications of 

diagnostic value [507]. 

 

Currently, there are no in vitro models that have characterised endogenous TRPM2 and CD38 

surface expression on human NK cells. Thus, the aim of this present study was to develop a 

methodology to characterise TRPM2 and CD38 surface expression on human NK cells using 

flow cytometry. This investigation may facilitate a better understanding of the role of TRPM2 

and CD38 in disease pathology involving immune cells such as NK cells. 
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3.3 Methods 

 

3.3.1 Study Participants 

From 150 screened Australian participants, ten healthy participants were selected for this pilot 

investigation. Two participants were excluded due to outlier values during data analysis. 

Participants were sourced from the National Centre of Neuroimmunology and Emerging 

Diseases (NCNED) database for ME/CFS between November and December 2018. 

Participants were excluded if they were pregnant or breastfeeding, or reported a previous 

history of smoking, alcohol abuse or chronic illness (for example, autoimmune diseases, 

cardiac diseases and primary psychological disorders). Participants donated 85ml of whole 

blood in ethylendiaminetetraacetic acid (EDTA) tubes between 8:30am and 10:00am on the 

Gold Coast. All healthy participants provided written consent and the study was approved by 

the Griffith University Human Research Ethics Committee (HREC/15/QGC/63).  

 

3.3.2 Peripheral blood mononuclear cell Isolation and Natural Killer Cell Isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by 

centrifugation over a density gradient medium (Ficoll-Paque Premium; GE Healthcare, 

Uppsala, Sweden) to separate granulocytes as previously described [3, 490]. PBMCs were 

stained with trypan blue stain (Invitrogen, Carlsbad, CA) to determine total cell count and cell 

viability and adjusted to a final concentration of 5x107 cells/ml. NK cells were isolated from 

PBMCs using an EasySep Negative Human NK Cell Isolation Kit (Stemcell Technologies, 

Vancouver, BC, Canada) as previously described [3, 490].  
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3.3.3 TRPM2 Immunophenotyping Assay 

Following magnetic NK cell isolation, NK cells were stained with trypan blue stain (Invitrogen, 

Carlsbad, CA) to determine live cell count and cell viability and adjusted to a final 

concentration of 1.04x105 cells/ml. NK cells were incubated with an Fc receptor Blocking 

reagent (Miltenyi Biotech, Bergisch Gladbach. Germany) for 10 min at 4°C prior to antibody 

staining. NK cells were incubated with primary fluorochrome labelled antibodies (CD3-APC-

H7 [0.5ug/5ul], CD56-PeCy7 [0.25ug/5ul], CD16-BV650 [0.25ug/5ul], and CD38-BV480 

[1ug/5ul]) purchased from Becton Dickinson [BD] Bioscience), in addition to an unconjugated 

rabbit IgG polyclonal extracellular TRPM2 antibody (Thermo Fisher Scientific, USA, 

OST00112W). The primary (1°) TRPM2 antibody was resuspended in 100μl of distilled water 

according to manufacturer’s instructions. Using the recommended dilution (1:300), five 

dilution series of the 1° TRPM2 antibody were performed (1:300, 1:100, 1:50, 1:10 and 1:5) 

with an end volume of 100μl per test. Normal rabbit serum (Thermo Fisher Scientific, USA, 

01-6101) was used as a negative control to determine an individualised positive TRPM2 gate 

for each participant. Comparable dilutions (1:300, 1:100, 1:50, 1:10 and 1:5) to the primary 

TRPM2 antibody were applied. Additionally, an unstained tube (unlabelled NK cells); a 

secondary tube (secondary antibody only); and a Fluorescence Minus One (FMO) (CD56, 

CD3, CD16 and CD38) control were performed (Appendices 2-27). Normalised TRPM2 and 

CD38 surface expression was calculated by compensating the percentage of fluorescence spill 

over into the B525/50 (TRPM2) and V525/50 (CD38) and outlined below: 

𝑇𝑅𝑃𝑀2 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 𝑇𝑅𝑃𝑀2 𝑆𝑡𝑎𝑖𝑛𝑒𝑑 𝑡𝑢𝑏𝑒 (𝑝𝑎𝑟𝑒𝑛𝑡 %) − 𝑁𝑜𝑟𝑚𝑎𝑙 𝑅𝑎𝑏𝑏𝑖𝑡 𝑆𝑒𝑟𝑢𝑚 (𝑝𝑎𝑟𝑒𝑛𝑡 %) 

 

Two incubation periods were performed for the primary and secondary TRPM2 antibodies (1 

hr and 30 min vs. 2hr and 1hr) at 4°C in the dark. Labelled cells were washed with stain buffer 

(BD Biosciences, New Jersey, USA) and centrifuged at 350g for 5min. Supernatant was 



187 

 

removed and cells were incubated with a secondary Goat F(ab) Anti-Rabbit IgG H&L 

Fluorescein isothiocyanate (FITC) (1:500, Abcam, UK, ab7050) in 200μl for 1hr/30min. Cells 

were washed and stained with 5µl of 7-AAD (BD Bioscience, New Jersey, USA) to measure 

cell viability. Cells were resuspended in 200µl of stain buffer (BD Bioscience, New Jersey, 

USA) and acquired at 10,000 events using the LSR Fortessa X-20. 

 

3.3.4 LSR Fortessa X-20 Flow Cytometry Analysis 

Lymphocyte populations were identified using forward and side scatter dot plots. Exclusions 

were CD3+ cells and only CD3- lymphocytes were further used to characterise NK cells by 

CD56. CD3-/CD56+ NK cells were sorted into CD56BrightCD16Dim/- and CD56DimCD16+ NK 

cell subsets using CD56 and CD16.TRPM2 and CD38 surface expression was measured on 

CD56BrightCD16Dim/- and CD56DimCD16+ NK cell populations as percentage of parent cells (%). 

 

3.3.5 Statistical Analysis 

Pilot data from this investigation were analysed using SPSS version 24 (IBM Corp, Version 

24, Armonk, NY, USA) and GraphPad Prism, version 7 (GraphPad Software Inc., Version 7, 

La Jolla, CA, USA). Shapiro-Wilk normality tests were conducted to determine the distribution 

of data, in addition to skewness and kurtosis tests to determine data normality. The independent 

Mann–Whitney U test was performed to determine the statistical significance between groups 

in TRPM2 parameters on NK cells. Conversely, the Kruskal Wallis H test was used to 

determine significance in TRPM2 and CD38 surface expression within groups. Significance 

was set at p < 0.05 and the data are presented as mean ± standard error of the mean (SEM) 

unless otherwise stated. 
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3.4 Results 

3.4.1 Participant Demographics and full blood parameters 

A total of eight healthy Australian participants (mean age ± SEM = 27.50 ± 8.08) were included 

for this present studyand there were no significant differences in age and gender between 

healthy participants (Table 4).  

 

Table 4: Demographic results of healthy participants. 

Parameters Healthy participants p value 

Age (years) 27.50 ± 8.08 0.349 

Gender  

Male (n = 4) 

Female (n = 4) 

 

50% 

50% 
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3.4.2. Full blood count parameters of healthy participants 

Full blood count parameters were measured for each healthy participant. All participant results 

were within the specified reference ranges for each parameter. There were no significant 

differences between healthy participants for these reporting parameters (Table 5). 

 

 

Parameters 

Healthy  

Male Participants 

N=4 

 

Healthy 

Female Participants 

N=4 

 

P value 

White Cell count 

(x 109/L) 

5.57 ± 0.41 6.14 ± 0.35 0.310 

Neutrophils 

(x 109/L) 

3.27 ± 0.30 3.76 ± 0.20 0.280 

Lymphocytes 

(x 109/L) 

1.58 ± 0.14 1.55 ± 0.29 0.258 

Monocytes 

(x 109/L) 

0.43 ± 0.03 0.51 ± 0.04 0.314 

Eosinophils 

(x 109/L) 

0.24 ± 0.05 1.15 ± 0.10 0.628 

Basophils 

(x 109/L) 

0.06 ± 0.01 0.08 ± 0.20 0.489 

Platelets 

(x 109/L) 

2.48 ± 0.72 2.32 ± 1.54 0.08 

Haemoglobin 

(x 109/L) 

142.10 ± 3.99 148.56 ± 4.50 0.954 

Red Cell count  

(x 1012/L) 

4.89 ± 0.15 4.90 ± 0.16 0.297 

MCV (x 109/L) 88.10 ± 1.75 83.29 ± 1.81 0.554 

 

Table 5: Full blood count parameters of healthy participants. RBC = red blood cell; WBC = 

white blood cell. Data are represented as mean ± SEM using Mann Whittney U tests.  

***(p<0.0001) 
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3.4.3 Immunophenotype of TRPM2 and CD38 receptors on NK cell subsets by flow 

cytometry 

CD3-/CD56+ NK cells were sorted into CD56DimCD16+ and CD56BrightCD16Dim/- NK cell 

subsets using CD56 (Pe-Cy7) and CD16 (BV650). Five antibody controls were performed to 

determine an individualised positive TRPM2 and TRPM2/CD38 gate for each participant 

Antibody controls included an unstained tube (unlabelled NK cells); secondary tube 

(conjugated secondary antibody FITC); and an FMO tube (CD3, CD56, CD16 and CD38). (b) 

Normal rabbit serum was used at comparable dilutions as the primary TRPM2 antibody to 

measure TRPM2 and TRPM2/CD38 surface expression on NK subsets. (c) Normalised 

TRPM2 and TRPM2/CD38 surface expression was calculated by compensating the percentage 

of fluorescence spill over into the B525_50 (TRPM2) and V525_50 (CD38) detectors from the 

TRPM2 antibody stained tube on both NK subsets (Fig. 17). 
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Fig. 17 Immunophenotype of TRPM2 and CD38 receptors on NK cell subsets by flow 

cytometry. (Source: Personal collection) (a) Five antibody controls were performed to 

determine an individualised positive TRPM2 and TRPM2/CD38 gate for each participant. 

Antibody controls included an unstained tube (unlabelled NK cells); secondary tube 

(conjugated secondary antibody FITC);and a FMO tube (CD3, CD56, CD16 and CD38); . (b) 

Normal rabbit serum was used at comparable dilutions as the primary TRPM2 antibody to 

measure TRPM2 and TRPM2/CD38 surface expression NK subsets. (c) Normalised TRPM2 

and TRPM2/CD38 surface expression was calculated by compensating the percentage of 

fluorescence spill over into the B525_50 (TRPM2) and V525_50 (CD38) detectors from the 

TRPM2 antibody stained tube on both NK subsets. 
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3.4.4 Flow cytometry gating strategy of TRPM2 and CD38 using primary TRPM2 

antibody (1:50) at 2hr/1hr 
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Fig. 18 Flow cytometry gating strategy of TRPM2 and CD38 using primary TRPM2 

antibody (1:50) at 2hr/1hr. (a) Lymphocyte populations were identified using forward and 

side scatter dot plots. (b) Duration of cell acquirement was measured followed by (c) cell 

viability after 7-AAD staining. (d) CD3+ cells were excluded and only (e) CD3- lymphocytes 

were further used to characterise NK cells by CD56. (f) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 

surface expression was measured on (g) CD56DimCD16/+ and (h) CD56BrightCD16Dim/- NK cell 

subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (i) 

CD56BrightCD16Dim/- and (j) CD56DimCD16/+ NK cell subsets.  
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a 

3.4.5 TRPM2 surface expression on Natural Killer cell subsets in healthy participants. 

To quantify the surface expression on different NK cell subsets, CD56BrightCD16Dim/- and 

CD56DimCD16+ NK subsets were acquired following CD56 and CD16 antibody staining. On 

CD56DimCD16+ (Fig. 19A, p < 0.05) and CD56BrightCD16Dim/- (Fig. 19B, p < 0.05) NK subsets, 

TRPM2 surface expression significantly increased between 1:300 and 1:50 at 2hr/1hr. On the 

CD56BrightCD16Dim/- subset, TRPM2 surface expression significantly decreased from 1:50 to 

1:5 at 2hr/1hr (Fig. 19B, p < 0.05). Moreover, a significant increase in TRPM2 surface 

expression was observed between incubation periods within the 1:300 dilution (Fig. 19B, p < 

0.05). 

 

b 
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Fig. 19 TRPM2 surface expression on natural killer cell subsets in healthy participants. 

TRPM2 surface expression was measured on (a) CD56DimCD16+ and (b) CD56BrightCD16Dim/- 

NK cells by flow cytometry. TRPM2 surface expression was comparatively measured at 

2hr/1hr [black] and 1hr/30min [grey] following 1:300, 1:100, 1:50, 1:10 and 1:5 primary 

TRPM2 antibody dilutions. Representative flow cytometry dot plots of each respective dilution 

are presented in Additional files 4-13 and 17-26: Figures S4-S13 and S17-S26. Bar graphs 

report the means ± SEM. Mann Whittney U test and Kruskal Wallis H test were performed. * 

p < 0.05. 1° primary, TRPM2, Transient Receptor Potential Melastatin 2 
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b 

3.4.6 Dual identification of TRPM2 and CD38 surface expression on Natural Killer 

cell subsets. 

To further explore the co-expression of TRPM2 and CD38, isolated NK subsets were 

additionally stained with CD38. On CD56DimCD16+ (Fig. 20A, p < 0.05) and 

CD56BrightCD16Dim/- (Fig. 20B, p < 0.05) NK cell subsets, TRPM2 and CD38 surface 

expression significantly increased between 1:300 and 1:50 at 2hr/1hr. Additionally, a 

significant increase in TRPM2 and CD38 surface expression was observed between 1:100 and 

1:50 on  CD56BrightCD16Dim/- (Fig. 20B, p < 0.05) at 2hr/1hr.

a 
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Fig. 20 Dual identification of TRPM2 and CD38 surface expression on natural killer cell 

subsets. TRPM2/CD38 surface expression was measured on (a) CD56DimCD16+ and (b) 

CD56BrightCD16Dim/- NK cells by flow cytometry. TRPM2/CD38 surface expression was 

comparatively measured at 2hr/1hr [black] and 1hr/30min [grey] following 1:300, 1:100, 1:50, 

1:10 and 1:5 primary TRPM2 antibody dilutions. Representative flow cytometry dot plots of 

each respective dilution are presented in Additional files 4-13 and 17-26: Figures S4-S13 and 

S17-S26. Bar graphs report the means ± SEM. Mann Whittney U test and Kruskal Wallis H 

test were performed. * p < 0.05, ** p < 0.01. 1° primary, TRPM2, Transient Receptor Potential 

Melastatin 2 

  



199 

 

3.5 Discussion 

This investigation reports, for the first time, the identification of TRPM2 and CD38 surface 

expression on human NK cell subsets in healthy participants. This paper is also the first to 

develop a methodology that quantifies TRPM2 and CD38 surface expression with an antibody 

that has not been previously applied using flow cytometry. This novel method may have 

significant implications for analysing TRPM2 and CD38 surface expression in vitro and may 

facilitate a better understanding of the role of TRPM2 and CD38 in disease pathology involving 

immune cells such as NK cells.  

 

In order to characterise TRPM2 surface expression, an extracellular TRPM2 antibody was 

preferred to prevent non-specific binding. The predominant clonality available on the market 

is polyclonal intracellular TRPM2 antibodies. Intracellular TRPM2 ion channels were not 

investigated as cell fixation and permeabilisation provides access to intracellular antigens. As 

TRPM2 is also localised on intracellular compartments, such as the endoplasmic reticulum and 

lysosome, cell permeabilisation can enable non-specific binding and activation of these 

intracellular TRPM2 channels, which potentially can mediate a number of downstream 

signalling pathways, such as Ca2+ influx [502]. Thus, a rabbit IgG polyclonal extracellular 

TRPM2 antibody (Thermo Fisher Scientific, USA, OST00112W) was chosen due to its ready 

availability and extracellular binding, specifically to the third extracellular loop of the human 

TRPM2 receptor.  

 

A total of eight healthy Australian participants were age (27.50 ± 8.08) and sex-matched (Table 

4). As this project was the first to use an antibody that has only been used for western blot and 

immunohistochemistry, the recommended dilution series (1:300) by the manufactures’ 

instructions was used as a baseline. With this reference, four additional primary TRPM2 
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antibody dilutions (1:100, 1:50, 1:10 and 1:5) were investigated to determine the optimal 

primary TRPM2 antibody concentration. Additionally, two incubation periods (1hr – primary 

TRPM2 antibody/30min – secondary conjugated TRPM2 antibody) and (2hr/1hr) were tested 

to determine the optimal incubation time for TRPM2 and TRPM2/CD38 surface binding and 

expression. 

 

One limitation of the primary TRPM2 antibody was the absence of a determined antibody 

concentration. According to Thermo Fisher Scientific, “antibody concentrations in ascites 

fluid, culture supernatant and serum are not determined due to various proteins in serum which 

makes it impossible to acquire an accurate concentration of a specific antibody”. Due to the 

absence of a determined antibody concentration, a TRPM2 isotype control could not be 

performed. However, as the primary TRPM2 antibody contains rabbit serum, normal rabbit 

serum (Thermo Fisher Scientific, USA, 01-6101) was used at comparable dilutions as the 

primary TRPM2 antibody. This negative control was used to distinguish any non-specific 

binding, as well as determine an individual positive TRPM2 and TRPM2/CD38 gate for each 

participant (Fig. 16B, C). Additionally, an unstained tube; a secondary tube; and an FMO 

control (Fig. 16A) were performed for each participant to compensate any potential 

fluorescence spill over (Appendices 2-27).  

 

On both NK subsets, a consistent pattern was observed for TRPM2 and dual surface expression 

with CD38. At 2hr/1hr, TRPM2 (Fig. 19A, B, p < 0.05) and TRPM2/CD38 (Fig. 20A, B, p < 

0.05) surface expression significantly increased between 1:300 and 1:50 at 2hr/1hr. 

Additionally, a significant increase in TRPM2/CD38 expression was also observed on  

CD56DimCD16+ NK cells between 1:100 and 1:50 at 2hr/1hr (Fig. 19A, p < 0.05). These 
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resultsindicate that 1:50 may be the optimal antibody concentration to measure TRPM2 and 

TRPM2/CD38 surface expression on NK cells.  

 

The specificity of the primary TRPM2 antibody was investigated by measuring the dual surface 

expression of co-markers, TRPM2 and CD38, on CD56BrightCD16Dim/- and CD56DimCD16+ NK 

cells. Given comparable results were observed with (Fig. 20A, B, p < 0.05) and without CD38 

expression (Fig. 19A, B, p < 0.05), these findings validate the specificity of the TRPM2 

antibody for accurate and consistent measurement of TRPM2 surface expression. 

 

Interestingly, a normal distribution curve was observed on both NK subsets for TRPM2 and 

dual expression with CD38 at 2hr/1hr. Comparatively, receptor surface expression remained 

relatively constant at 1hr/30min on both NK subsets. This observation supported the significant 

decrease in TRPM2/CD38 surface expression from 1:50 to 1:5 on CD56BrightCD16Dim NK cells 

(Fig. 20A, p < 0.05). Importantly, this result demonstrates an inverse relationship between 

antibody concentration and receptor expression and highlights 1:50 as the threshold antibody 

dilution for TRPM2.  

 

In contrast there was a significant increase in TRPM2 surface expression with 1:300 at 

1hr/30min (Fig. 19B, p < 0.05), but not with dual expression with CD38 (Fig. 20B, p < 0.05). 

This sole result revealed a difference in receptor surface expression between incubation 

periods. As CD56BrightCD16Dim/- NK cells are less abundant than the CD56DimCD16+ subset, 

the percentage of receptor expression increases with limited cells detected. Moreover, the 

percentage of receptor expression increases for rarer channels. Given TRP ion channels are 

relatively scarce, particularly on lymphocytes, a longer incubation time is required to ensure 

optimal binding and subsequent surface expression. Moreover, the consistent pattern with the 
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1:50 TRPM2 dilution on both NK subsets justified 2hr/1hr as the optimal incubation period to 

ensure a sufficient timeframe for maximal antibody binding and surface expression.  

 

Despite tested applications for western blot and immunohistochemistry assays, no additional 

studies have published the use of the OST00112W TRPM2 antibody. Future directions include 

the examination of TRPM2 and CD38 channels on additional lymphocytes, as well as 

investigate the manufacturer’s tested applications to further assess antibody specificity.  

 

 

Conclusion 

This novel methodology is the first to identify and characterise TRPM2 and TRPM2/CD38 

surface expression on human NK cells in healthy participants. This pilot investigation is also 

the first to use a TRPM2 antibody that has not been previously applied in flow cytometry, as 

well as determine the optimal primary TRPM2 antibody dilution and incubation time. This 

method provides an in vitro alternative using flow cytometry to characterise TRPM2 in a rapid, 

robust and sensitive fashion. This pilot investigation provides insight for possible improvement 

in antibody design to facilitate a more accurate assessment of TRPM2 and CD38 surface 

expression.   
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Interestingly, a previous in vivo study investigated the antitumor effects of NK cells from mice 

by modulating [Ca2+]i via TRPM2 channels [508]. A novel antitumor mechanism was 

identified, whereby ADPR produced by CD38 and TRPM2-dependent Ca2+ release resulted in 

cytolytic granule polarisation and degranulation. Importantly, the NK cells from TRPM2-

deficient mice exhibited a significant defect in antitumour activity [508]. Therefore, TRPM2 

is required for the migration of perforin-containing granules towards the immunological 

synapse as NK cells encounter tumor cells. Given reduced NK cell cytotoxicity is a consistent 

finding reported in ME/CFS patients compared with HC, these findings implicate a possible 

relationship between TRPM2 and reduced NK cell cytotoxicity in ME/CFS. 

 

Equipped with an optimised flow cytometric methology to measure TRPM2 and CD38 surface 

expression on NK cell subsets, the second phase of this thesis was to quantify the surface 

expression of TRPM2 and CD38 on NK cells isolated from ME/CFS patients. Furthermore, 

Study 2 also aimed to measure NK cell cytotoxicity following TRPM2 drug treatment in vitro 

as reduced NK cell cytotoxicity is consistently detected in MECFS patients compared with HC. 
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CHAPTER 4 – STUDY 2 

TRANSIENT RECEPTOR POTENTIAL MELASTATIN 2 ION 

CHANNELS ARE OVEREXPRESSED IN MYALGIC 

ENCEPHALOMYELTITIS/CHRONIC FATIGUE SYNDROME 

 

Balinas, C, Cabanas, H, R., Staines, D. and Marshall-Gradisnik, S, 2019. Transient 

receptor potential melastatin 2 ion channels are overexpressed in Myalgic 

Encephalomyelitis/Chronic Fatigue Syndrome patients. Biomed Central Journal of 

Translational Medicine (published). 
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4.1 Abstract 

 

Background 

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is hallmarked by a 

significant reduction in natural killer (NK) cell cytotoxicity, a mechanism tightly regulated by 

calcium (Ca2+). Interestingly, interleukin-2 (IL-2) increases NK cell cytotoxicity. Transient 

receptor potential melastatin 2 (TRPM2) ion channels are fundamental for Ca2+ signalling in 

NK cells. This pilot investigation aimed to characterise TRPM2 and CD38 surface expression 

in vitro on NK cells in ME/CFS patients. This investigation furthermore examined the 

pharmaceutical effect of 8-bromoadenosine phosphoribose (8-Br-ADPR) and N6-

Benzoyladenosine-3′,5′-cyclic monophosphate (N6-Bnz-cAMP) on TRPM2 and CD38 surface 

expression and NK cell cytotoxicity between ME/CFS and healthy control (HC) participants. 

 

Methods 

Ten ME/CFS patients (43.45 ± 12.36) and ten HCs (43 ± 12.27) were age and sex-matched. 

Isolated NK cells were labelled with fluorescent antibodies to determine baseline and drug-

treated TRPM2 and CD38 surface expression on NK cell subsets. Following IL-2 stimulation, 

NK cell cytotoxicity was measured following 8-Br-ADPR and N6-Bnz-cAMP drug treatments 

by flow cytometry. 

 

Results 

Baseline TRPM2 and CD38 surface expression was significantly higher on NK cell subsets in 

ME/CFS patients compared with HCs. Post IL-2 stimulation, TRPM2 and CD38 surface 

expression solely decreased on the CD56DimCD16+ subset. 8-Br-ADPR treatment significantly 

reduced TRPM2 surface expression on the CD56BrightCD16Dim/- subset within the ME/CFS 
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group. Baseline cell cytotoxicity was significantly reduced in ME/CFS patients, however no 

changes were observed post drug treatment in either group.  

 

Conclusion 

Overexpression of TRPM2 on NK cells may function as a compensatory mechanism to alert a 

dysregulation in Ca2+ homeostasis to enhance NK cell function in ME/CFS, such as NK cell 

cytotoxicity. As no improvement in NK cell cytotoxicity was observed within the ME/CFS 

group, an impairment in the TRPM2 ion channel may be present in ME/CFS patients, resulting 

in alterations in [Ca2+]i mobilisation and influx, which is fundamental in driving NK cell 

cytotoxicity. Differential expression of TRPM2 between NK cell subtypes may provide 

evidence for their role in the pathomechanism involving NK cell cytotoxicity activity in 

ME/CFS.  
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4.2 Background 

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a disabling condition 

characterized by unexplained chronic fatigue that is associated with immune, neurological 

(including autonomic), musculoskeletal, cardiovascular and gastrointestinal symptoms [1, 2]. 

Currently, accurate diagnosis remains challenging in the absence of a clinical or laboratory test. 

Although the aetiology of ME/CFSremains undefined, immunological dysfunction has been 

consistently implicated in this condition. Notably, a significant reduction in natural killer (NK) 

cell cytotoxicity is a consistent feature in ME/CFSpatients compared with healthy control (HC) 

participants [3-6]. 

 

NK cells are granular lymphocytes of the innate immune system, principally responsible for 

recognising and responding to pathogen invasion [7]. NK cells are also essential to combat 

viral and microbial infection, as well as tumour development [7]. NK cells are located in 

peripheral blood, spleen, bone marrow and lymph nodes, and stem from the CD34 

hematopoietic progenitor cell lineage [7]. At least five NK populations have been classified, 

however the two predominant human subsets include CD56DimCD16+ and CD56BrightCD16dim/- 

populations. Approximately 90% of peripheral NK cells are CD56DimCD16+ which are highly 

cytotoxic and kill infected, tumour or ‘missing self’ cells [8]. Comparatively, the 

CD56BrightCD16Dim/- subset are primarily involved in immunosurveillance and cytokine 

production [9]. Interestingly, interlukin-2 (IL-2)-activated NK cells are more lytic to target 

cells than resting NK cells [509-511]. 

 

The IL-2 receptor (IL-2R) is a heterotrimeric protein expressed on a number of immune cells 

that binds and responds to IL-2 [512]. The IL-2R comprises three forms: α (alpha) (also called 

IL-2Rα, CD25), β(beta) (also called IL-2Rβ or CD122) and γ (gamma) (also called IL-2Rγ or 
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CD132). Binding of IL-2 promotes Janus tyrosine Kinase (JAK) 1 and JAK 3 enzyme 

activation, in turn initiating the Mitogen-Activated Protein Kinase (MAPK), PI3K, and the 

STAT pathways [390]. Activation of these pathways enhances NK cell cytotoxic function, 

known as lymphokine-activated killing (LAK). NK cells are the predominant effector cells 

within LAKs, which are mechanistically equivalent to peripheral blood NK cells [391], but 

possess enhanced cytotoxic potential against an extensive spectrum of cell targets [392].  IL-2 

has been postulated to be possibly involved in the de novo expression of proteins that act 

between CD38 and the lytic machinery in NK cells [509].  

 

Calcium (Ca2+) plays a fundamental role in various cellular mechanisms such as intracellular 

signalling pathways, cell differentiation, cell division, apoptosis and transcriptional events. 

Notably, intracellular Ca2+ is crucial for target cell adhesion, IS formation, granule polarization 

and degranulation, all of which are essential for NK cells to mediate their natural cytotoxicity 

[8, 10]. One fundamental signalling pathway involved in intracellular Ca2+ isthe store-operated 

calcium entry (SOCE) mechanism [216]. Recently, the transient receptor potential (TRP) 

family has emerged as a potential SOCE candidate [216, 217]. 

 

TRP channels are a unique group of ion channels that function as polymodal cell sensors due 

to their extensive sensitivity to physical and chemical stimuli. TRP channel activation follows 

deviations in the cellular environment, including pathogens, temperature, pressure, chemicals, 

oxidation and reduction, toxins, osmolarity and pH [496, 513]. Transient receptor potential 

melastatin 2 (TRPM2) is a homo-tetrameric nonselective cation permeable channel localised 

in the PM and lysosomal compartments [514]. The protein is highly expressed in the brain, 
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immune system, endocrine cells, and endothelia [254]. TRPM2 uniquely possesses dual ion 

channel functionality and enzymatic ADP-ribose (ADPR) hydrolase activity [496].  

 

TRPM2 is primarily activated in a synergistic fashion by low micromolar levels of cytosolic 

ADPR and Ca2+ [514]. At a cellular level, ADPR is predominantly produced by the hydrolysis 

of NAD+ and/or cADPR by glycohydrolases, including the ectoenzyme, CD38 [514]. CD38 

uses NAD+ to generate various Ca2+ mobilizing secondary messengers, such as ADPR, cADPR 

and NAADP [254, 514]. Direct binding to the enzymatic NUDT9-H domain activates and 

opens the channel, subsequently facilitating the permeation of sodium (Na2+), potassium (K+) 

and Ca2+ into the cell and hydrolysis of ADPR to ribose 5-phosphate and AMP [282]. 

Importantly, TRPM2 activation increases intracellular free calcium concentration ([Ca2+]i) 

[284, 285], which can mediate signalling roles in inflammatory and secretory by releasing 

vesicular mediators (i.e. cytokines, neurotransmitters), as well as apoptosis and necrotic cell 

death under oxidative stress [514].  

 

A recent in vivo mouse investigation discovered a novel anti-tumour mechanism in NK cells 

via a ADPR-CD38 synergy with TRPM2 [12]. This investigation highlighted three 

fundamental steps of this synergistic pathway: (1) activation of intracellular CD38 by protein 

kinase A following NK cell recognition of a tumour cell results in ADPR production; (2) ADPR 

targets TRPM2 channels on cytolytic granules, and (3) TRPM2-mediated Ca2+ signalling 

causes cytolytic granule polarisation and degranulation, resulting in anti-tumour activity [12]. 

These results suggest that CD38, ADPR and TRPM2 are key components in mediating Ca2+-

induced anti-tumour activity in NK cells [12]. 
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Pharmacologically, TRPM2 currents can be inhibited by altering the production of TRPM2 

secondary messengers [254]. Pharmacological antagonists reviewed in the literature include: 

8-Br-cADPR (cADPR antagonist) [270], 8-Br-ADPR (ADPR antagonist) [515], nifedipine, 

econazole [311] flufenamic acid [311], imidazole antifungal agents [311], anthranilic acid, N-

(p-amycinnamoyl) [309] and 2-APB [309]. However, majority of these molecules are 

insufficiently potent and do not exhibit high TRPM2 specificity [254].  

 

To date, no potent pharmacological TRPM2 agonists have been reported, however N6-

Benzoyladenosine-3′,5′-cyclic monophosphate (N6-Bnz-cAMP) has been identified as a weak 

TRPM2 agonist through indirect stimulationvia protein kinase A (PKA) production through 

CD38, most likely through phosphorylation [296]. 

 

Characterisation of TRPM2 has predominantly been studied with in vivo models, primarily by 

genetic knockdown [263, 269, 289, 296, 497-499, 501, 508]. Although in vitro investigations 

of TRPM2 have also been examined in T cells, macrophages, SCC9 cells, and HEK293 cells 

[263, 269, 502, 503] there have been no in vitro TRPM2 models studied on human NK cells. 

Given TRPM2 is critical for Ca2+ homeostasis and NK cell cytotoxicity, this is the first in vitro 

investigation to examine NK cell cytotoxicity following TRPM2 modulation with N6-Bnz-

cAMP and 8-Br-ADPR in ME/CFS patients. Secondly, this study aims to characterise TRPM2 

surface expression on NK cell subsets to determine whether differential expression of TRPM2 

plays a role in ME/CFS patients compared with HC.  
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4.3 Methods 

 

4.3.1 Study Participants 

A total of 11 ME/CFS and 11 HC participants were selected for this pilot investigation. Two 

participants were excluded due to outlier values. Participants were sourced from the National 

Centre of Neuroimmunology and Emerging Diseases (NCNED) database for ME/CFS between 

January and April 2019. Participants were excluded if they were pregnant or breastfeeding, or 

reported a previous history of smoking, alcohol abuse or chronic illness (for example, 

autoimmune diseases, cardiac diseases and primary psychological disorders). Participants 

donated 85ml of whole blood in ethylendiaminetetraacetic acid (EDTA) tubes between 8:30am 

and 10:00am on the Gold Coast, Queensland, Australia. Full blood count was performed within 

4 hours (hr) of blood collection for each participant. All participants provided written consent 

and the study was approved by the Griffith University Human Research Ethics Committee 

(HREC/15/QGC/63).  

 

4.3.2 Peripheral blood mononuclear cell isolation and natural killer cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by 

centrifugation over a density gradient medium (Ficoll-Paque Premium; GE Healthcare, 

Uppsala, Sweden) to separate granulocytes as previously described [3, 490]. PBMCs were 

stained with trypan blue stain (Invitrogen Life Technologies, Carlsbad, CA, USA) to determine 

total cell count and cell viability and adjusted to a final concentration of 5x107 cells/ml. NK 

cells were isolated from PBMCs using an EasySep Negative Human NK Cell Isolation Kit 

(Stemcell Technologies, Vancouver, BC, Canada). NK cell purity was measured following 

staining with CD56-Pe-Cy7 (0.25µg/5µl) and CD3-APC-H7 (0.5µg/5µl) antibodies (Becton 

Dickinson [BD] Bioscience, Miami, FL, USA) for 20 minutes (min) at room temperature in 
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the dark and analysed using a LSR-Fortessa X20 flow cytometer (BD Biosciences, Miami, FL, 

USA). NK cell purity was 92.46 ± 2.375 for HCs and 93.58 ± 0.9282 for ME/CFS, respectively 

(Appendix 28).  

 

4.3.3 Interleukin-2 stimulation 

NK cells were stimulated with 20IU/ml of recombinant human IL-2 (specific activity 5x106 

IU/mg) per test (Miltenyi Biotech, BG, Germany) and incubated for 24hr at 37oC with5% CO2 

in Roswell Park Memorial Institute medium (RPMI)-1640 (Invitrogen Life Technologies, 

Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen Life 

Technologies, Carlsbad, CA, USA).  

 

4.3.4 Drug Treatment 

IL-2 stimulated NK cells were treated with the following drugs at a final concentration of 

100μM N6-Bnz-cAMP, and 100μM8-Br-ADPR for 30 min at 37oC with 5% CO2 in RPMI-

1640 (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% FBS 

(Invitrogen Life Technologies, Carlsbad, CA, USA)). All drugs were purchased from Bio-

Techne (Tocris Bioscience, Sussex, UK). Labelled cells were washed with 2ml of RPMI-1640 

supplemented with 10% FBS and centrifuged at 250g for 5min. Supernatant was removed prior 

to NK lysis and TRPM2 immunophenotyping. 

 

4.3.5 TRPM2 Immunophenotyping Assay 

Following magnetic NK cell isolation, baseline TRPM2 and CD38 surface expression was 

measured as previously described [516]. NK cells were stained with trypan blue stain 

(Invitrogen Life Technologies, Carlsbad, CA) to determine live cell count and cell viability and 
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adjusted to a final concentration of 1.1x106 cells/ml. NK cells were incubated with an Fc 

receptor Blocking reagent (Miltenyi Biotech, Bergisch Gladbach. Germany) for 10 min at 4°C 

prior to antibody staining. NK cells were incubated with primary fluorochrome labelled 

antibodies (CD3-APC-H7 [0.5µg/5µl], CD56-PeCy7 [0.25µg/5µl], CD16-BV650 

[0.25µg/5µl], and CD38-BV480 [1µg/5µl]) purchased from BD Biosciences), in addition to an 

unconjugated rabbit IgG polyclonal extracellular TRPM2 antibody (1:50) (OST00112W) 

(Thermo Fisher Scientific, Waltham, MA, USA) for 2hr at 4°C in the dark.  

 

Labelled cells were washed with stain buffer (BD Biosciences, Miami, FL, USA) and 

centrifuged at 350g for 5min. Supernatant was removed and cells were incubated with a 

secondary Goat F(ab) Anti-Rabbit IgG H&L FITC (1:500) (ab7050) (Abcam, UK) in 200μl for 

1hr at 4°C in the dark. Cells were washed and stained with 5µl of 7-AAD (BD Bioscience, 

New Jersey, USA) to measure cell viability. Cells were resuspended in 200µl of stain buffer 

(BD Bioscience, Miami, FL, USA) and acquired at 10,000 events using the LSRFortessa X-

20. Furthermore, TRPM2 and CD38 surface expression was measured following drug 

treatment. 

 

Normal rabbit serum (1:50) (01-6101) (Thermo Fisher Scientific, Waltham, MA, USA) was 

used as a negative control to determine an individualised positive TRPM2 gate for each 

participant (Appendix 29). Additionally, an unstained tube (unlabelled NK cells); a secondary 

tube (secondary antibody only); and an FMO (CD56, CD3, CD16 and CD38) control were 

performed for each participant. Normalised TRPM2 and CD38 surface expression was 

calculated by compensating the percentage of fluorescence spill over into the B525/50 

(TRPM2) and V525/50 (CD38) as outlined below for TRPM2: 

𝑇𝑅𝑃𝑀2 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 𝑇𝑅𝑃𝑀2 𝑆𝑡𝑎𝑖𝑛𝑒𝑑 𝑡𝑢𝑏𝑒 (𝑝𝑎𝑟𝑒𝑛𝑡 %) − 𝑁𝑜𝑟𝑚𝑎𝑙 𝑅𝑎𝑏𝑏𝑖𝑡 𝑆𝑒𝑟𝑢𝑚 (𝑝𝑎𝑟𝑒𝑛𝑡 %) 
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4.3.6 Natural killer cell cytotoxicity assay 

NK cytotoxic activity was conducted as previously described [474, 483, 490]. NK cells were 

labelled with Paul Karl Horan-26 (PKH-26) (3.5µl/test) Sigma-Aldrich, St. Louis. MO, USA) 

for 5min (and incubated with K562 cells for 4hr at 37oC with 5% CO2 in RPMI-1640 

supplemented with 10% FBS. The concentration of NK cells and K562 cells was adjusted to 

5x105 cells/ml and 1x106cells/ml, respectively. During incubation, cells were combined at 

effector target (E:T) ratios of 25:1, 12.5:1 and 6.25:1 in addition to control samples (only 25:1 

NK lysis ratio shown). Control and IL-2 treated cells were stained using Annexin V (2.5µl/test) 

(BD Bioscience, Miami, FL, USA) and 7-AAD (2.5µl/test) (BD Bioscience, Miami, FL, USA) 

to determine apoptosis using flow cytometry analysis recording 10,000 events. E:T ratio of 

25:1, 12.5:1, 6.25:1 (only 25:1 NK lysis ratio shown) and control were used to assess cytotoxic 

activity. NK cytotoxic activity was calculated as percent specific death of the K562 cells for 

the three E:T ratios as previously described [474, 483, 490] and outlined below:  

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =  
(𝑒𝑎𝑟𝑙𝑦 𝑠𝑡𝑎𝑔𝑒 𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 + 𝑙𝑎𝑡𝑒 𝑠𝑡𝑎𝑔𝑒 𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 + 𝑑𝑒𝑎𝑑 𝐾562 𝑐𝑒𝑙𝑙𝑠)

𝐴𝑙𝑙 𝐾562 𝐶𝑒𝑙𝑙𝑠
× 100 

 

4.3.7 LSR Fortessa X-20 flow cytometry analysis 

Lymphocyte populations were identified using forward and side scatter dot plots. Exclusions 

were CD3+ cells and only CD3- lymphocytes were further used to characterise NK cell subset 

populations using CD56 and CD16. NK cell subsets were characterised using the surface 

expression of CD56BrightCD16Dim/-NK cells and CD56DimCD16Bright/+NK cells. TRPM2 and 

CD38 surface expression was measured as percentage of parent cells (%) and NK cytotoxicity 

was measured as percentage of K562 cell death (%).
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4.3.8 Statistical analysis 

Pilot data from this investigation were analysed using SPSS version 24 (IBM Corp, Version 

24, Armonk, NY, USA) and GraphPad Prism, version 7 (GraphPad Software Inc.,Version 7, 

La Jolla, CA, USA). Shapiro-Wilk normality tests were conducted to determine the distribution 

of data, in addition to skewness and kurtosis tests to determine data normality. The independent 

Mann–Whitney U test was performed to determine the statistical significance between and 

within groups in TRPM2 parameters on NK cells. Significance was set at P < 0.05 and the data 

are presented as mean ± SEM unless otherwise stated. 
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4.4 Results 

 

4.4.1 Participant demographics and full blood count parameters 

A total of 20 participants (10 HC and 10 ME/CFS patients) were included for this present study 

and no significant differences in age and gender were reported between groups (Table 6). 

Additionally, ME/CFS patients reported greater impairment compared with HCs in all Short-

Form Health Survey (SF-36) subscales (lower score indicate greater impairment; P < 0.001), 

with the exception of emotional wellbeing. Full blood count parameters were measured for 

each participant. All participant results were within the specified reference ranges for each 

parameter and there were no significant differences between groups for these reporting 

parameters (Table 6). 
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Category Item HC ME/CFS p value 

 

 

General 

demographics 

Age (years) 43.10 ± 4.089 43.50 ± 4.126 0.989 

Gender 

Male (%, n) 

Female (%, n) 

   

>0.999 
(40%, 4) (40%, 4) 

(60%, 6) (60%, 6) 

BMI (kg/m2) 23.41 ± 0.881 25.21 ± 0.937 0.120 

 

WHODAS 1.382 ± 0.518 38.73 ± 5.504 <0.0001 

 

 

Illness demographics 

(SF-36) 

Pain (%) 85.91 ± 5.026 28.18 ± 7.971 <0.0001 

Physical Functioning (%) 98.64 ± 0.975 35.45 ± 6.085 <0.0001 

Role Physical (%) 97.15 ± 1.547 13.08 ± 5.686 <0.0001 

General Health (%) 74.99 ± 4.171 30.67 ± 3.988 <0.0001 

Social Functioning (%) 95.45 ± 3.049 28.41 ± 7.922 <0.0001 

Emotional Wellbeing (%) 94.45 ± 3.049 74.02 ± 9.277 0.069 

 

 

 

 

 

Serology report 

WBC 5.945 ± 0.371 6.909 ± 0.539 0.223 

Lymphocytes 1.705 ± 0.127 1.947 ± 0.106 0.223 

Neutrophils 3.575 ± 0.288 4.241 ± 0.501 0.519 

Monocytes 0.466 ± 0.051 0.502 ± 0.051 0.467 

Eosinophils 0.150 ± 0.031 0.518 ± 0.0251 0.935 

Basophils 0.046 ± 0.005 0.048 ± 0.006 0.955 

Platelets 252.8 ± 24.12 246.8 ± 9.213 0.797 

RBC 4.665 ± 0.102 4.808 ± 0.165 0.835 

Haematocrit 0.416 ± 0.009 0.428 ± 0.013 0.618 

Haemoglobin 136.2 ± 3.261 142.9 ± 4.089 0.339 

 

Table 6: Participants’ demographic and serology results. HC = healthy controls; ME/CFS 

= myalgic encephalomyelitis/chronic fatigue syndrome; BMI = body mass index; RBC = red 

blood cell; SF-36 = short-form health survey; WBC = white blood cell; WHODAS = world 

health organisation disability assessment schedule. Data are represented as mean ± SEM using 

Mann Whittney U tests.  ***(p<0.0001) 
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4.4.2 TRPM2 and CD38 surface expression on CD56BrightCD16Dim/- and CD56DimCD16+ 

NK cell subsets between groups post IL-2 stimulation. 

At baseline, TRPM2 surface expression was significantly higher in the ME/CFS group 

compared to HCs on CD56BrightCD16Dim/- (Figure 21A) and CD56DimCD16+ NK cells (Figure 

21B). A consistent finding was found at dual expression with CD38 on both NK cell subsets 

(Figure 21C,D). Post IL-2 stimulation, TRPM2 with and without CD38 significantly decreased 

on the CD56DimCD16+ subsetwithin the ME/CFS group (Figure 21B,D).No significant 

differences in TRPM2and CD38 surface expression were found within the HC group pre and 

post IL-2 stimulation in either NK cell subset.  
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Fig. 21 Baseline TRPM2 and CD38 surface expression on natural killer cell subsets in 

ME/CFS and HC participants.TRPM2 surface expression was measured on 

CD56BrightCD16Dim/- (A) and CD56DimCD16+(B) NK cell subsets by flow cytometry in HC 

[grey] and ME/CFS [black] patients at baseline and post IL-2 stimulation. Dual surface 

expression with CD38 was also measured on both NK cell subsets (C,D). IL-2, Interleukin-2, 

TRPM2, Transient Receptor Potential Melastatin 2. Data are represented as mean ± SEM using 

Mann Whittney U tests. *(p < 0.05), **(p < 0.01)  
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4.4.3 CD38 surface expression on CD56BrightCD16Dim/- and CD56DimCD16+ NK cell 

subsets between groups post IL-2 stimulation. 

No significant difference in CD38 surface expression was found between groups or within 

either NK cell subset pre and post IL-2 stimulation (Fig. 22A,B). No significant changes in 

CD38 surface expression was observed post drug treatment between or within groups on either 

NK cell subset (Fig. 22C,D).   
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Fig. 22 CD38 surface expression on CD56BrightCD16Dim/- and CD56DimCD16+ NK cell 

subsets between groups post IL-2 stimulation. No significant difference in CD38 surface 

expression was found between groups or within either NK cell subset pre and post IL-2 

stimulation (Fig. 22A,B). No significant changes in CD38 surface expression was observed 

post drug treatment between or within groups on either NK cell subset (Fig. 22C,D).    

4.4.4 Natural killer cell cytotoxicity after treatment with 8-Br-ADPR and N6-Bnz-

cAMP between groups. 

At baseline, a significant increase in NK cell cytotoxicity was observed in HC participants 

compared with ME/CFS patients. Within the HC group, NK cell lysis decreased post IL-2 

stimulation. This observation was not found within the ME/CFS group. No significant 

difference in NK cell cytotoxicity was observed between groups after drug treatments.  
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Fig. 23 Natural killer cell cytotoxicity (25:1) pre and post drug treatment in ME/CFS and 

HC participants. NK cell cytotoxicity was measured at baseline and after IL-2 stimulation 

between HC participants [grey] and ME/CFS patients [black]. All drug conditions contained 

IL-2 and NK cells were treated with drugs for 24hr. Treated NK cell cytotoxicity was 

furthermore measured following (a) 8-Br-ADPR (100µM), (b) N6-Bnz-cAMP (100µM) and 

(c) 8-Br-ADPR (100µM) and N6-Bnz-cAMP (100µM) drug treatments. IL-2, Interleukin-2. 

Data are represented as mean ± SEM using Mann Whittney U tests.  **(p < 0.01) 
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4.4.5 Pharmacological effect of 8-Br-ADPR and N6-Bnz-cAMP drug treatment on 

TRPM2 and CD38 surface expression on NK cell subsets. 

On CD56BrightCD15Dim/- NK cells (Fig. 24A), TRPM2 surface expression significantly 

decreased following treatment with 8-Br-ADPR within the ME/CFS group. No significant 

difference was observed on the CD56DimCD16+ NK cell subset for TRPM2 surface expression 

between and within groups (Fig. 24B). Moreover, no significant differences between or within 

groups were found on the CD56BrightCD15Dim/- (Fig. 24C) and CD56DimCD16+ (Fig. 24D) NK 

cell subsets for dual expression with TRPM2.  
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Fig. 24 TRPM2 and CD38 surface expression on natural killer cell subsets in ME/CFS 

and HC participants after drug treatment.TRPM2 surface expression was measured on 

CD56BrightCD16Dim/- (A) and CD56DimCD16+(B) NK cell subsets by flow cytometry in HC 

[grey] and ME/CFS [black] patients. Dual expression with CD38 was also measured on both 

NK cell subsets (C,D). All drug conditions contained IL-2 and NK cells were treated with drugs 

for 24hr.  Drug treatment conditions included: (a) 8-Br-ADPR (100µM), (b) N6-Bnz-cAMP 

(100µM) and (c) 8-Br-ADPR (100µM) and N6-Bnz-cAMP (100µM). IL-2, Interleukin-2, 

TRPM2, Transient Receptor Potential Melastatin 2. Data are represented as mean ± SEM using 

Mann Whittney U tests. *(p < 0.05) 
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4.5 Discussion 

 

We have previously determined an optimal in vitro methodology to phenotype TRPM2 and 

CD38 surface expression on human NK cell subsets from HC participants using flow cytometry 

[516].  This current investigation is the first in vitro study to characterise TRPM2 and CD38 

surface expression on peripheral NK cell subsets from ME/CFS patients. This is also the first 

study to examine the pharmacological effect of 8-Br-ADPR and N6-Bnz-cAMP drug treatments 

on TRPM2 and CD38 surface expression, as well as NK cell cytotoxicity in ME/CFS patients. 

 

At baseline, TRPM2 surface expression was significantly higher in ME/CFS patients compared 

with HCs on CD56BrightCD16Dim/- and (Fig. 21A) and CD56DimCD16+ NK cells (Fig. 21B). 

These findings were also found at dual expression with CD38 on both NK cell subsets (Fig. 

21C,D). CD38 surface expression alone was reportedly higher in ME/CFS and HC participants 

(99%) on both NK cell subsets (Fig. 22A,B). However, when compared with dual expression 

with TRPM2, CD38 surface expression decreased to 22% (ME/CFS) and 6% (HC) on both 

subsets (Fig. 22C,D). This difference with co-expression is reflective of CD38’s additional 

functions, independent of TRPM2, such as cell adhesion, signal transduction and Ca2+ 

signalling. However, as CD38 surface expression did not differ between groups, our results 

highlight an overexpression of the TRPM2 ion channel within the ME/CFS group. In 

comparison to the reductions in TRPM3 surface expression reported in our previous findings 

[14, 483], we postulate that this overexpression in TRPM2 may function as a compensatory 

mechanism to alert a dysregulation in Ca2+ homeostasis within the NK cell. 

 

Ca2+ plays a fundamental role in intracellular signalling pathways, cell differentiation and cell 

division, apoptosis and transcriptional events [22–24]. Upon stimulation, Ca2+ permeable TRP 
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channels, such as TRPM2, generate changes in [Ca2+]i, by acting as Ca2+ gatekeepers via the 

PM. Notably, [Ca2+]iis important to sensitise TRPM2 for activation by ADPR resulting in a 

positive feedback loop and Ca2+ entry [275, 295].Changes in channel stoichiometry and 

assembly can induce significant dysregulations in Ca2+ mobilization [517, 518]. Thus, Ca2+ 

homeostasis requires a tight and meticulous regulation for efficient receptor functionality. An 

important Ca2+-dependent mechanism regulated by TRPM2 in NK cells is cytotoxic function.  

 

Although the underlying aetiology of ME/CFS remains unknown; a significant reduction in 

NK cell cytotoxicity is a consistent laboratory finding in ME/CFS patients compared with HCs 

[3-6], which was confirmed in this present study (Fig. 23). In the ME/CFS group, an 

improvement in NK cell function was expected in correlation to the overexpression of TRPM2 

as a compensatory mechanism. However, as baseline NK cell cytotoxicity was significantly 

reduced in ME/CFS patients compared with HCs, these results may suggest an impaired and/or 

faulty TRPM2 ion channel within the ME/CFS group. An impairment in the TRPM2 ion 

channel function may prevent thepermeabilization and influx of Ca2+ within the NK cell; 

resulting in a subsequent reduction in Ca2+ modulation and [Ca2+]i, thus leading to impaired 

Ca2+ -dependent mechanisms, including NK cell cytotoxicity.   

 

Following IL-2 stimulation, NK cell cytotoxicity significantly decreased within the HC group 

(Fig. 23). This was an unexpected outcome as previous investigations have reported 

enhancements in NK cell cytotoxicity following IL-2 stimulation [509-511]. However, an in 

vivo mouse study discovered that IL-2 rapidly lowers the activation threshold of NK cells to 

adhere and engage with their targets [511]. Moreover, NK cell responses did not augment post 

IL-2 in the presence of inhibitory receptor signalling, suggesting potential interactions of the 

IL-2R with integrin or activating-receptor signalling pathways [511]. An additional rationale 
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could reflect the limited culture time period (24hr), as most NK cell cultures range between 1-

2 weeks [519-523]. However, as fresh human peripheral NK cells were used, a longer culture 

time period was not preferential as NK cell purity significantly decreases to 40-50% [524]. 

Conversely, no change in NK cell cytotoxicity was observed post IL-2 stimulation within the 

ME/CFS group (Fig. 23), which reinforces a significant impairment in the TRPM2 ion channel. 

 

Interestingly, TRPM2 and CD38 surface expression significantly decreased after IL-2 

stimulation in ME/CFS patients (Fig. 22). However, this finding was only observed on the 

CD56DimCD16+ NK cell subset within the ME/CFS group (Fig. 21A,C). A possible rationale 

may involve downregulation the IL-2Rα on the CD56DimCD16+ subset, which has been 

suggested to reduce the ability for efficient CD56DimCD16+ NK cell activation and restoration 

of proliferative capability in response to IL-2 [509].  

 

Thus, a negative feedback mechanism, involving Ca2+, may be present between the IL-2Rα and 

TRPM2 and CD38 on CD56DimCD16+ NK cells in response to IL-2 as it has been proposed 

that IL-2 may induce the de novo expression of proteins that act between CD38 and the lytic 

machinery in NK cells [509]. The MAPK signalling pathway may be a potential candidate, as 

this pathway is activated by both IL-2 and major histocompatibility complex-1 receptor [391, 

525], and may mimic mediation of the Ca2+-dependent steps of NK cytotoxicity. Importantly, 

we have previously shown a significant change in the MAPK Ca2+ dependent pathways for NK 

lysis in ME/CFS patients [474, 483]. 

 

Pharmacologically, TRPM2 currents can be inhibited by altering the production of TRPM2 

secondary messengers, such as ADPR [254]. A former in vivo investigation evidenced  8-Br-
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ADPR as the sole secondary messenger to antagonise TRPM2 by blocking sustained tumour-

induced Ca2+ signals and degranulation by western blot and confocal microscopy [12]. 

 

Within our ME/CFS group, TRPM2 surface expression significantly decreased following 8-

Br-ADPR treatment (ADPR antagonist) on CD56BrightCD16Dim/- NK cells (Fig. 24A). 

Therefore, TRPM2 surface expression can be antagonised, but not effectively stimulated 

following agonists, such as N6-Bnz-cAMP (Fig. 24). Interestingly, this result differed with our 

previous TRPM3 surface expression findings following drug treatment from ME/CFS patients 

[14, 483]. Following 2-APB treatment (non-selective TRPM inhibitor), TRPM3 surface 

expression remained unchanged on both NK cell subsets. Conversely, pregnenolone sulfate 

(TRPM3 agonist) treatment significantly increased TRPM3 surface expression on both NK cell 

subsets. Together, these findings reinforce the importance of Ca2+ for efficient TRP channel 

activity and highlight a consistent Ca2+ signalling dysregulation caused by impairments in 

TRPM ion channel expression and activity in ME/CFS patients. Moreover, as 8-Br-ADPR was 

administrated with IL-2, the selective diminishment of the TRPM2 ion channel may be due to 

the upregulation of the IL-2Rα on the CD56BrightCD16Dim/- subset.  

 

Comparatively, no changes in NK cell cytotoxicity were observed in either group following 8-

Br-ADPR and N6-Bnz-cAMP treatment (Fig. 23). These results may reflect the limited 

availability of specific pharmacological drugs to modulate TRPM2 ion channels. An extensive 

list of pharmacological agents have been reviewed in the literature including: 8-Br-cADPR 

(cADPR antagonist) , 8-Br-ADPR (ADPR antagonist) , N6-Bnz-cAMP (indirect CD38 agonist) 

nifedipine, econazole [311], flufenamic acid , imidazole antifungal agents , anthranilic acid, N-

(p-amycinnamoyl)  and 2-APB . Unfortunately, majority of these molecules are insufficiently 
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potent and do not exhibit high TRPM2 specificity [254], which may explain the absent changes 

in NK cell cytotoxicity following drug treatment in both groups (Figure 22).  

 

An alternative rationale may involve different TRPM2 splice variants in ME/CFS patients. 

Within the literature, three primary TRPM2 isoforms have been established: SSF-TRPM2, 

TRPM2-ΔC and TRPM2-ΔN [272, 503]. Although the full-length TRPM2 can be activated by 

ADPR, NAD+ and H2O2, TRPM2 spliced isoforms cannot be significantly stimulated by these 

same activators [274, 526, 527]. Interestingly, Du et al., established that 10µM [Ca2+]i can 

activate TRPM2-N, TRPM2-C, and TRPM2-N/Cspliced isoforms in a concentration-

dependent manner. These results suggest that [Ca2+]i may serve as an alternative in vivo 

activator of both full and spliced isoforms of TRPM2, thus conferring their physiological 

functions [273]. Whether spliced isoforms can form functional channels remains to be 

determined [274, 526, 527]. 

 

Our results are considered preliminary due to our small sample size. Resultantly, our significant 

findings warrant further investigation with a larger cohort as a key future direction. 

Importantly, a significant limitation within ME/CFS research is the absence of an in vivo model 

and/or cell line to represent this multifactorial disorder. Conseqently, current in vitro 

methodologies are restricted to studying isolated cells from criteria-based ME/CFS patients. 

One method to target specific immunological pathways from patient cells is through 

pharmocological modulation. However, if the mechanism of action of these drugs is unknown 

or non-specific, severe limitations arise in the ability to analyse accurate and reliable data. 

Therefore, a vital future direction is the development of a pharmacotherapeutic drugs with high 

efficiacy and specificity to TRPM2. Access to these agents will enable the use of more 

sophisticated applications such as whole cell electrophysiology using patch clamp techniques. 
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Genetic methodologies are an additional future direction to understand the role of TRPM2 in 

Ca2+ signalling and NK cell function.  

 

Conclusion 

This pilot study is the first to identify and characterise TRPM2 and CD38 surface expression 

on human NK cell subsets in vitro from ME/CFS patients. This investigation is also the first to 

examine the effects of IL-2, 8-Br-ADPR and N6-Bnz-cAMP drug treatment on TRPM2 and 

CD38 surface expression, as well as NK cell cytotoxicity. These new findings revealed a 

significant overexpression of TRPM2 on NK cells in ME/CFS patients. An overexpression in 

TRPM2 may function as a compensatory mechanism to alert a dysregulation in Ca2+ 

homeostasis and improve NK cell function. However, as baseline NK cell cytotoxicity was 

significantly reduced in ME/CFS patients compared with HCs, an impairment in the TRPM2 

ion channel may result in alterations in [Ca2+]i, which is fundamental in driving NK cell 

cytotoxicity.  

 

Differential expression of TRPM2 between NK cell subtypes may provide evidence for their 

role in the pathomechanism involving NK cell cytotoxicity activity in ME/CFS. The clinical 

potential of these results to develop a biological marker and drug interventions is yet to be 

determined. 
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Due to the limited availability of potent pharmacological agents targeting TRPM2 ion channels, 

whole-cell patch clamp could not proceed for Study 3. Comparatively, TRPM3 possesses more 

potent and powerful pharmacological agents that have been routinely tested in vivo and in vitro. 

We have previously described significantly reduced TRPM3 ion channel function in ME/CFS 

patients compared with HC participants using whole-cell patch clamp [484, 485]. Given 

TRPM3 is an essential mediator for Ca2+ influx and Ca2+-dependent pathways, such as NK cell 

cytotoxicity, Study 3 aimed to assess whether impaired TRPM3 channel activity previously 

identified causes dysregulations in NK cell cytotoxicity following TRPM3 drug treatments in 

vitro.  
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CHAPTER 5 – STUDY 3 

TRANSIENT RECEPTOR POTENTIAL MELASTATIN 3 ION 

CHANNEL MODULATION OF CYTOTOXICITY OF NATURAL 

KILLER CELLS IN MYALGIC ENCEPHALOMYELTITIS/CHRONIC 

FATIGUE SYNDROME PATIENTS 

 

Balinas, C, Cabanas, H, R., Staines, D. and Marshall-Gradisnik, S, 2020.Transient receptor 

potential melastatin 3 ion channel modulation on cytotoxicity of natural killer cells in 

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome patients. Asian Pacific Journal of 

Allergy and Immunology (In Submission). 
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5.1 Abstract 

 

Background 

Myalgic Encephalomyelitis/ Chronic Fatigue Syndrome (ME/CFS) is a debilitating condition 

accompanied by reduced natural killer (NK) cell cytotoxicity, a mechanism tightly regulated 

by calcium (Ca2+).Transient receptor potential melastatin 3 (TRPM3) is a key thermosensitive 

and nociceptive channel fundamental for Ca2+ signalling in NK cells.  

 

Objective 

To examine the clinical presentation and in a moderate-severe CCC-defined ME/CFS group. 

Secondly, to measure NK cell cytotoxicity following TRPM3 drug treatmentswith PregS, 

nifedipine and ononetin in HC and ME/CFS patients.  

 

Methods 

Nineteen HC (43.00 ± 2.97) and fifteen ME/CFS patients (41.53 ± 3.23) were included. Isolated 

NK cells were labelled with fluorescent antibodies to determine NK cell purity by flow 

cytometry. NK cell cytotoxicity was measured at baseline, and post in vitro treatment with IL-

2, PregS, nifedipine and ononetin by flow cytometry. 

 

Results 

Baseline NK cell cytotoxicity was significantly reduced in ME/CFS patients compared with 

HC. Pain, cognitive difficulties, sleep disturbances, sensory impairments, thermostatic 

instability, light sensitivity, gastrointestinal distrubances and infectious triggers were 

significantly associated with reduced baseline NK cell cytotoxicity within the ME/CFS group. 
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No significant changes in NK cell cytotoxicity were found post IL-2, PregS, nifedipine and 

ononetin treatments between and within groups. 

 

Conclusion 

This pilot investigation revealed significant associations between baseline NK cell cytotoxicity 

and some unique clinical symptoms presentated by a moderate-severe ME/CFS cohort. A 

common feature shared amongst these unique symptoms is the involvemnent of TRP ion 

channels, in particular TRPM3. Collectively, these findings potentially suggest that TRPM3 

contributes to the reduced NK cell cytotoxicity and may facilitate these unique clinical 

symptoms presentated by patients. Unexpectedly, no change in NK cell cytotoxicity was found 

after IL-2 stimulation and TRPM3 drug treatments between and within groups. Development 

of NK cell hyporesponsiveness and the presence of TRPM3 isoforms may rationalise these 

results. Therefore, prior to further clinical and experimental investigations involving TRPM3 

dysfunction in ME/CFS, a vital future direction involves examination of TRPM3 isoforms on 

NK cells to determine their impact on TRPM3 channel activity, NK cell effector function and 

the clinical presentation of patients.  
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5.2 Introduction 

Myalgic Encephalomyelitis/ Chronic Fatigue Syndrome (ME/CFS) is a complex condition 

involving profound dysregulation of the central nervous system, immune system, 

cardiovascular system, cellular energy metabolism, and ion transport [2]. Diagnosis remains 

challenging in the absence of a clinical or laboratory test. Hence, current diagnosis relies on 

self-reported symptom-based criteria. Currently, the Fukuda case definition remains the most 

universally utilised criteria for research and clinical purposes [29]. However, a primary 

limitation of the Fukuda definition is that its criteria uses a polythetic approach for assessing 

symptomatology, which inevitably causes significant heterogeneity among patients diagnosed 

according to this criteria [39]. Resultantly, more specific case definitions have been established 

to improve diagnositic reliability by accounting for the occurrence of specific ME/CFS 

symptoms,such as the Canadian Consensus Criteria (CCC) [2].  

 

Currently, NK cells remain the most reliable cell model to accurately represent ME/CFS as  

reduced natural killer (NK) cell cytotoxicity is consistently detected in ME/CFS patients 

compared with healthy control (HC) [469]. NK cells are effector lymphocytes localised in 

peripheral blood, spleen, bone marrow and lymph nodes. Functionally, NK cells are 

responsible for recognising and responding to pathogen invasion and tumour development 

through cytotoxic processes [8].  NK cell cytotoxicity is stimulated by endogenous interleukins, 

including interleukin (IL)-2, which interestingly enhances lytic properties to target cells than 

resting NK cells [510, 511]. Importantly, NK cells require calcium (Ca2+) to regulate various 

cellular functions, such as cell differentiation, cell division, apoptosis, transcription, and 

cytotoxicity [10]. 
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Transient receptor potential melastatin 3 (TRPM3) is a transmembrane ion channel expressed 

in adipocytes, sensory glia, immune cells, pancreatic beta-cells, the kidney, eye, brain, pituitary 

gland, and cardiovascular system [321]. TRPM3 comprises a typical TRP structure with six 

transmembrane domains and a pore domain between the fifth and sixth transmembrane domain 

[11]. Both amino and carboxy termini are localised in the cytosol [11]. At least eight isotypes 

have been identified in the human TRPM3 gene demonstrating unique differences in Ca2+ 

permeabilities. Notably, the TRPM3α2 isotype is themost permeable to Ca2+ [321]. 

 

TRPM3 functions as a polymodal cell sensor by regulating “threat” signals via sensory 

transduction pathways [321]. Activating threat stimuli includes: pain, thermosensation, 

mechanosensation, pathogens, chemicals and perception of pungent chemicals (i.e. perfume). 

Additional biological functions include: insulin secretion by pancreatic beta-cells, regulation 

of neurotransmitter release, iris constriction, and tumour promotion [321]. TRPM3 channel 

activation opens the central pore to facilitate Ca2+ influx to raise intracellular Ca2+ 

concentration [Ca2+]i [321]. Resultantly, the extracellular signal-regulated protein kinase 

(ERK1/2) signalling cascade is activated by Protein Kinase C and Raf, in addition to the 

stimulus-responsive transcription factors activator protein 1, cyclic adenosine monophosphate 

response element-binding protein (CREB), early growth factor response 1 (Egr-1), and Elk-1, 

resulting in activation of various Ca2+-dependent biological functions, such as NK cell 

cytotoxicity [321]. 

 

The identification and characterization of endogenously expressed TRPM3 channels has relied 

heavily upon pharmacological modulation of TRPM3 channels. Pregnenolone sulfate (PregS) 

is currently the most selective TRPM3 agonist in the literature with an EC50 of 23µM [315]. 

Derived from cholesterol and a precursor for steroid hormones, PregS induces a rapid and 
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reversible activation of TRPM3 into the extracellular side of the plasma membrane [315]. 

Physiologically, PregS interacts with the central nervous system and immune system, which 

include improvement of memory and cognitive function, enhanced neuronal myelination, 

activation of neurotransmitter‐gated channels, modulation of glutamate–nitric oxide–

guanosine 3′,5′‐(cyclic) phosphate pathways, regulation of insulin secretion and the 

management of noxious pain [365]. 

 

A similar counterpart to PregS is 1,4-dihydropyridine nifedipine. Nifedipine is a L-type Ca2+ 

channel blocker clinically used for the treatment of cardiac arrhythmias, angina, hypertension 

and preterm labour [528]. Interestingly, nifedipine divergently acts as weak agonist against 

channels on non-excitable cells, including TRPM3 with an EC50 of 30µM [127]. Nifedipine 

binds with moderate potency as PregS, however binds at a different site which has not been 

identified [127]. 

 

We have previously identified five single nucleotide polymorphisms (SNPs) in NK cells which 

were associated with TRPM3 ion channel genes in ME/CFS patients [13]. Reduced TRPM3 

surface expression and Ca2+ influx has furthermore been identified on NK cells in ME/CFS 

patients [14]. Whole-cell patch clamp techniques have also reported a loss of TRPM3 ion 

channel function in NK cells from ME/CFS patients compared with HC following stimulation 

with PregS and nifedipine [485]. Given various TRPM3 dysregulations have been consistently 

reported in ME/CFS patients, this pilot investigation aimed to measure NK cell cytotoxicity 

following drug treatment with TRPM3 agonists, PregS and nifedipine, as well as ononetin 

(TRPM3 antagonist) in HC and ME/CFS patients. This study furthermore aimed to examine 

the clinical presentation of a moderate-severe CCC-defined ME/CFS group, specifically 

focusing on symptoms that may be related to TRPM3 function.  
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5.3 Methods 

Nineteen HC and fifteen ME/CFS patients were included for this pilot investigation. 

Participants were sourced from the National Centre of Neuroimmunology and Emerging 

Diseases for ME/CFS between May and October 2019. Participants were aged between 18 and 

60 years and all participants were age and sex matched. All ME/CFS patients previously 

received a confirmed medical diagnosis. Moderate and severe ME/CFS patients were screened 

using a comprehensive questionnaire corresponding with the CCC (Appendix 4). HC reported 

no incidence of fatigue and were in good health without evidence of illness. Participants were 

excluded if they were pregnant or breastfeeding, or reported a previous history of smoking, 

alcohol abuse or chronic illness (for example, autoimmune diseases, cardiac diseases and 

primary psychological disorders) or were morbidly obese (BMI ≥ 30). No participants reported 

use of pharmacological agents that directly or indirectly influence TRPM3 or Ca2+ signalling. 

Participants donated 85ml of whole blood in ethylendiaminetetraacetic acid (EDTA) tubes 

between 8:30am and 10:00am on the Gold Coast, Queensland, Australia. Full blood count was 

performed within 4 hours (hr) of blood collection for each participant. All participants provided 

written consent and the study was approved by the Griffith University Human Research Ethics 

Committee (HREC/15/QGC/63).  

 

5.3.1 Peripheral blood mononuclear cell isolation and natural killer cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by 

centrifugation over a density gradient medium (Ficoll-Paque Premium; GE Healthcare, 

Uppsala, Sweden) to separate granulocytes as previously described [490]. PBMCs were stained 

with trypan blue stain (Invitrogen Life Technologies, Carlsbad, CA, USA) to determine total 

cell count and cell viability and adjusted to a final concentration of 5x107 cells/ml. NK cells 

were isolated from PBMCs using an EasySep Negative Human NK Cell Isolation Kit (Stemcell 
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Technologies, Vancouver, BC, Canada). NK cell purity (Appendix 48) was measured 

following CD56-Pe-Cy7 (0.25µg/5µl) and CD3-APC-H7 (0.5µg/5µl) antibody staining 

(Becton Dickinson [BD] Bioscience, Miami, FL, USA) for 20minutes (min) at room 

temperature in the dark and acquired at 10,000 events using a LSR-Fortessa X20 flow 

cytometer (BD Biosciences, Miami, FL, USA).  

 

5.3.2 Interleukin-2 and TRPM3 drug treatment 

NK cells were stimulated with 20IU/ml of recombinant human IL-2 (specific activity 5x106 

IU/mg) (Miltenyi Biotech, BG, Germany), 30μM PregS (Tocris Bioscience, Bristol, UK) and 

30μM nifedipine (Sapphire Bioscience, NSW, Australia) per test. NK cells were incubated for 

24hr at 37oC with5% CO2 in Roswell Park Memorial Institute medium (RPMI)-1640 

(Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine 

serum (FBS) (Invitrogen Life Technologies, Carlsbad, CA, USA). Post 24hr treatment, cells 

were washed with 2ml of RPMI-1640 supplemented with 10% FBS and centrifuged at 250g 

for 5min. Supernatant was removed prior to NK cell cytotoxicity treatment. 

 

5.3.3 Natural killer cell cytotoxicity assay 

NK cytotoxic activity was conducted as previously described[14]. NK cells were labelled with 

Paul Karl Horan (PKH-26) (3.5µl/test) Sigma-Aldrich, St. Louis. MO, USA) for 5min and 

incubated with K562 cells for 4hr at 37oC with 5% CO2 in RPMI-1640 supplemented with 10% 

FBS. The concentration of NK cells and K562 cells was adjusted to 5x105 cells/ml and 

1x106cells/ml, respectively. During incubation, cells were combined at an effector target (E:T) 

ratio of 25:1, in addition to control samples. Control and IL-2 treated cells were stained using 

Annexin V (2.5µl/test) (BD Bioscience, Miami, FL, USA) and 7-AAD (2.5µl/test) (BD 

Bioscience, Miami, FL, USA) to determine apoptosis using flow cytometry analysis recording 
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10,000 events. NK cell cytotoxicity was calculated as percent specific death of K562 cells for 

the E:T ratio as previously described [14] and outlined below: 

 

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =  
(𝑒𝑎𝑟𝑙𝑦 𝑠𝑡𝑎𝑔𝑒 𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 + 𝑙𝑎𝑡𝑒 𝑠𝑡𝑎𝑔𝑒 𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 + 𝑑𝑒𝑎𝑑 𝐾562 𝑐𝑒𝑙𝑙𝑠)

𝐴𝑙𝑙 𝐾562 𝐶𝑒𝑙𝑙𝑠
× 100 

 

5.3.4 LSR Fortessa X-20 flow cytometry analysis 

Lymphocyte populations were identified using forward and side scatter dot plots. Exclusions 

were CD3+ cells and only CD3- lymphocytes were further used to characterise NK cell purity 

using CD56. NK cytotoxicity was measured as percentage of K562 cell death (%) based on 

positive Annexin V (BD Bioscience, Miami, FL, USA) and 7-AAD (BD Bioscience, Miami, 

FL, USA) surface expression. 

 

5.3.5 Statistical analysis 

Pilot data from this investigation were analysed using SPSS version 24 IIBM Corp, Version 

24, Armonk, NY, USA) and GraphPad Prism, version 7 (GraphPad Software Inc., Version 7, 

La Jolla, CA, USA). Skewness and kurtosis tests were conduced to determine data normality. 

The independent Mann-Whitney U test was performed to determine the statistical significance 

between groups for TRPM3 parameters on NK cells. Converesely, the Kruskall Wallis H test 

was used to determine significance within groups for TRPM3 parameters on NK cells. The 

Mann-Whitney U test was used as a post-hoc test to determine significance between groups. 

The Dunn’s test was applied to correct for multiple comparisons. Significance was set at P < 

0.05 and the data are presented as mean ± SEM unless otherwise stated.  
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5.4 Results 

  

A total of 34 participants (19 HC and 15 ME/CFS) were included for this present study. No 

significant differences in age, gender, and BMI were reported between groups (Table 7). A 

significant proportion of ME/CFS patients reported lack of full-time work due to their disability 

(86.7%) (Table 7). No significant differences were observed between groups for education 

status, smoking status and psychological comorbidity (Table 7). ME/CFS patients reported a 

significantly higher consumption of medications (Table 7). Full blood count parameters were 

measured for each participant. All participant results were within the specified reference ranges 

for each parameter and there were no significant differences between groups for these reporting 

parameters (Table 7). 
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5.4.1 Table 7: Demographic and serology results between HC and ME/CFS patients 

Category Item HC ME/CFS p value 

 

 

General demographics 

Mean age (years) ± SEM 43.00 ± 2.97 41.53 ± 3.23 0.632 

Gender   

0.932 Male (N, %) 6 (31.58) 5 (33.33) 

Female (N, %) 13 (68.42) 10 (66.67) 

BMI (kg/m2) ± SEM 24.4 ± 0.90 24.1 ± 0.90 0.891 

 

 

 

Work Status (N, %) 

Full Time 14 (73.47) 0 (0.00) <0.0001*** 

Part Time 3 (15.80) 1 (6.70) 0.635 

Casual 1 (5.30) 1 (6.70) 0.961 

Unemployed  1 (5.30) 0 (0.00) 0.806 

Disability  0 (0.00) 13 (86.70) <0.0001*** 
 

 

 

Education (N, %) 

Primary Education 0 (0.00) 0.0 (0.00) 1.000 

High School 3 (15.80) 3 (20.00) 0.635 

Undergraduate 7 (36.80) 4 (26.70) 0.567 

Postgraduate/Doctoral 7 (36.80) 3 (20.00) 0.367 

Other 2 (10.50) 5 (33.30) 0.301 

 

 

Smoking Status (N, %) 

Smoking 0 (0.00) 0 (0.00)  

1.000 Non-smoking 19 (100.0) 15 (100.0) 

 

Medications Yes 7 (36.84%) 13 (86.67%) 0.004** 

No 12 (80.00%) 2 (13.33%) 

 

Psychological comorbidity 

(N, %) 

Yes 0. (0.00) 0 (0.00)  

1.000 No 19 (100.0) 15 (100.0) 

 

 

 

 

 

 

Serology report 

WBC (x 109/L) 6.29 ± 0.36 6.10 ± 0.32 0.537 

Lymphocytes (x 109/L) 1.84 ± 0.13 1.98 ± 0.10 0.256 

Neutrophils (x 109/L) 3.63 ± 0.30 3.44 ± 0.24 0.515 

Monocytes (x 109/L) 0.46 ± 0.04 0.44 ± 0.03 0.811 

Eosinophils (x 109/L) 0.17 ± 0.20 0.20 ± 0.05 0.891 

Basophils (x 109/L) 0.05 ± 0.01 0.04 ± 0.01 0.256 

Platelets (x 109/L) 247 ± 12.6 249 ± 10.5 0.732 

RBC (x 1012/L) 4.82 ± 0.14 4.79 ± 0.12 0.945 

Haematocrit (x 109/L) 0.43 ± 0.01 0.43 ± 0.01 0.811 

Haemoglobin (x 109/L) 141 ± 2.96 144 ± 3.44 0.656 

Table 7: Demographic and serology results between groups. HC =healthy control; ME/CFS 

=myalgic encephalomyelitis/chronic fatigue syndrome; BMI =body mass index; RBC =red 

blood cell; SEM =standard error of the mean; WBC =white blood cell. Data are represented as 

mean ± SEM using Mann Whittney U tests, in addition to number and percentages. **(p<0.01), 

***(p<0.001) 
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5.4.2 Table 8: Sample onset characteristics of moderate-severe CCC-defined ME/CFS 

patients 

The mean age of onset of ME/CFS patients was 25.6 years. On average, patients were 

diagnosed at 31.1 years, accompanied by a duration of illness of 15 years. Majority of patients 

also exhibited a sudden onset period to their symptoms (92.9%). Nearly all patients (93.3%) 

identified an infectious trigger prior to the onset of their fatigue. Conversely, 66.6% of patients 

reported a non-infectious trigger prior to the illness onset.  

 Descriptive ME/CFS 

Age of onset (years), mean ± SEM 25.6 ± 2.96 

Age of diagnosis (years), mean ± SEM 31.1 ± 2.89 

Duration of illness (years), mean ± SEM 15.0 ± 3.23 

Onset period, n (%) 

Sudden 

Gradual 

 

13.0 (92.9) 

1.00 (7.90) 

Infectious triggers, n (%) 

Glandular Fever  

Measels  

Mumps 

Ross River Virus 

Laryngitis 

Influenza A 

Other (including flu shot and contaminated water) 

14.0 (93.3) 

9.00 (64.3) 

4.00 (28.6) 

2.0 (14.3) 

1.0 (7.1) 

1.0 (7.1) 

1.0 (7.1) 

1.0 (7.1) 

Non-infectious triggers, n (%) 

Chemicals (including cleaning products, petrol and cigarette) 

Scents (including perfume and essential oils) 

Skin Care products (including soap and moisturiser) 

Mould 

Other (including grass, eucalyptus, acacia trees and cat hair) 

10.0 (66.6) 

8.00 (80.0) 

8.00 (80.0) 

3.00 (30.0) 

2.00 (20.0) 

1.00 (10.0) 

Table 8: Sample onset characterics of ME/CFS patients.ME/CFS =myalgic 

encephalomyelitis/chronic fatigue syndrome; SEM =standard error of the mean. Data are 

represented as mean ± SEM and numbers and percentages.  
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5.4.3 Table 9: Quality-of-life and disability scores between groups 

The 36-Item Short Form Survey (SF-36) and World Health Organizations Disability 

Assessment Schedule (WHODAS) were used to determine participant health-related-quality of 

life measures [529, 530]. ME/CFS patients reported greater impairment compared with HC in 

all SF-36 and WHODAS subscales (lower score indicate greater impairment; P < 0.001). 

Item Category HC ME/CFS p value 

  

 

SF-36 

Pain (%) 90.66 ± 2.17 47.50 ± 7.10 <0.001*** 

Physical Functioning (%) 96.84 ± 1.16 27.67 ± 4.70 <0.001*** 

Role Physical (%) 96.38 ± 1.81 10.83 ± 2.69 <0.001*** 

General Health (%) 75.44 ± 3.04 28.33 ± 3.46 <0.001*** 

Social Functioning (%) 94.74 ± 2.40 23.06 ± 5.30 <0.001*** 

Emotional Wellbeing (%) 77.62 ± 2.62 35.07 ± 3.47 0.011*** 

 

 

WHODAS 

Cognitive (%) 4.83 ± 1.50 47.27 ± 5.79 <0.001*** 

Mobility (%) 0.26 ± 0.26 45.06 ± 6.80 <0.001*** 

Self-care (%) 0.66 ± 0.66 29.63 ± 6.25 <0.001*** 

Interpersonal Relationships 2.32 ± 1.19 40.08 ± 6.27 <0.001*** 

Life Activities 4.28 ± 1.85 62.19 ± 7.91 <0.001*** 

Participation in Society 2.63 ± 1.33 51.90 ± 6.50 <0.001*** 

Table 9: Quality-of-life and disability scores between groups.  HC = healthy control; ME/CFS 

= myalgic encephalomyelitis/chronic fatigue syndrome; SEM = standard error of the mean; 

SF-36 = short-form health survey; WHODAS = world health organisation disability assessment 

schedule. Data are represented as mean ± SEM using Mann Whittney U tests. ***(p<0.001) 
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5.4.4 Table 10: ME/CFS Symptom Characteristics 

All 15 of our ME/CFS patients reported symptoms that met the CCC diagnostic criteria without 

exclusionary conditions. Pain, cognitive difficulties and sleep disturbances were the most 

reported symptoms, followed by sensory, perceptual and motor disturbances, thermostatic 

instability and gastrointestinal disturbances. 

Symptom Characteristics Symptom Severity Number of patients 

Pain (N, %) None-severe 15 (100) 

Cognitive Difficulties (N, %) None-severe 15 (100) 

Sleep Disturbances (N, %) None-severe 15 (100) 

Sensory, perceptual, and motor disturbances (N, %) 

Light Sensitivity  

None-severe 14 (93.3) 

11 (78.6) 

Thermostatic Instability (N, %) 

Sweating Episodes 

Cold Extremities 

None-severe 13 (86.7) 

9 (69.2) 

6 (46.2) 

Gastrointestinal Disturbances (N, %) None-severe 13 (86.7) 

Immunological (N, %) None-severe 8 (53.3) 

Respiratory Difficulties (N, %) None-severe 8 (53.3) 

Cardiovascular Symptoms (N, %) None-severe 6 (40.0) 

Genitourinary (N, %) None-severe 5 (33.3) 

Table 10: Symptom characterisics reported by CCC-defined ME/CFS patients. Data are 

represented as numbers and percentages for each symptom.  
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5.4.5 Table 11: Association between reduced baseline NK cell cytotoxicity and 

ME/CFS symptom characteristics 

Within the ME/CFS group, pain, cognitive difficulties, sleep disturbances, sensory, perceptual, 

and motor disturbances, thermostatic instability, light sensitivity, gastrointestinal disturbances 

and infectious triggers were significantly associated with baseline NK cell cytotoxicity. 

Symptom Characteristic N Mean Rank 

Difference 

p value 

Baseline Lysis vs. Pain 15 -82.00 <0.0001**** 

Baseline Lysis vs. Cognitive Difficulties 15 -82.22 <0.0001**** 

Baseline Lysis vs. Sleep Disturbances 15 -82.00 <0.0001**** 

Baseline Lysis vs. Sensory, perceptual, and motor disturbances 15 -74.00 0.0002** 

Baseline Lysis vs. Thermostatic Instability 15 -42.00 0.0334* 

Baseline Lysis vs. Sweating 15 -34.00 0.0850 

Baseline Lysis vs. Cold Extremities 15 -10.00 0.6124 

Baseline Lysis vs. Light Sensitivites 15 -50.00 0.0113* 

Baseline Lysis vs. Gastrointestinal Disturbances 15 -66.00 0.0008** 

Baseline Lysis vs. Immunological 15 -26.00 0.1878 

Baseline Lysis vs. Respiratory Difficulties 15 -26.00 0.1878 

Baseline Lysis vs. Cardiovascular Symptoms 15 -10.00 0.1624 

Baseline Lysis vs. Genitourinary 15 -2.000 0.9193 

Baseline Lysis vs Infectious Trigger 15 -78.00 0.0002** 

Baseline Lysis vs. Non-infectious Trigger 15 -35.50 0.0925 

Table 11: Associations between reduced baseline NK cell cytotoxicity and symptom 

characteristics in ME/CFS patients. Data are represented using Kruskall Wallis H tests and 

Mann Whittney U tests.  *(p<0.05), **(p<0.01), ****(p<0.001) 
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In addition to the symptom characteristics outlined in the CCC case definition, reduced NK 

cell cytotoxic function is a consistent immunological parameter found in ME/CFS patients 

compared with HC. NK cell cytotoxicity was measured through a 4-hour (E:T) ratio assay with 

K562 cells by flow cytometry. Treated NK cell cytotoxicity was furthermore quantified 

following IL-2, PregS, nifedipine and ononetin treatment for 24 hours.   

 

5.4.6 Figure 25: Baseline and treated NK cell cytotoxicity between groups.  

A significant reduction in NK cell cytotoxicity was observed at baseline in ME/CFS patients 

compared with HC. No significant differences in NK cell cytotoxicity were observed between 

or within groups post IL-2 and TRPM3 drug treatments (Figure 25). 
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Fig. 25 NK cell cytotoxicity pre- and post- TRPM3 drug treatments. NK cell cytotoxicity 

was measured at (a) baseline and after (b) IL-2 stimulation between HC participants [grey] and 

ME/CFS patients [black]. All drug conditions contained 20IU/ml IL-2 and NK cells were 

treated with drugs for 24hr. Treated NK cell cytotoxicity was furthermore measured following 

(c) PregS (30µM), (d) PregS (30µM) and ononetin (3µM), (e) nifedipine (30µM), and (f) 

nifedipine (30µM) and onnetin (3µM) drug treatments. HC = healthy control; IL-2 = 

Interleukin-2; ME/CFS = Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; PregS = 

Pregnenolone sulfate. Data are represented as mean ± SEM using Kruskall Wallis H tests and 

Mann Whittney U tests. *(p < 0.05) 
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5.5 Discussion 

We have previously identified significant genetic variations associated with TRPM3 [13] and 

reduced TRPM3 surface expression on NK cells in ME/CFS patients compared with HC [14, 

531]. Furthermore, we have determined a significant loss of TRPM3 ion channel function on 

NK cells in ME/CFS patients compared with HC [485]. Due to these dysregulations involving 

TRPM3, this pilot investigation aimed to measure NK cell cytotoxicity following in vitro 

treatment with TRPM3 agonists, PregS and nifedipine, as well as ononetin (TRPM3 antagonist) 

in HC and ME/CFS patients. Secondly, this study aimed to examine the clinical presentation 

of ME/CFS patients, focusing on symptoms that may be related to TRPM3 function in a 

moderate-severe CCC-defined ME/CFS cohort. In conjunction with laboratory 

experimentation, examining patient’s clinical history and symptoms will help translate our 

scientific findings to further understand the aetiology and unique clinical presentation of 

ME/CFS. 

 

The mean age of our ME/CFS group was 41.53 years and all were within the healthy BMI 

weight range (Table 7). A higher percentage (66.67%) of patients were female (Table 7) which 

is commonly reported in ME/CFS [49]. Genetic, hormonal, reproductive and neurometabolic 

factors have been proposed to elucidate the higher female susceptibility, however this 

differentiation remains undefined [47]. A significant proportion of ME/CFS patients reported 

lack of full-time work due to their disability (86.7%) (Table 7). Eighty percent of ME/CFS 

patients completed an undergraduate, postgraduate/doctoral or training qualification prior to 

the illness onset, however no significant differences were observed between groups (Table 7). 

Moreover, ME/CFS patients significantly consumed more medications, primarily consisting of 

supplementations (Table 7). The age onset of our ME/CFS patients was relatively young at 

25.6 years (Table 8). The average age of diagnosis was 31.1 years, accompanied by an average 
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illness duration of 15 years (Table 8). As previously reported [532, 533], 92.9% of ME/CFS 

patients exhibited a sudden onset, primarily involving an infectious trigger (93.9%) (Table 8). 

Conversely, sensitivity to chemicals and scents were the most common non-infectious triggers 

reported by ME/CFS patients (66.6%) (Table 8)  [534]. ME/CFS patients also reported greater 

(p<0.001) disability across all six WHODAS domains, and greater (p<0.001) impairment in all 

SF-36 subscales (Table 9) as previously described [535, 536].All ME/CFS patients reported 

symptoms that met the CCC diagnostic criteria without exclusionary conditions. Although 

debilitating chronic fatigue is the hallmark symptom of ME/CFS, five out of eight of the minor 

symptoms are pain related [2]. Pain, cognitive difficulties and sleep disturbances were 

identified as the top symptom categories reported by all fifteen ME/CFS patients (Table 10), 

which has been previously reported [534]. Sensory, perceptual and motor disturbances (93.3%) 

was the second most commonly reported symptom category, followed by thermostatic 

instability (86.7%) and gastrointestinal disturbances (86.7%) (Table 10).  

 

In addition to exhibiting  distinct symptom characteristics, reduced NK cell cytotoxicity is a 

consistent immunological parameter found in ME/CFS patients compared with HC [469], 

which was confirmed in this pilot study (Figure 25). Given the symptom characteristics of our 

ME/CFS patients were collected at baseline, potential relationships between baseline NK cell 

cytotoxicity and the clinical presentation of patients were analysed.  

 

As illustrated in Table 11, several significant associations were determined with baseline NK 

cell cytotoxicity within the ME/CFS group. These included: pain (p<0.0001), cognitive 

difficulties (p<0.0001), sensory, perceptual and motor disturbances (p<0.0001), thermostatic 

instability (p<0.0002), light sensitivity (0.0334), gastrointestinal distrubances (p<0.0008), and 

infectious triggers (p<0.0002). These results suggest that reduced NK cell cytotoxic function 
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is associated with some symptoms clinically presentated by CCC-defined ME/CFS patients. 

Interestingly, a common feature shared amongst these symptom characteristics is TRPM3, 

whereby TRPM3 is activated upon multiple “threat” stimuli, such as pain, temperature, stretch, 

vibration, pathogens and chemicals [290].  

 

TRPM3 is highly expressed in the sensory system and is a key thermosensitive nociceptor 

channel implicated in the detection of noxious heat [351]. Vriens et al., examined TRPM3 

activation and pain by quantifying nocifensive behaviours in TRPM3+/+ and TRPM3-/- mice. 

Interplantar injection of PregS in TRPM3+/+ mice evoked vigorous licking and lifting of the 

hindpaw. Conversely, TRPM3-/- mice completely lacked this nocifensive response to PregS 

[351].  

 

Systematic expression analyses have also determined strong TRPM3 expression in the brain 

within various neuronal cell types. Hoffman et al. found TRPM3 expression in 

oligodendrocytes at the onset of myelination into adulthood [537]. TRPM3 activation triggered 

a significant increase in [Ca2+]i, highlighting the importance of TRPM3 channels in 

oligodendrocyte differentiation and CNS myelination [537].  Another study reported abundant 

expression of TRPM3 steroid-sensitive channels in the developing cerebellar cortex, as well as 

at glutamatergic synapses in rat neonatal Purkinje cells (PCs) [354]. This study confirmed that 

TRPM3 channels are novel modulators of glutamatergic transmission in the developing brain. 

TRPM3-like channels modulated the effects of PregS with glutamate, whereby PregS catalysed 

a spontaneous release of glutamate onto neonatal PCs during active glutamatergic synapse 

formation. This potentiated effect was mimicked by other TRPM3 agonists, such as nifedipine, 

and was blocked by mefenamic acid. Moreover, TRPM3 channel activation following PregS 
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stimulation has demonstrated to improve memory, cognitive function, mental alertness and 

awareness, as well as stage IV sleep [538]. 

TRPM3 is also strongly expressed in several parts of the eye, such as the retina, iris, lens, and 

ciliary body [290]. Specifically in the ciliary body, TRPM3 has demonstrated to indirectly 

mediate pupillary light responses, whereby TRPM3-/- mice exhibited reduced consensual 

pupillary responses to light [356]. TRPM3 has furthermore been detected in the pancreas and 

mouse pancreatic islets [127, 316, 319].  

 

Pancreatic β cells express PregS-sensitive channels that share various pharmacological and 

biophysical properties of recombinant TRPM3 channels, such as sensitivity to nifedipine [127]. 

Previously, PregS has shown to mediate a large Ca2+ surge in pancreatic islets in a TRPM3-

dependent manner, which can be blocked by mefenamic acid [346]. Administration of PregS 

and CIM0216 has also been shown to trigger a rapid influx of Ca2+ as well as enhance insulin 

secretion from pancreatic β cells and pancreatic islets [315]. In ME/CFS patients, we have 

previously identified a significant reduction in TRPM3 ion channels and muscarinic 

acetylcholine M3 receptors on mucosal lymphocytes from small intestinal biopsy samples 

[539]. 

 

Finally, TRPM3 is highly activated by heat (37°C) and underlies heat sensitivity properties 

[250]. Vriens et al., determined a strong deficit in the detection of noxious heat stimuli in 

TRPM3-/- mice evidenced by prolonged reaction latencies via tail immersion and hot plate 

assays [351]. Reduced avoidance of hot temperature zones in the thermal gradient and thermal 

preference tests was also observed in TRPM3-/- mice. Furthermore, TRPM3+/+ mice exhibited 

reduced heat response latency following an inflammatory challenge, indicative of heat 
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hyperalgesia, but was absent in TRPM3-/- mice [351]. A significant loss of thermostatic 

stability has been previously reported in ME/CFS patients [34, 533]. 

 

Collectively, these previous findings highlight an association between reduced NK cell 

cytotoxicity and some key clinical symptoms presentedby ME/CFS patients, which may be 

contributed by  TRPM3.Given reduced NK cell cytotoxicity is the most consistent laboratory 

finding in patients, NK cell cytotoxic function was measured via flow cytometry following 

TRPM3 drug treatments in vitro.  

 

Ion channel functionality has heavily relied on pharmacological modulation to quantify Ca2+ 

influx and oscillations in [Ca2+]i. Currently, PregS is the most potent pharmacological agonist, 

however is not solely selective to  TRPM3 [127]. Therefore, nifedipine is routinely used as a 

positive control to confirm TRPM3 channel activation. Comparable to PregS, nifedipine also 

binds from the extracellular side of TRPM3 at a different site, which remains undetermined, as 

both compounds are capable of synergistically activating TRPM3 [127]. 

 

Between groups, a significant reduction in NK cell cytotoxicity was observed after IL-2, PregS 

and nifedipine drug treatments (Figure 25). However, between the control (IL-2 alone) and 

TRPM3 drug treatments (PregS and nifedipine), no significant changes in NK cell cytotoxicity 

were observed within each group (Figure 25). Similarily, subsequent blocking with ononetin 

after PregS and nifedipine treatments ineffectively reduced NK cell cytotoxicity (Figure 25). 

Taken together, these findings highlight that the TRPM3 ion channels may not have 

significantly responded to the drug treatments within both the HC and ME/CFS groups. 

Importantly, as no significance was obtained within each group for all treatment conditions, 

the significance between the groups represents baseline NK cell cytotoxicity. Given no 
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significant changes in NK cell cytotoxicity were observed between the control and TRPM3 

drug-treated conditions within the HC group, it is difficult to accurately draw conclusions 

regarding the treated cytotoxicity results within the ME/CFS group. For the control condition 

(IL-2 alone), NK cell cytotoxicity was expected to significantly increase from baseline as NK 

cells stimulated with IL-2 have previously exhibited enhanced cytotoxic potential as opposed 

to resting NK cells by acquiring lymphokine-activated killing (LAK) properties.These results 

were unexpected as we have previously reported a significant reduction in TRPM3 ion channel 

function in ME/CFS patients using whole-cell patch clamp technologies [484, 485]. A possible 

rationale to explain these results may involve the sensitivity and selectivity between both 

experimental techniques.  

 

Flow cytometry can measure cell surface expression of receptors and ion channels, as well as 

cellular function downstream these cellular targets, such as NK cell cytotoxicity. The NK cell 

cytotoxicity assay quantifies the overall killing function of the NK cell following co-incubation 

with foreign cells, such as tumor and viral-infected cells. For baseline cytotoxicity, this assay 

is measured over a four-hour incubation period. This experimental duration is longer when 

cells are treated with stimulants (i.e. IL-2) and/or drugs. Resultantly, cell death is measured by 

calculating the total number of apoptotic and dead K562 cells minus the total live K562 cell 

count. Conversely, whole-cell patch clamp measures ion channel conductance and activity at a 

single and specific time point. Therefore, the latter experiment provides a more specific and 

targeted approach in investigating a specific intracellular signalling pathway of interest. 

 

Given Ca2+ homeostasis is a complex and tightly regulated system, additional Ca2+-dependent 

signalling pathways may have been activated to regulate and recover homeostatic Ca2+ levels 

within the NK cells. SOCE is one major pathway that regulates Ca2+ influx and homeostasis to 
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mediate efficient cellular signalling processes, including NK cell cytotoxicity. An additional 

Ca2+ homeostasis pathway is also regulated within the mitochondria involving electroneutral 

antiporters, Na+/Ca2+ exchanger and H+-Ca2+ exchanger, to prevent an electrochemical 

disequilibrium. Possibly due to the extensive experimental timeframe of the treated NK cell 

cytotoxicity assay, the TRPM3 signal may have been reduced or lost following a potential 

Ca2+-regulatory pathway. Consequently, this “restorative” activity may have modulated 

activation of downstream Ca2+-dependent steps, such as ERK1/2 and MAPK, both of which 

are essential for efficient NK cell cytotoxicity. Therefore, this study provides valuable insight 

pertaining to the sensitivity of the NK cell cytotoxic assay and its ability to provide 

representative data using effective pharmacological drugs over an extensive experimental 

timeframe. Importantly, this pilot investigation warrants the identification of alternative 

experiments to determine the channel mediators involved in the reduced NK cell cytotoxic 

profile in ME/CFS patients. 

 

Although IL-2 has been shown to activate NK cells in vitro, some studies remain inconclusive 

regarding the ability of IL-2 to efficiently enhance cytotoxic processes. A previous 

investigation assessed the contribution of several activation receptors (CD16, NKp46, 

NKG2D, CD244, CD226 and CD2) on human NK cells [409]. Following 4 days of IL-2 

stimulation, up to 20% more K562 cells were lysed by IL-2 stimulated NK cells. However, the 

resting NK cells lysed K562 cells to a similar degree and were not inherently less responsive, 

indicating that resting NK cells are fully capable of mediating natural cytotoxicity, if provided 

with sufficient activation signals. Between resting and IL-2 stimulated NK cells, comparable 

results were obtained for intracellular staining of perforin, as well as surface expression of 

majority of the activating receptors investigated.  
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A more recent publication determined that IL-2 stimulation mediates NK cell proliferation but 

not hyperactivity [540]. Although IL-2 demonstrated to increase the surface expression of NK 

cell activation marker, NK1.1, IL-2 stimulation did not cause hyperresponsiveness as only a 

0.2fold increase in MIP-1α and IFN-γ was observed compared to unstimulated controls. 

Additionally, IL-2 increased the expression of the inhibitory marker, Ly49A, but not Ly49C 

and Ly49D. It was hypothesised that this unchanged expression of inhibitory markers 

employed by the immune system is to ensure that proliferative stimulation of NK cells does 

not eventuate into NK cell hyperresponsiveness, resulting in potentially deleterious actions to 

self-cells. Collectively, these results highlight that IL-2 can efficiently enhance NK cell growth 

and proliferation, as well as modulate the surface expression of some activation and inhibitory 

markers. However, the increase in NK cell cytotoxicity caused by IL-2 stimulation is quite 

small in comparison to resting NK cells, which may explain the data collected in this pilot 

investigation within the HC group.  

 

Another rationale may involve the presence of different receptors to IL-2. The IL-2 receptor 

(IL-2R) comprises three forms generated by different protein or “chain” combinations. The α 

(alpha) (also called IL-2Rα) possesses the lowest affinity and is formed between IL-2 binding 

to a single CD25 or CD122. The β (beta) (also called IL-2Rβ) exhibits intermediate binding 

affinity with the CD25/CD122 heterodimer, and the strongest binding affinity is evidenced 

with the IL-2Rαβγ tricomplex or CD132 [541]. Resting NK cells express CD122 and CD132 

receptor components that can respond to high concentrations of IL-2 [542]. Due to this receptor 

diversity, the ineffective cytotoxic responses to IL-2 within both groups may be explained by 

the differing binding affinities of the IL-2R. Investigating the presence of different IL-2 

receptors on NK cells in ME/CFS patients and HC is a possible future direction to be considered 
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if additional research data consistently presents ineffective NK cell cytotoxicity following IL-

2 stimulation. 

 

Alternatively, the presence of TRPM3 spliced variants on the NK cells in ME/CFS patients 

could rationalise our results. Within the TRP family, the TRPM3 gene is unique as it encodes 

the largest number of isoforms [290]. The majority of different TRPM3 isoforms originate 

from alternative splicing within internal splice sites, generating an extensive number of unique 

TRPM3 proteins. The TRPM3 gene encodes more than ten variants [318, 543] and is divided 

into α and β groups based on the variation of the N-terminal [544]. The TRPM3α1 variant 

demonstrates low Ca2+ permeability as well as other divalent cations. Comparatively, 

theTRPM3α2 is characterised with high permeability for divalent cations, such as Mg2+ and 

Ca2+. Importantly, most studies that employ heterologously overexpressed TRPM3, as well as 

most pharmacological activators and inhibitors of TRPM3 channels have been investigated 

solely with the TRPM3α2 isoform (Table 3).  

 

Recently, Uchida et al., identified and classified a new TRPM3 variant, named TRPM3γ [544]. 

mRNA expression of TRPM3γ was significantly higher than TRPM3α2 variants in the mouse 

dorsal root ganglion. In HEK293 cells, [Ca2+]i induced by PregS or nifedipine was significantly 

smaller in TRPM3γ expressing cells compared to TRPM3α2. Moreover, co-expression of 

TRPM3γ had no effect on [Ca2+]i increases induced by PregS or nifedipine treatment of 

HEK293 cells expressing TRPM3α2, indicating that TRPM3γ variants possess lower channel 

activity compared to TRPM3α [544]. 

 

Given TRPM3 isoform variants exhibit significant variability in permeability to divalent 

cations, such as Ca2+, their presence may be a contributing factor for the reduced NK cell 

cytotoxicity at baseline within the ME/CFS group. However, given no significant differences 
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in treated NK cell cytotoxicity were found within the HC group, it is difficult to draw a 

hypothesis regarding the presence of TRPM3 isomers within the NK cells of ME/CFS for the 

treated NK cell cytotoxicity results after TRPM3 drug modulation. Therefore, a critical future 

direction involves the investigation of TRPM3 isoforms and their influence on NK cell 

cytotoxicity in ME/CFS patients. Moreover, as the immune system functions as a complex and 

intewined network, an impairment in a single channel or receptor, such as TRPM3, inevitably 

impacts neighbouring channels and/or receptors. Therefore, examination of additional TRP 

channels that exhibit similar functional properties with TRPM3, such as thermoTRPs (i.e. 

TRPA1, TRPM2, TRPM8, TRPV1, TRPV2 and TRPV4) is an additional future directionto 

determine potential synergistic interactions  between TRP channels on NK cells, as well as 

examine their synergistic effect on TRP channel activity and NK cell effector functions in 

ME/CFS patients and HC.  

 

Furthermore, it is important to highlight that majority of the studies employing heterologously 

expressed TRPM3 have been conducted in mouse models. Currently, there is no animal model 

or cell line that accurately represents ME/CFS. Following strict application of specific case 

definitions, such as the CCC and ICC, isolating immune cells from patients is the most feasible 

and reliable methodology to investigate this complex and multifactorial disorder. Given 

reduced NK cell cytotoxicity is currently the only consistent finding detected in patients, NK 

cells remain the most appropriate cell model to study ME/CFS.  

 

Due to this limitation, the previous TRPM3 findings in mice may not be completely translatable 

to humans and may explain our unexpected results. However, the pharmacology of TRPM3 

agonists for human and mouse TRPM3 is remarkably similar as no significant species 

differences have been reported to date [127, 370]. Therefore, until an appropriate animal and/or 
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cell model has been established a future direction to confim this possible discrepancy is to 

measure symptom characteristics, such as nociceptive pain and thermoregulatory responses in 

ME/CFS patients and assess the subsequent impact on NK cell cytotoxicity. . Another future 

direction is to include additional severity cohorts (i.e. mild ME/CFS group) and compare the 

clinical presentation and cytotoxic results to determine whether these significant associations 

are maintained or are associated with alternative symptoms. Conducting both quantitative and 

qualitative tests will facilitate accurate validation of TRPM3’s role in the pathophysiology of 

ME/CFS.  

 

Importantly, our results are considered preliminary due to our small sample size. Thus, our 

significant findings warrant further investigation with a larger cohort. Lastly, our results 

highlight no improvement in NK cell cytotoxicity following in vitro treatment of nifedipine in 

ME/CFS patients. Given nifedipine mediates divergent effects dependent on cell type and route 

of administration, the therapeutic value of nifedipine for ME/CFS requires further clinical 

evaluation in vivo. 

 

5.6 Conclusion 

This pilot investigation seeked to reaffirm TRPM3 dysfunction as a critical component in the 

aetiology and pathomechanism of ME/CFS. As previously reported, reduced NK cell 

cytotoxicity was determined in the ME/CFS group. Within the ME/CFS group, pain, cognitive 

difficulties, sleep disturbances, sensory impairments, thermostatic instability, light sensitivity, 

gastrointestinal disturbances and infectious triggers were significantly associated with baseline 

NK cell cytotoxicity. Given TRPM3 is a major contributor in Ca2+ signalling pathways, such 

as NK cell cytotoxicity, TRPM3 was identified as a shared feature between these symptom 

categories, suggesting that TRPM3 may contribute towards the reduced NK cell cytotoxicity, 
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as well as facilitate the unique symptoms clinically presentated by ME/CFS patients. However, 

the TRPM3 ion channels did not effectively respond to PregS, nifedipine and ononetin drug 

treatments due to no significant differences in NK cell cytotoxicity between and within groups. 

Additionally, NK cell stimulation with IL-2 did not significantly enhance NK cell cytotoxicity 

as previously reported.  Given Ca2+ homeostasis is a complex and tightly regulated system, 

additional Ca2+-dependent signalling pathways, such as SOCE, may have been activated to 

regulate and recover homeostatic Ca2+ levels within the NK cells. Consequently, the TRPM3 

signal may have been reduced or lost after TRPM3 drug modulation. Previous studies have 

also reported the ability of IL-2 to mediate cell proliferation and surface expression changes of 

activation markers, however no significant differences were reported for hyperactivity and NK 

cell cytotoxicity, which may provide an alternative rationale for these results. Due to differing 

Ca2+ permeabilities, the presence of IL-2R and TRPM3 isoforms may be also contributing 

factors to explain these unexpected results.  

 

Collectively, this pilot investigation warrants the identification of alternative experiments with 

appropriate sensitivity to determine the channel mediators involved in the reduced NK cell 

cytotoxic profile in ME/CFS patients. Furthermore, a vital future direction involves 

identification of TRPM3 isoforms on NK cells to determine their impact on TRPM3 channel 

activity, NK cell effector function and the clinical presentation of patients. In conjunction with 

the laboratory experimentation, examining the clinical presentation of patients will help 

translate these scientific findings to further understand the unique pathomechanism of 

ME/CFS, as well as validate TRPM3 as a potential biological marker to facilitate the 

development of targeted therapeutic interventions. 
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CHAPTER 6: FINAL DISCUSSION AND CONCLUSION 
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6.1 Introduction 

 

This thesis established a novel flow cytometric methodology that enabled the quantification of 

NK cellular function in vitro in conjunction with the identification of protein surface expression 

of TRPM2 ion channels and CD38 receptors on NK cell subsets. Flow cytometry is a highly 

sophisticated technology as it permits simultaneous analysis of phenotypic expression and 

functional characteristics on multiple cell populations in one sample. Compared with 

alternative protein quantification techniques, such as immunohistochemistry (IHC), reverse-

transcriptase polymerase chain reaction (RT-PCR), and western blot (WB), these applications 

do not provide simultaneous assessment of multiple parameters on different cell types and do 

not maintain the natural integrity of cells; in this instance NK cells. Furthermore, application 

of this significant methodology facilitated the quantification of TRPM2 and CD38 surface 

expression and NK cell cytotoxicity in a known population, ME/CFS, whereby reduced NK 

cell cytotoxicity has been consistently reported in these patients. For the first time, this 

optimised methodology identified a significant overexpression of the TRPM2 ion channel. A 

significant reduction in baseline NK cell cytotoxicity in ME/CFS patients was also determined 

as previously reported.  

 

The functional role of TRPM2 and CD38 in mediating NK cell cytotoxicity could only be 

assessed through pharmacological modulation with TRPM2 agonists and antagonists using 

flow cytometry in isolated NK cells from ME/CFS patients and HC. No significant differences 

were found between and within groups after TRPM2 drug treatments with N6-Bnz-cAMP and 

8-Br-ADPR. In addition to TRPM2, the role of TRPM3 and NK cell cytotoxicity was also 

assessed due to its pivotal importance for regulating Ca2+ homeostasis. Similarly, this thesis 

determined no significant differences between and within groups after TRPM3 drug treatments 

with PregS, nifedipine and ononetin.  Finally, several associations were identified between 
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reduced NK cell cytotoxicity and the clinical presentation of ME/CFS patients, which may 

involve TRPM2 and/or TRPM3 expression and function.  

 

6.2 Developed optimal in vitro methodology to measure TRPM2 and CD38 

surface expression on NK cell subsets isolated from HC and ME/CFS 

patients using flow cytometry.  

The findings from this investigation established an optimal methodology to identify and 

quantify TRPM2 ion channels co-expressed with CD38 receptors on CD56BrightCD16Dim/- and 

CD56DimCD16+ NK cell subsets, in conjunction with measuring NK cellular cytotoxicity, using 

the BD LSRFortessaTM X-20 flow cytometer. This specific flow cytometer was used for this 

investigation as it offered simultaneous data collection and analytical detection for up to 20 

cellular parameters, such as phenotypic expression and effector function [491]. These 

sophisticated features were highly advantageous for this research design and thesis findings as 

it enabled both quantification of TRPM2 and CD38 surface expression and NK cell cytotoxicity 

assays to be performed with the same patient sample at one timepoint. Moreover, additional 

sample collections were not required from each patient, thus increasing experimental efficiency 

and output.  

 

Flow cytometry can also simultaneously sort a desired cell/s from a heterogeneous cell 

population [493]. This feature was beneficial for this research design as human NK cells and 

K562 cells were both used to model the NK cell cytotoxic assay. Moreover, the BD 

LSRFortessaTM X-20 flow cytometer delivers high-performance multicolour analysis with up 

to 5 excitation lasers (blue, red, violet, yellow-green and ultraviolet (UV)). This extensive laser 

spectrum enabled the differentiation of varying NK cell phenotypes in one sample and 

timepoint, such as CD3- (non-NK cell), CD3-/CD56+ (NK cell), and NK cell subsets, 

CD56BrightCD16Dim- and CD56DimCD16+, as well as CD38 and TRPM2 surface expression.  
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Another valuable characteristic of flow cytometry is the ability to collect and analyse data on 

a cell-by-cell basis via advanced fluidic, optic and electronic systems [493]. Furthermore, this 

individualised analytical approach is rapid as thousands of cells can be assessed, whereby the 

speed of cell acquirement can be modulated between slow, medium and high in one flow 

cytometric run. Maintaining the cellular integrity and viability of the NK cells, as well as 

associated receptors and channels, was also critical in both phenotypic expression and cytotoxic 

assays. The flow cytometric consumables used for both assays did not contain any toxic or 

harmful ingredients that could potentially compromise the cellular integrity and viability. 

Importantly, specific products were used to validate the viability of the cells, receptors and 

channels, including 7-AAD and Annexin V, which could be visually assessed and excluded 

from data analysis on the computer. Collectively, these sensitive features enabled efficient and 

accurate quantification, analytical precision, superior sample throughput, reproducibility, and 

minimal human error, all of which are advantageous for analysing delicate cell populations, 

namely NK cells, as well as rare cellular markers, such as TRPM2 ion channels.  

 

Comparatively, alternative protein quantification techniques that have been traditionally used, 

particularly pertaining to TRPM2 research, include IHC [289, 502, 545, 546], RT-PCR [264, 

506, 547-550] and WB techniques [269, 503, 505, 546, 550-555]. A major drawback from all 

three of these experimental techniques is their limited or inability to assess cellular function, 

such as NK cell cytotoxicity, as well as simultaneously quantify TRPM2 ion channels and 

CD38 surface expression in conjunction. Application of any one of these techniques to quantify 

TRPM2 and CD38 surface expression on NK cells would also require an additional technique 

to assess NK cell cytotoxicity. Resultantly, this would increase the expenditure and use of 

consumables; increase optimisation time; and increase the number of cells required for both 
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techniques, which may result in additional sampling from each participant, therefore increasing 

the collection timeframe. 

 

IHC is primarily a qualitative technique as it provides a visual, not quantitative, distribution of 

both extracellular and intracellular markers of interest [556]. IHC was also determined 

unsuitable for this thesis as only extracellular TRPM2 and CD38 surface expression was 

desired for quantification to maintain the cellular integrity and viability of the NK cells. A vital 

step for IHC is fixation, which preserves and stabilises the cell morphology and tissue 

architecture [557]. However, the consumables used for fixation are harmful, namely formalin, 

ethanol, methanol and acetone. Therefore, application of IHC for TRPM2 quantification would 

consequently compromise the viability of the NK cells. IHC is also limited to assessing a 

selective number of cells on one slide [556]. Therefore, IHC was not appropriate for this thesis 

as it could not provide a representative result of the whole NK cell population isolated from 

whole blood samples, as well as accompanying receptors and channels isolated from each 

participant. Importantly, at least one alternative method is required to validate IHC results due 

to the likelihood of collecting equivocal results [556]. Therefore, this technique would require 

more collection samples from each participant, resulting in an increase in consumables and 

experimental timeframe.  

 

RT-PCR was another unsuitable technique for this experimental investigation primarily 

pertaining to the genetic material used for protein quantification. This technique transcribes 

mRNA back to DNA for enzymatic amplification [558]. RT-PCR was not optimal for this 

thesis as this technique would only enable fragmented quantification of the TRPM2 ion 

channel, whereas this investigation aimed to quantify the entire TRPM2 protein. Once the DNA 

has undergone transcription to RNA and subsequent translation to the formed TRPM2 ion 
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channel [558], the total TRPM2 protein formed in each group could significantly differ from 

the initial DNA quantified as the correlation between mRNA expression protein expression is 

relatively low [559-561]. Additionally, RT-PCR could not perform multiparameter analyses of 

varying receptors (CD3, CD56, CD16 and CD38) between both CD56BrightCD16Dim/- and 

CD56DimCD16+ NK cell subsets. Importantly, RT-PCR entails multiple cycles of template 

denaturation, primer annealing, and primer elongation to enzymatically amplify DNA 

sequences [562]. In particular, protein denaturation causes significant alterations to the 

secondary, tertiary and quaternary structures, resulting in the complete loss of function due to 

the harsh exposure to external stress or compounds, such as strong acids or bases; concentrated 

inorganic salts; organic solvents; radiation or heat [563]. Furthermore, RT-PCR is highly 

susceptible to genomic DNA contamination due to its extreme sensitivity as a small amount of 

DNA with RNA can cause false-positive results [564]. Therefore, RT-PCR is a challenging 

technique to reproduce consistent and accurate results compared with flow cytometry. 

 

Similarly, WB also involves protein denaturation, thus the architectural integrity and biological 

function of the TRPM2 ion channel would also be compromised using this technique. WB was 

also not suitable for this thesis as WB quantifies both intracellular and extracellular expressed 

surface proteins [565]. TRPM2 ion channels only expressed on the PM of NK cells was 

preferred to maintain the cellular integrity and viability. Given TRPM2 ion channels are 

localised on both the PM and lysosomal compartments, WB would not be able to quantitatively 

isolate the TRPM2 ion channels expressed on the PM of the NK cells. Importantly, depending 

on the size of the protein of interest and antibodies used, limited amount of proteins can be 

quantified per gel [566]. The TRPM2 ion channel is a large protein with a molecular mass of 

~170 kDa [567], thus only TRPM2 could be quantified in one gel using WB. If additional NK 

cell receptors were to be quantified using WB, stripping and re-probing of WB membranes 
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would be required. However, these methods were not feasible as the proteins are exposed to 

extremely strong oxidising conditions which can alter epitopes, potentially affecting antibody 

recognition [568], as well as facilitate loss of protein bound to the membrane [569]. This 

limitation poses significant disadvantages if applied for this thesis as multiparameter analyses 

involving varying surface expression markers (CD3, CD56, CD16, CD38 and TRPM2) could 

not be conducted simultaneously and quantification of these markers could not be distinguished 

between CD56BrightCD16Dim/- and CD56DimCD16+ NK cell subsets. Finally, a significant 

amount of protein is needed to run one sample, typically 10-100 ng of purified protein [570]. 

Due to the significant number of parameters investigated per participant, additional collection 

samples from each participant would be required to perform each condition. This process was 

not feasible due to ethical constraints regarding the timeframe of blood collections for each 

participant (i.e. every four months), which would result in an increased experimental timeframe 

and not provide representative data due to differing analytical timepoints.  

 

A primary and uncommon challenge that was encountered was the limited availability of 

commercially available antibodies to rare cell antigens and limited options for fluorochrome 

labels by commercial antibody suppliers. A primary monoclonal antibody (MAb) for TRPM2 

was preferred as MAbs only bind to single specific sites. Their monospecificity is useful in 

evaluating changes in molecular conformation, protein-protein interactions, phosphorylation 

states, and identifying single members of protein families [571]. MAbs also exhibit higher 

concentration and purity levels. However, the monospecificity of MAbs can also pose 

challenges as small structural changes in the epitope (e.g. genetic polymorphism, glycosylation, 

and denaturation) can modulate the function of MAbs [571]. Conversely, polyclonal antibodies 

(PAb) are heterogenous and can recognise and bind to an extensive host of antigenic epitopes. 

Although PAbs permit tolerance to small structural changes within the epitope, their 
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heterogeneity can be challenging if a specific region of the target molecule requires 

quantification (i.e. PM surface expression) [571]. The reactivity of PAbs is also batch 

dependent, therefore the antibody binding effectiveness is not predictable compared with 

MAbs. However, PAbs are more stable at varying pH and salt concentrations and are cheaper 

to produce, thus are more readily available on the market compared with MAbs [571].  

 

To control for the heterogeneity of PAbs, a PAb was chosen that binds only to the extracellular 

surface of NK cells as TRPM2 ion channels are also localised intracellularly within lysosomal 

compartments. Moreover, the NK cells had to maintain cellular viability for TRPM2 and CD38 

quantification and were not subjected to any permeabilisation or fixation methods, therefore an 

extracellular-binding TRPM2 antibody was preferred. At the time, only one PAb was found to 

bind to the third extracellular loop of the TRPM2 ion channel (Thermo Fisher Scientific, USA, 

OST00112W). However, this unconjugated rabbit IgG polyclonal extracellular TRPM2 

antibody possessed no definitive antibody concentration. According to Thermo Fisher 

Scientific, “antibody concentrations in ascites fluid, culture supernatant and serum are not 

determined due to various proteins in serum which makes it impossible to acquire an accurate 

concentration of a specific antibody”. 

 

In order to distinguish negative and positive TRPM2 cell population gates, an isotype control 

was recommended to control for non-specific background and antibody staining, which can 

arise both from endogenous Fc receptor binding and interactions with off-target proteins [572]. 

This negative control possesses no antigen specificity, and matches the clonality, isotype and 

conjunction of the primary TRPM2 antibody [573]. The amount of isotype required can be 

accurately calculated by matching the isotype concentration to the primary TRPM2 antibody 

concentration. However, due to the absence of a determined antibody concentration, a TRPM2 

isotype control could not be performed. Therefore, an alternative negative control was 
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performed to determine any non-specific binding, as well as a positive gate for TRPM2 surface 

expression. As the primary TRPM2 antibody was primarily composed of NRS, NRS (Thermo 

Fisher Scientific, USA, 01-6101) was used in lieu of an isotype control.  

 

NRS is typically used as a blocking agent in immunohistochemical methods or as a negative 

control for undiluted serum or rabbit polyclonal antibodies [574]. A signal obtained with NRS 

indicated a non-specific interaction, whereas any additional signals with the primary TRPM2 

antibody indicated a specific TRPM2 antibody-antigen interaction on the NK cell subsets. The 

positive surface expression of TRPM2 was calculated by subtracting the total TRPM2 surface 

expression with NRS from the total TRPM2 surface expression with the primary TRPM2 

antibody.  

 

Importantly, this primary TRPM2 antibody was only tested on WB and IHC techniques. 

Therefore, the recommended dilution (1:300) provided by the manufactures’ instructions was 

used as a baseline, followed by four additional primary TRPM2 antibody dilutions (1:100, 1:50, 

1:10 and 1:5). Comparable dilutions of NRS were used.  Furthermore, two incubation periods 

(1hr – primary TRPM2 antibody/30min – secondary conjugated TRPM2 antibody) and 

(2hr/1hr) were tested to determine the optimal incubation time for TRPM2, as well as co-

expression with CD38 on NK cell subsets isolated from HC participants.  

 

In addition to the NRS control, additional flow cytometry controls were conducted for each 

participant to detect any additional non-specific binding interactions not captured by the NRS, 

as well as validate the distinction between the negative and positive TRPM2 surface expression 

gates. These included an unstained tube (unlabelled NK cells); a secondary tube (NK cells 

stained only with the secondary TRPM2 antibody); and a TRPM2 FMO control (NK cells 
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stained with CD3, CD56, CD16 and CD38 only) to compensate any potential fluorescence spill 

over. Moreover, an Fc blocker was used prior to antibody staining to inhibit potential non-

specific binding to the Fc receptors on the NK cells [575].   

 

6.3 Overexpression of TRPM2 ion channels on CD56BrightCD16Dim/- and 

CD56DimCD16+ NK cell subsets isolated from ME/CFS patients. 

This investigation identified for the first time a significant overexpression of TRPM2 ion 

channels on both CD56BrightCD16Dim/- and CD56DimCD16+ NK cell subsets in ME/CFS patients 

compared to HC (Figures 19 and 20). An increased oxidative stress environment within the NK 

cells may provide a rationale for this finding as TRPM2 overexpression has been previously 

reported to facilitate cell death following oxidative stress in SH-SY5Y cells [576, 577], SCC9 

cancer cells [578] and PC3 cells [579]. Oxidative stress is the disequilibrium between ROS or 

nitrogen species and antioxidants [580]. ROS are highly reactive molecules, which consist of 

diverse chemical species, including superoxide anion (O2
-), OH, and H2O2. Significant 

increases in ROS have been reported following exposure to various external factors including 

certain drugs, pollutants, heavy metals, heat, UV or visible light, and infectious pathogens 

[581].  

 

Oxidative stress has been suggested to be involved in the unique pathomechanism of ME/CFS 

as various oxidative stress measures, such as peroxides, thiobutric acid, isoprostane, and 

protein carbonyl, have been identified to correlate significantly and positiviely with ME/CFS 

[582-586]. Prolonged pathogen infection has been previously suggested to facilitate a chronic 

immune-inflammatory environment within the periphery of ME/CFS patients, consequently 

increasing oxidative and nitrosative stress, as well as mitochondrial dysfunctions [587, 588].  
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Virus-induced oxidative stress plays a critical role in the viral life cycle as well as the 

pathogenesis of viral diseases [589]. In response to ROS generation by a virus, anti-viral and 

inflammatory signalling pathways are initiated such as nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-ĸB), toll-like receptors and IFN, as well as virus-induced 

activation of phagocytes which release pro-oxidant cytokines, such as TNF-6 and IL-1. 

Additionally, dysregulation of the redox balance by a host cell has demonstrated to contribute 

to the viral pathogenesis, resulting in significant induction of oxidative cell death and 

disruption of normal cellular physiology [590]. Dysregulations in these pro- and anti-

inflammatory pathways, as well as apoptosis pathways have been previously identified in 

ME/CFS patients [591-598]. 

 

In ME/CFS patients, viral infections are a concurrent trigger reported prior to onset of  

exhibiting symptoms [599]. Interestingly, more than half of the ME/CFS cohorts in Study 2 and 

Study 3 reported an infectious trigger prior to the onset of exhibiting ME/CFS symptoms, 

72.7% (Appendix 38) and 93.3% (Table 8) respectively. Epstein-Barr virus (glandular fever) 

was the most reported infectious pathogen reported in both Study 2 (72.7%) and Study 3 

(64.30%). Additional infectious triggers reported by Study 2 and Study 3 included: Measles, 

Mumps, Ross River Virus, Laryngitis, Influenza A and B, Viral meningitis, Pneumonia, flu 

shot and contaminated water (Table 8 and Appendix 50). These findings are consistent with an 

Australian prospective study that determined 11% of patients that acquired an acute infection 

of Epstein-Barr virus, Coxiella burnetti (Q fever), or Ross River virus fulfilled ME/CFS 

symptom criteria [533]. Therefore, viral-induced oxidative stress may be a possible hypothesis 

to rationalise the overexpression of TRPM2 ion channels in ME/CFS patients.  
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During oxidative stress, sustained ROS production increases ADPR generation from CD38 via 

NAD+ and/or cADPR, as well as the mitochondria via H2O2 directly passing through the PM 

ADPR binding to the NUDT9H region of the TRPM2 ion channel triggers channel activation 

and subsequent Ca2+ influx within the cytoplasm [600]. This increase in [Ca2+]i is rapidly 

controlled within minutes, primarily by SOCE pathways, to re-equilibrate the Ca2+ homeostatic 

levels to 100nM. However, failure to rebalance Ca2+ homeostasis results in a persistent surge 

in [Ca2+]i, which can cause dysregulate mitochondrial function [601] and nuclei dysregulations 

[602]. Interestingly, prolonged elevations in oxidative and nitrosative stress and pro-

inflammatory cytokines have been reported to play a role in mitochondrial dysfunction in 

ME/CFS [586, 603, 604].  

 

Dysregulated [Ca2+]i causes mitochondria to switch from generators of metabolic energy to cell 

death-induced organelles. Within the mitochondria, the Ca2+ concentration accumulates 

beyond a positive boundary for energy production. Consequently, this further exacerbates ROS 

production, reduces ATP and disrupts the integrity of the mitochondrial membrane via specific 

permeabilisation transition pores [605, 606]. Similarly, the energy reserves within the nucleus 

also deplete during oxidative stress mediated primarily via PARP1 and PARP2 enzymes [607, 

608]. PARP1 is primarily triggered during oxidative stress as it depletes NAD+ levels within 

the nucleus [609]. This depletion increases the consumption of ATP to replenish NAD+ levels 

and inhibit mitochondrial glycolysis, resulting in reduced cellular energy levels [610, 611]. 

Consequently, the cell consumes both NAD+ to produce poly-ADPR and ATP to replenish 

NAD+. Therefore, the cell undergoes severe starvation as majority of the energy produced is 

used to generate ADPR, which causes a positive-feedback mechanism by further activating 

TRPM2 ion channels localised on the PM and lysosomes within the cells [610, 611]. 
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Resultantly, the lesions remain unrepaired which facilitates the cell to enter irreversible cellular 

death.  

 

Collectively, these intracellular processes highlight that sustained dysregulations in Ca2+ 

homeostasis may be caused by TRPM2 ion channel overexpression induced by viral-oxidative 

stress in ME/CFS patients. Additionally, uncontrolled [Ca2+]i levels induced by sustained 

oxidative stress may significantly impair the metabolic energy processes within cells, namely 

the mitochondria and nucleus. Consequently, Ca2+-dependent pathways may also be potentially 

disrupted, such as NK cell cytotoxicity, which may rationalise the reduced NK cell cytotoxic 

activities consistently found in ME/CFS patients.  

 

An interesting observation from these results was that the overexpression in TRPM2 ion 

channels was identified on both CD56BrightCD16Dim/- and CD56DimCD16+ NK cell subsets. A 

possible rationale may involve the differing effector functions between both subsets. Although 

the CD56BrightCD16Dim/- subset mediates immunosurveillance and cytokine production, this 

subset can mediate comparable or enhanced cytotoxicity as the CD56DimCD16+ subset after IL-

2 or IL-12 stimulation, known as LAK functioning [612]. Interestingly, TRPM2 has been 

previously determined to mediate NK cell cytotoxicity via ADPR and CD38 [508], which is 

significantly reduced in ME/CFS patients [469]. Therefore, these findings may suggest that 

overexpressed TRPM2 ion channels, possibly mediated by viral-induced oxidative stress, may 

facilitate a compensatory mechanism to upregulate the reduced baseline NK cell cytotoxicity 

results consistently identified in ME/CFS patients via the natural cytotoxic CD56DimCD16+ 

subset, as well as upregulate secondary cytotoxic mechanisms via LAK functioning of the 

CD56BrightCD16Dim/- subset.  
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6.4 Significant reduction in baseline NK cell cytotoxicity in ME/CFS 

patients. 

Both Study 2 and Study 3 identified a significant reduction in NK cell cytotoxicity at baseline 

in ME/CFS patients compared with HC, thus a compensatory mechanism may not explain the 

overexpressed TRPM2 ion channels. An alternative rationale for these findings may involve 

dysregulated Ca2+ influx as Rah et al. previously reported that TRPM2 is an essential Ca2+-

regulatory ion channel for NK cell cytotoxicity via ADPR and CD38 [508]. Additionally, 

oxidative stress induced by H2O2 has been previously reported to activate the MAPK signalling 

cascade (ERK1/2, JNK and p38) [613-616], which is an essential intracellular mechanism for 

efficient NK cell cytotoxicity. Continued activation of these MAPK pathways results in the 

excessive production of MAPK-regulated genes (i.e. CREB, NFAT, Elk-1, C-JUN), 

uncontrolled cell proliferation, irreversible cell damage and unscheduled cellular death [617]. 

Therefore, the overexpression in TRPM2 ion channels may dysregulate the Ca2+ homeostatic 

levels within the NK cells. Potential dysresgulations in [Ca2+]i can consequently disrupt 

downstream Ca2+-dependent pathways, such as NK cell cytotoxicity, as excessive or 

diminutive Ca2+ levels can equally disrupt efficient NK cell cytotoxic activity.  

 

Previously, Zhou et al. determined that significantly reduced Ca2+ entry through Orai Ca2+ 

channels (~3-15µM) are not optimal conditions as cancer cells are not efficiently eliminated 

[457]. Similarly, NK cell cytotoxicity is ineffective at extremely elevated Ca2+ entry levels 

(>800µM). However, cytotoxic efficiency against cancer cells is optimal at intermediate Ca2+ 

entry (~ 384-800µM) through Orai Ca2+ channels. Dysregulated Ca2+ levels specifically disrupt 

downstream intracellular steps for NK cells to initiate and exhibit their natural cytotoxicity, 

which are all heavily Ca2+-dependent processes. ERK1/2 is a fundamental Ca2+-dependent 

intracellular signalling component required to initiate NK cell cytotoxicity [474]. Following 

NK cell receptor ligation, intracellular activation signals are propagated through a MAPK 
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phosphorylation cascade to specific intracellular targets required for cytotoxic activity [413]. 

The cytoplasmic tails of adhesion molecules and activating receptors recruit Src family of 

kinases to phosphorylate ITAMs or ITSMs [414-417]. In turn, proximal signalling molecules 

including Lck, Zap70, linker activation for T cells (LAT) and SH2 domain-containing 

Leukocyte Protein of 76kDa (SLP-76) are phosphorylated which continue to propagate signals 

down the cascade [417]. Downstream activation of MAPKKK, MAPKK, and ERK1/2 are 

required for the direct movement of the cytotoxic secretory granules [418, 419].  Importantly, 

the ERK signalling cascade is regulated by Ca2+ by modulating molecular protein-protein 

interactions, such as Ca2+-affected kinase PYK2.9; nucleotide exchange factor Ras-GRF.10; 

Ras-GAPs; and calmodulin-dependent kinases I and II [618]. Fluctuations in Ca2+ 

concentration in the cytosol and intracellular stores can also alter the NK cell activation 

threshold.  

 

The activation threshold is based on a myriad of activating receptors that recognise and adhere 

to target cells following reduction or absence of MHC class I [7]. Furthermore, changes in 

[Ca2+]i can determine the formation of the requisite steps for NK cells to mediate their natural 

cytotoxicity [425]. These include: (1) lytic immunological synapse and reorganisation of the 

cytoskeleton; (2) polarisation of the microtubular-organizing centre and secretory lysosomes 

to the lytic synapse; (3) docking of secretory lysosomes with the PM; and (4) fusion of secretory 

lysosomes, all of which are heavily Ca2+-dependent steps [425]. Therefore, dysregulated Ca2+ 

levels, possibly contributed by overexpressed TRPM2 ion channels, may potentially 

dysregulate downstream MAPK signalling pathways within the NK cells of ME/CFS patients 

which may explain the reduced NK cell cytotoxic activity in ME/CFS patients.  
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To further explore the relationship between TRPM2 overexpression and reduced NK cell 

cytotoxicity in ME/CFS patients, correlation analyses were performed between these two 

variables at baseline. Within the ME/CFS group, a positive correlation was found between 

baseline NK cell cytotoxicity and TRPM2 surface expression alone on the CD56DimCD16+ 

subset (Appendix 49B, p = 0.0344). Positive correlations were also identified between NK cell 

cytotoxicity and dual surface expression of TRPM2 and CD38 on both CD56DimCD16+ 

(Appendix 49F, p = 0.0239) and CD56BrightCD16Dim/- (Appendix 49H, p = 0.0239) subsets 

within the ME/CFS group. No correlations were determined within the HC group (Appendix 

49A, C, E and G). Given positive correlations were determined in ME/CFS patients, these 

findings highlight that as TRPM2 surface expression increases, NK cell cytotoxicity decreases 

at baseline.  

 

Significant associations were also determined between infectious triggers and reduced baseline 

NK cell cytotoxicity in ME/CFS patients in both Study 2 (p = 0.0009) and Study 3 (p = 0.0002). 

Interestingly, a significant association between reduced NK cell cytotoxicity and 

immunological symptoms (i.e. sore throat and susceptibility to infections) was only identified 

in Study 2 (p = 0.0075). A possible rationale to explain these results may involve NK cell 

hyporesponsiveness as chronic infections have been previously associated to facilitate a 

hyporesponsive phenotype in NK cells from ME/CFS patients. This potential over exhausted 

phenotype is characterised by various impaired Ca2+-dependent processes including 

downregulation of perforin and granzyme mRNA; weak PKC translocation, and no 

phosphatidyl inositol turnover [619-621]. Resultantly, these Ca2+ impaired processes render 

the NK cells potentially inefficient to elicit effective cytotoxic function and increases the 

patient’s susceptibility and viral latency to foreign pathogens. Collectively, these findings 

highlight that the reduced NK cell cytotoxicity consistently found in ME/CFS patients may 
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likely involve TRPM2 overexpression, which may be induced by viral-induced oxidative 

stress, as well as explain the increased susceptibility and recurrence to pathogenic infections 

and inflammation reported by ME/CFS patients [4, 480].  

 

A possible hypothesis to explain the signalling mechanism of TRPM2 overexpression on both 

NK cell subsets in ME/CFS patients may involve lysosomal/endosomal trafficking of TRPM2 

ion channels to the PM of NK cells. Oxidative stress has been previously reported to trigger 

lysosomal exocytosis by altering the expression of several proteins on the PM, including acid 

sphingomyelinase, which is normally located in the lysosomal membrane [622-624]. The 

components underlying this signalling mechanism have not been definitively determined. 

However, a possible mechanism involving the nucleus may be implicated as homeostatic 

regulation of ion channel expression involves a complex regulatory circuit entailing several 

steps such as gene expression, mRNA processing, mRNA translation, protein processing and 

assembly of subunits prior to transportation to the PM and assembly into a functional channel 

complex [625].   

 

6.5 No significant differences in NK cell cytotoxicity after TRPM2 drug 

treatments with N6-Bnz-cAMP and 8-Br-ADPR between HC and 

ME/CFS patients. 

Within and between both HC and ME/CFS groups, no significant differences in NK cell 

cytotoxicity were determined post TRPM2 drug treatments with N6-Bnz-cAMP (100µM), an 

indirect TRPM2 agonist, and 8-Br-ADPR (100µM), a TRPM2 antagonist (Figure 23). The low 

specificity and potency of N6-Bnz-cAMP may be a possible rationale to explain these unique 

results as the mechanism of action between N6-Bnz-cAMP and CD38 is an indirect interaction 

with TRPM2 via PKA [497, 498, 626, 627]. PKA phosphorylates numerous cytosolic and 

nuclear proteins, which can result in either downstream activation or inhibition. For example, 
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PKA can activate ion channels localised on the PM (i.e. TRPM2 and TRPV1) and receptors 

located on the ER, such as the RyR, that triggers the release of ions into the cytoplasm, such as 

Ca2+ [628]. Phosphorylation and dissociation of the inhibitory tyrosine phosphatase activates 

the MAPK pathway, which is a critical step to initiate NK cell cytotoxicity. Conversely, PKA 

can phosphorylate and inactivate PLC β2, which disrupts Ca2+ influx via SOCE [628]. PLC 

inactivation can also block AC activity by ligands that stimulate GPCRs coupled to Gi and/or 

cAMP, such as PKC. This negative feedback loop is further mediated via direct blocking of 

AC activity via PKA [628]. Therefore, the PKA/cAMP signalling pathway is a complex and 

intertwined network whereby the feedforward signal mediated by PKA is dependent on the 

signal strength and cell-type specificity.  

 

Given N6-Bnz-cAMP exhibits low drug specificity to TRPM2, the PKA/cAMP signal may be 

weak and/or lost by interfering proteins and pathways within this complex signalling network 

to trigger and upregulate NK cell cytotoxic function, which may rationalise the results in Study 

2. Moreover, only one research group has tested the pharmacological effect of N6-Bnz-cAMP 

on NK cells, whereby N6-Bnz-cAMP significantly increased intracellular ADPR levels in NK 

cells from TRPM2+/+ mice, which was inhibited in Ca2+-free conditions [508]. Further 

exploration of this increase in intracellular ADPR on NK cell cytotoxicity was not conducted 

by Rah et al. and no additional studies have investigated the indirect effect of N6-Bnz-cAMP 

on TRPM2 via PKA/cAMP pathways to trigger NK cell cytotoxic activity. Therefore, the 

findings of this current investigation suggest further experimental studies to validate the 

specificity of this drug, as well as the identification of alternative pharmacological tools with 

higher specificity and potency to effectively assess TRPM2 channel activity in vivo and in 

vitro.  
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Although 8-Br-ADPR has been thoroughly reported to effectively inhibit TRPM2 ion channel 

activity by competitively blocking the binding effect of ADPR [508, 515, 629-631], the effect 

of pharmacological inhibitors cannot be examined without a potent and specific 

pharmacological activator. Currently, H2O2 is the most potent TRPM2 activator which causes 

an accumulation of intracellular ADPR to activate TRPM2 [255, 269, 270, 287, 289]. However, 

H2O2 is toxic and harmful to cells, particularly primary isolated cells, such as human NK cells. 

ADPR and [Ca2+]i are additional TRPM2 activators, however these activators can only be 

applied intracellularly, such as through whole-cell patch clamp techniques [275, 295, 632]. As 

N6-Bnz-cAMP is not a potent and specific TRPM2 agonist, the inhibitory effect mediated by 

8-Br-ADPR either may not have occurred or the effect was unidentifiable, which may 

rationalise the treated NK cell cytotoxicity results in Study 2. Therefore, the findings of this 

current investigation suggests further examination and identification of more potent and 

specific TRPM2 activators which are not toxic, such as H2O2, without intracellular application 

to perform alternative techniques such as flow cytometry to enable the characterisation of NK 

cellular functions, namely cytotoxicity.  

  

An alternative rationale for Study 2’s findings may involve the interactive activity between 

TRPM2 and CD38 as Rah et al. previously identified that NK cell cytotoxicity is dependent on 

the proximal co-localisation of TRPM2 and CD38 to the immunological synapse upon contact 

with tumour cells [508]. Given the localisation of TRPM2 and CD38 was not confirmed after 

NK cells were plated with K562 cells during the cytotoxic assay, this integral mechanism for 

NK cell cytotoxicity may be a contributing factor for the unresponsive NK cell cytotoxicity 

results after TRPM2 drug treatments with N6-Bnz-cAMP and 8-Br-ADPR. Therefore, confocal 

microscopy is an important future direction to assess the localisation of TRPM2 and CD38 pre 

and post NK cell activation, as well as confirm TRPM2 activation to assess TRPM2 drug 
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treatments on NK cells. An additional rationale may involve activation of Ca2+ homeostatic 

pathways during the 24hour drug treated NK cell cytotoxic assay. This rationale will be 

discussed thoroughly in section 6.6.  

 

6.6 No significant differences in NK cell cytotoxicity after TRPM3 drug 

treatments with PregS, nifedipine and ononetin between HC and 

ME/CFS patients. 

Within both HC and ME/CFS patients, no significant differences in NK cell cytotoxicity were 

determined post TRPM3 drug treatments with PregS (30µM), nifedipine (30µM) and ononetin 

(3µM) (Figure 25). Several research teams have reported effective TRPM3 ion channel 

activation, opening and subsequent cation influx within minutes of drug stimulation primarily 

through whole-cell patch clamp techniques [127-129, 168, 315, 322, 323, 346, 351, 354, 358, 

484, 485]. Conversely, the TRPM3 ion channels on NK cells in Study 3 were treated with 

PregS, nifedipine and ononetin for more than 24 hours to assess the effect of these drugs on 

NK cell cytotoxicity against K562 cells. Due to the rapid and reversible activation of TRPM3 

with PregS and nifedipine [127], the channel response and subsequent inhibition with ononetin 

may have occurred. However, as the drugs were incubated in the media and cells for more than 

24 hours, the TRPM3 ion channels may have undertaken repetitive activation and inhibition 

cycles. Given the TRPM2 ion channels were treated under these same experimental conditions 

in Study 2, the TRPM2 and TRPM3 ion channels may have both activated short-term and long-

term Ca2+-dependent pathways to regulate and recover homeostatic Ca2+ levels within the NK 

cells for 24 hours.  

 

Within the first few minutes of recognising K562 cells, a short-term Ca2+ signal would have 

occurred to provide a ‘stop’ signal as previously reported in cytotoxic T cells [633, 634]. This 

initial increase in [Ca2+]i is essential to sustain this interaction and form an immunological 
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synapse to mediate efficient granule exocytosis and K562 cell killing [633, 634]. Subsequently, 

the SOCE pathway is hypothesised to re-equilibrate the remaining short-term Ca2+ effects as 

SOCE is initially activated to regulate Ca2+ homeostasis between the PM, ER and mitochondria 

[216]. In NK cells, the SOCE mechanism can be activated via activation receptors, CD16 

and/or NKG2D [635], which are triggered upon contact with foreign cells, such as K562 cells. 

Additional Ca2+ channels present on NK cells is NKRPIc (CD161) and 2B4 (CD244) [635]. 

The former channel is a co-stimulatory receptor that synergises with other activating receptors, 

such as CD16 or NKG2D, to provide activating signals [636]. Conversely, CD244 functions 

as both an activating and inhibitory receptor. Its modulatory state is dependent on nearby 

receptor signals [637]; however, some studies have suggested that CD244 is primarily an 

activating receptor in human NK cells [638, 639]. Activation of these Ca2+ channels also 

triggers Ca2+-induced cytotoxic processes in NK cells in response to target-cell recognition.  

 

For TRPM2 specifically, extracellular ADPR produced via CD38 may have activated TRPM2 

ion channels directly on the PM, as well intracellular TRPM2 ion channels located on 

lysosomes via an undetermined mechanism [600]. Furthermore, ADPR may have upregulated 

the SOCE pathway as extracellular ADPR has previously been reported to bind to G-protein-

coupled purinergic receptors and increase [Ca2+]i from intracellular stores via G-proteins, PLC 

and subsequent IP3 production [600]. Collectively, these multiple TRPM2-ADPR mediated 

pathways may have increased [Ca2+]i, which can also directly activate TRPM2 ion channels 

located on the PM, consequently facilitating a continuous positive feedback mechanism. 

However, sustained and high Ca2+ entry inhibits efficient NK cell cytotoxicity, which may 

explain the absent difference in NK cell cytotoxicity after TRPM2 drug treatments. Conversely, 

Ca2+ released following TRPM3 ion channel activation with nifedipine may have inhibited 

nearby Ca2+ channels, such as L-type voltage-gated Ca2+ channels, as it has been previously 
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reported in NK cells following TRPM3 stimulation with nifedipine. PregS has also been 

described to activate TRPM1 receptors [367], potentiate NMDA receptors [368], and inhibit 

GABAA receptors [369] using whole-cell patch clamp technology. Taken together, these 

interacting mediators and pathways may have been involved in regulating the short-term effects 

of Ca2+ released following NK cell receptor activation, as well as TRPM2 and TRPM3 ion 

channel activation.  

 

However, beyond the first few minutes of the NK cell cytotoxic assay long-term Ca2+ signals 

may have occurred as these extensive signals require sustained increases in [Ca2+]i for several 

hours to activate downstream intracellular signalling mechanisms [635]. In NK cells, the 

CRAC channel is the primary store-operated Ca2+ channel, whereby Ca2+ influx results in a 

sustained Ca2+ signal necessary for long-term cellular processes, such as NK cell cytotoxicity. 

Maul-Pavicic et al. previously reported that Ca2+ entry through Orai1 channels is required to 

complete lytic granule exocytosis and target cell killing by primary human NK cells [640]. 

Ca2+-dependent gene expression is an additional downstream pathway that requires long-term 

[Ca2+]i for several hours. The strength and the duration of the Ca2+ signal determines the pattern 

of Ca2+-dependent gene expression as the signalling molecules and transcription factors 

involved possess variable requirements for activation [635]. Common transcription factors 

activated by Ca2+ signals include CREB, myocyte enhancer factor 2A and NFAT, as well as 

Ca2+-dependent protein kinases and phosphatases, such as CaM and calcineurin [635]. 

 

As previously reported, [Ca2+]i increases mediated via TRPM2 ion channels may have activated 

gene expression through MAPK and NF-κB [600]. Conversely, [Ca2+]i increases mediated via 

TRPM3 ion channel activation may have activated CREB, Egr-1 and c-Fos via the ERK1/2 

signalling cascade, mediated by PKC and Elk-1 [347]. These Ca2+-dependent genes are 
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essential to produce chemokines, as well as pro- and anti-inflammatory cytokines to combat 

foreign cells, such as pathogenic or tumour-infected cells. However, sustained activation of 

these Ca2+-dependent protein kinases, phosphatases and transcription factors can disrupt gene 

transcription and facilitate irreversible DNA damage and cellular death [641], which may 

rationalise the absent significant differences in NK cell cytotoxicity after TRPM2 and TRPM3 

drug treatments.  

 

Another possible rationale to explain the absence of significant differences in NK cell 

cytotoxicity after TRPM2 and TRPM3 drug treatments may involve a state of unresponsiveness 

as T and B lymphocytes have previously been reported to become unresponsive to subsequent 

antigenic stimulation to foreign cells [642]. Gauld et al. previously reported that sustained Ca2+ 

signals following TCR or BCR engagement, in the absence of co-stimulatory signals, induced 

anergy in T and B lymphocytes [642]. This unresponsive state was characterised by the 

transcription of several anergy-associated genes in T cells, which negatively regulate T cell 

activation by targeting signal transduction molecules, such as protein kinase Cθ and PLCγ1 for 

degradation [643-645]. In addition to NK cells sharing similar functionality as cytotoxic T 

cells, NK cells can also undergo an unresponsive state, known as NK cell hyporesponsiveness 

[646].  

 

NK cell hyporesponsiveness is an exhausted phenotype characterised by an altered phenotype 

and poor effector functionality [646]. Two models have been proposed for NK cell 

hyporesponsiveness. The “arming” model suggests that NK cells lacking inhibitory receptors 

cannot acquire complete reactivity [647, 648]. Conversely, the “disarming” model predicts that 

developing and mature NK cells are exposed to persistent stimulation delivered by normal 

cells, resulting in a loss of an inhibitory signal via MHC class-I molecules. Murine and human 
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NK cells have demonstrated hyporesponsiveness following continuous engagement of 

activating receptors [649-651].  

 

Various in vitro experiments have described NK cells losing their cytotoxic activity during a 

second exposure to the same or similar target cells [652]. This hyporesponsiveness profile is 

characterized by downregulation of perforin and granzyme mRNA, weak PKC translocation, 

and no phosphatidyl inositol turnover [619-621]. Given the NK cells were co-incubated with 

K562 cells for 4hours, and 24hours prior with TRPM2 and TRPM3 drugs, this continuous 

stimulatory and activation state may have facilitated a hyporesponsive state within both the HC 

and ME/CFS groups, rendering the cells inactive upon drug treatment, which may rationalise 

the treated NK cell cytotoxicity results in Study 2 and 3.  

 

6.7 Significant associations between baseline NK cell cytotoxicity, 

infectious triggers and ME/CFS symptoms 

In both Study 2 (Appendix 51) and Study 3 (Table 11), several significant associations were 

determined between reduced NK cell cytotoxicity and ME/CFS clinical symptoms. These 

included: pain, cognitive difficulties, sleep disturbances, sensory, perceptual, and motor 

disturbances, thermostatic instability and gastrointestinal disturbances. Interestingly, a shared 

feature between these key clinical symptoms involves the high expression and functional 

involvement of TRPM2 and TRPM3 within the CNS, particularly the brain [653]. Given the 

CNS is the primary site for processing sensory input and mediating downstream physiological 

functions, such as pain and thermoregulation, these significant associations may link the 

involvement of TRPM2 and TRPM3 and the clinical symptoms reported by ME/CFS patients. 

Furthermore, given TRPM2 and TRPM3 are both highly expressed in the brain, potential 

associations have also been proposed between these TRPM members and CNS pathologies, 
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such as neurodegenerative disorders, including AD, Multiple Sclerosis, Huntington’s Disease, 

Ischemia and Fibromyalgia [653]. 

 

Various key clinical symptoms overlap between these neurodegenerative disorders and 

ME/CFS. Overlapping symptoms include cognitive dysfunction, memory impairment and 

fatigue, which are cardinal symptoms of ME/CFS. Importantly, impaired Ca2+ signalling has 

been associated with energy/mitochondrial dysfunction and oxidative stress in these 

neurodegenerative disorders. For example, TRPM2 has been associated with AD as elevations 

in TRPM2 channel activity have been reported to increase Aβ-mediated and Ca2+-mediated cell 

death and damage on APP/PS mice. TRPM3 has also been proposed to be associated in AD. 

Elevated plaque and neurofibrillary tangles have been previously reported with decreased 

levels of PregS tissue concentrations in AD patients [654]. Given PregS is a potent agonist and 

ligand of TRPM3, PregS has been suggested to provide a possible neuroprotective to maintain 

optimal memory and cognitive function in AD patients [654]. Taken together, these findings 

highlight that impaired Ca2+ signalling pathways involving TRPM2 and TRPM3 may be 

contributing candidates underlying the unique clinical presentation of ME/CFS.  

 

6.7.1 Diagnostic test potential of reduced NK cell cytotoxicity and overexpressed 

TRPM2 ion channels in ME/CFS 

To further explore the diagnostic potential of reduced NK cell cytotoxicity and TRPM2 

overexpression in ME/CFS, receiver operating characteristic (ROC) curve graphs were 

performed. ROC curves compare sensitivity versus specificity across a range of values for the 

ability to predict a dichotomous outcome. Sensitivity (“positivity in disease”) refers to the 

proportion of individuals who have the target condition and exhibit positive test results [655]. 

Conversely, specificity (“negativity in health”) are the proportion of individuals without the 

target condition and provide negative test results. The measure of accuracy is also assessed by 
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calculating the area under the curve (AUC) to differentiate between “diseased” and “non-

diseased” individuals [656]. ROC analysis plays a pivotal role in evaluating diagnostic ability 

of tests to discriminate the true state of subjects, finding the optimal cut off values, and 

comparing two alternative diagnostic tasks when each task is performed on the same subject 

[656-658].  

 

The ROC analysis indicated that reduced baseline NK cell cytotoxicity shows moderate 

diagnostic accuracy for ME/CFS in both Study 2 (AUC = 0.7900, p = 0.0284) and Study 3 

(AUC = 0.7123, p = 0.0359) (Appendix 52). Collectively, these findings suggest that reduced 

NK cell cytotoxicity provides an avenue to further explore and establish a diagnostic test for 

ME/CFS. However, only CCC and ICC patients were examined in both studies. Therefore, a 

future direction is to implement a Fukuda-defined (mild) ME/CFS cohort, as well as additional 

positive control diseases with overlapping symptoms (i.e. fatigue controls and Fibromyalgia 

patients) to validate the sensitivity and accuracy of reduced NK cell cytotoxicity as a diagnostic 

test for ME/CFS.   

 

Comparable to reduced NK cell cytotoxicity, the ROC analysis described the overexpression 

of TRPM2 alone in ME/CFS patients with moderate diagnostic accuracy on both 

CD56DimCD16+ (AUC = 0.8000, p = 0.0233) and CD56BrightCD16Dim/- (AUC = 0.8700, p = 

0.0052) NK cell subsets (Appendix 53). Similar ROC analysis results were obtained with dual 

expression of TRPM2 and CD38 on both CD56DimCD16+ (AUC = 0.8100, p = 0.0191) and 

CD56BrightCD16Dim/- (AUC = 0.8167, p = 0.0200) NK cell subsets (Appendix 54). Taken 

together, these findings suggest the TRPM2 ion channel as a potential diagnostic marker in 

ME/CFS. However, additional studies involving different ME/CFS cohorts, ME/CFS 
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severities, and disease control groups need to be conducted to validate the diagnostic potential 

of TRPM2 in ME/CFS.  

 

6.7.2 ME/CFS as a potential channelopathy? 

A previous investigation has reported a significant reduction in TRPM3 surface expression on 

the CD56BrightCD16Dim/- NK cell subset in ME/CFS patients [14, 531]. In conjunction with the 

overexpressed TRPM2 ion channels identified within the ME/CFS group in this present study, 

a potential relationship was questioned as to whether TRPM2 overexpression causes TRPM3 

ion channels to be reduced or vice versa. However, no investigations have described an 

association and formation of heterodimers between TRPM2 and TRPM3 ion channels. 

However, given both TRPM ion channels are critical regulators of Ca2+ their differential 

surface expression levels may cause an overall dysregulation in Ca2+ homeostasis within the 

NK cells of ME/CFS patients.  

 

Sustained and dysregulated Ca2+ homeostasis can disrupt downstream Ca2+-dependent 

signalling pathways, such as NK cell cytotoxicity, which is a consistent finding in ME/CFS 

patients. Therefore, the results collected from this thesis suggest that ME/CFS may be a 

potential channelopathy. Channelopathies are diseases that develop as a result of ion channel 

impairments caused by genetic or acquired factors, such as chronic exposure to drugs and 

toxins [659]. Genetic mutations encoding ion channels, which impair ion channel function, are 

the most common cause of channelopathies. Various TRP channelopathies have been 

established involving TRPA1 (Familial episodic pain syndrome), TRPM1 (Congenital 

stationary night blindness type 1C), TRPML1 (Mucolipidosis type IV), TRPP2 (Autosomal 

dominant polycystic kidney disease) and TRPV4 (Charcot-Marie-Tooth disease type C2, 

Congenital distal spinal muscular atrophy and Scapuloperoneal spinal muscular atrophy) genes 
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[659]. Five SNPs in NK cells have been previously associated with the TRPM3 ion channel 

gene in ME/CFS patients [13]. Viral infections may play a pivotal role in mediating genetic 

mutations involving TRPM2 and/or TRPM3 genes as genetic mutations result from exposure 

to either a single or multiple interplay of environmental triggers, including viruses, which can 

change the protein structure and subsequent ion channel function. 

 

Given NK cells exhibit a rapid cellular turnover after two weeks, this genetic mutation may be 

passed down from encoded DNA to instruct hematopoietic stem cells (HSCs) from the bone 

marrow to maintain the TRPM2 ion channel overexpression on the newly differentiated NK 

cells. Importantly, as all peripheral blood cells stem from HSCs, TRPM2 overexpression may 

be potentially present in other immunological cells. For example, T lymphocytes also 

differentiate from the common lymphoid progenitor as NK cells and NK cell cytotoxicity has 

been suggested to facilitate a Th2 bias immune response, subsequently prolonging viral 

activation and chronic infection due to equivocally expressed cytokine levels in ME/CFS 

patient serum and plasma [4, 5, 472, 478-480, 660, 661]. Furthermore, nine SNPs have been 

previously identified to be associated with TRPM3 from whole blood samples in ME/CFS 

patients [481]. Therefore, quantification of TRPM2 on other immune cells and future genetic 

investigations are required to confirm any potential genetic impairments in TRPM2 and/or 

TRPM3 genes. Resultantly, this future direction will facilitate the identification of these TRPM 

ion channels as potential diagnostic candidates, as well as the development of therapeutic 

interventions to improve the quality of life of ME/CFS patients.  

 

The results collected from this thesis also highlight the importance of Ca2+ homeostasis 

facilitated by ion channels such as TRPM2 and TRPM2 to mediate efficient NK cell 

cytotoxicity. Therefore, nifedipine, and other Ca2+ channel blockers, may not provide clinical 
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benefits for ME/CFS patients if used as a channel blocker as this pharmacological drug blocks 

Ca2+ entry by inhibiting L-type voltage-gated Ca2+ channels. Therefore, this thesis warrants the 

identification of alternative therapeutic interventions to improve the overall Ca2+ levels within 

the NK cells of ME/CFS patients by targeting Ca2+-specific receptors and ion channels, such 

as TRPM2 and TRPM3.  

 

6.8 Limitations and Future Directions 

6.8.1 In vivo versus in vitro cell models 

One significant limitation within ME/CFS research is the absence of an in vivo model and/or 

cell line to represent this multifactorial disorder. Consequently, current in vitro methodologies 

are restricted to studying isolated cells from criteria-based ME/CFS patients. Currently, NK 

cells are the most appropriate and reliable cell model to study the pathology of ME/CFS as 

reduced NK cell cytotoxicity remains the most consistent finding in ME/CFS patients [469]. 

Primary cells retain the morphological and functional characteristics of their tissue of origin in 

vivo, hence they enable researchers to investigate the physiological and pathological roles of 

these cells. However, primary cells are extremely sensitive and fragile in in vitro environments. 

Hence, they are difficult to transfect and exhibit variable transfection efficiencies between cell 

types. Moreover, their limited lifespan and expansion capacity for self-renewal and 

differentiation causes difficulties acquiring a high RNA yield for genetic investigations. An 

additional challenge when working with primary cells is the limited number of cells isolated 

from each patient. This challenge was encountered during this thesis as ME/CFS patients 

typically possess lower number of NK cells. Consequently, this limited the number of assays 

and/or experimental conditions to investigate per assay, as well as resulted in some patients 

being excluded from the study.  
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One method to target specific immunological pathways from patient cells is through 

pharmacological modulation. However, if the mechanism of action of these drugs is unknown 

or non-specific, severe limitations arise in the ability to analyse accurate and reliable data. 

Therefore, a vital future direction is the development of pharmacotherapeutic drugs with high 

efficacy and specificity, notably for TRPM2 due to lack of readily available, non-toxic and 

potent pharmacological drugs. Access to these agents will enable the use of more sophisticated 

applications such as whole cell electrophysiology using patch clamp techniques to investigate 

the function of TRPM2 channels in ME/CFS patients. 

 

Secondly, in addition to our TRPM3 results following PregS and nifedipine treatment in vitro 

using whole-cell patch clamp, only in vivo studies have been conducted to assess TRPM3 

channel activation, as well as TRPM2. In vivo investigations using animal or human cell 

models provide physiological implications in an organism between different cell types, 

including excitable and non-excitable cells. For example, PregS can activate voltage-gated Ca2+ 

channels, N-methyl-D-aspartate receptors, and potassium channels [362, 662-664]. 

Conversely, PregS has been described to inhibit GABAA receptors [369]. Furthermore, PregS 

can be endogenously produced in considerable amounts by the human body, whereby it has 

been suggested that PregS concentrations encountered physiologically in the human body may 

be sufficient to activate TRPM3 channels [351, 366].  

 

Comparatively, in vitro models can provide a more targeted approach to examine the 

expression and/or activity of a specific receptor or ion channel, as well as cellular mechanism, 

such as NK cell cytotoxicity given the pharmacological drugs used possess high specificity and 

efficacy. Nonetheless, a major drawback of in vitro models is their ability to account for 

multicellular interactions between cells and biochemical processes that occur during cellular 
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turnover and metabolism. However, as human primary cells remain the most appropriate cell 

model to study ME/CFS, the identification and development of pharmacological tools with 

high potency, selectivity and efficacy is paramount to continue ME/CFS research pertaining to 

TRP channel investigations using in vitro models.  

 

6.8.2 Specificity of NK cell cytotoxicity assay 

The treated NK cell cytotoxicity results collected from Study 2 and Study 3 provide valuable 

insight pertaining to the sensitivity of the NK cell cytotoxic assay and its ability to provide 

representative data using effective pharmacological drugs over an extensive experimental 

timeframe. Given the drugs were incubated in the media and cells for more than 24 hours, the 

TRPM2 and TRPM3 ion channels may have undergone repetitive activation and inhibition 

cycles. Consequently, this may have activated and caused sustained long-term Ca2+-dependent 

pathways which may have potentially resulted in disrupted gene expression and the 

development of NK cell hyporesponsiveness. Hence, Study 2 and Study 3 warrants the 

identification of alternative time-sensitive experiments to determine the channel mediators 

involved in the reduced NK cell cytotoxic profile in ME/CFS patients. Given NK cell 

cytotoxicity is a heavily reliant Ca2+-dependent pathway, quantification of Ca2+ influx in real 

time using specific pharmacological tools targeting TRP ion channels of interest via flow 

cytometry or confocal microscopy is a vital future direction that could provide representative 

implications of NK cellular function in ME/CFS patients. Moreover, simultaneous 

measurement of both TRPM2 and TRPM3 surface expression and Ca2+ influx will help 

determine whether differential expression of TRPM2 and TRPM3 contributes to reduced NK 

cell cytotoxicity due to dysregulated Ca2+ influx in ME/CFS patients.  
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6.8.3 Sample size and participant cohorts 

Importantly, these results are considered preliminary due to our small sample size. Resultantly, 

our significant findings warrant further investigation with a larger cohort as a key future 

direction. Interestingly, the significant associations identified involving some key clinical 

symptoms and viral infections with reduced NK cell cytotoxicity were reported in both Study 

2 and Study 3. Both studies recruited CCC and ICC-defined patients, which includes a mix of 

moderate to severe ME/CFS patients. Therefore, the data collected from this thesis may be 

exclusive findings in moderate-severe ME/CFS. However, implementation of additional 

patient control groups is required, such as Fukuda-defined (mild) ME/CFS patients and 

fatigued-controls, and diseases with overlapping symptoms (i.e. Fibromyalgia patients) is an 

additional future direction to validate dysregulations in TRPM2 and TRPM3 channel surface 

expression and NK cell cytotoxicity are specific characteristics to specific subsets (mild, 

moderate or severe) of ME/CFS patients.  

 

6.8.4 TRPM2 and TRPM3 isomers in ME/CFS  

Investigation of additional Ca2+-dependent TRP channels is another future direction, notably 

within the TRPM subfamily. Recently, Zierler et al. examined TRPM channels as potential 

therapeutic targets against pro-inflammatory diseases [249]. These authors noted that 

mutations in TRPM ion channels required for Ca2+ signalling play an important role in 

immunodeficiencies and therefore are valued drug targets indicating the roles of TRP-Ca2+ 

pathways in inflammation. Therefore, an additional future direction involves the examination 

of TRPM2 and TRPM3 isoforms and their influence on NK cell cytotoxicity in ME/CFS, given 

TRPM2 and TRPM3 isoforms exhibit varying Ca2+ permeabilities, and agonist sensitivities. 

 

 



 

296 

 

6.8.5 Mitochondria and oxidative stress-related studies 

Mitochondrial muscle dysfunction has been implicated in ME/CFS as structural and functional 

mitochondrial dysfunctions have been documented in patients, leading to increased oxidative 

stress indexes in response to exercise or inflammation and exhaustion of antioxidant reserve 

[603, 665-668]. As mitochondria are important regulators for Ca2+ homeostasis, as well as 

generators of ADPR, a potential future direction is to quantify TRPM2 expression from 

ME/CFS patient muscle biopsies, as well as examine mitochondrial function and oxidative 

stress parameters, involving TRPM2, which could potentially rationalise the overexpression of 

TRPM2 ion channels identified in our ME/CFS group.  

 

6.8.6 COVID-19 and ME/CFS 

Finally, given viral infections are a common trigger reported by ME/CFS patients prior to the 

onset of symptoms, a new line of research has emerged pertaining to the post-viral effect of the 

COVID-19 virus on the clinical presentation of current ME/CFS patients, as well as the 

potential of the COVID-19 virus in facilitating either a similar or unique cohort of  ME/CFS 

patients.  Given both TRPM2 and TRPM3 are activated upon external “threats” such as viral 

infections, an interesting future direction could involve measuring TRPM2 and TRPM3 surface 

expression levels, ion channel activity and subsequent Ca2+ influx in NK cells using flow 

cytometry, confocal microscopy and whole-cell patch clamp techniques. Collectively, these 

future experimental studies will provide valuable information pertaining to the effects of the 

COVID-19 virus on the surface expression and channel activity of TRPM2 and TRPM3 and 

may further advance the understanding of the unique pathomechanism of ME/CFS.  
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6.9 Conclusion 

Collectively, the results from this thesis are the first to develop a novel and optimal 

methodology to measure TRPM2 and CD38 surface expression on isolated human NK cell 

subsets using flow cytometry. This thesis also reports for the first time a significant 

overexpression of the TRPM2 ion channel on NK cell subsets in ME/CFS patients compared 

with HC. Oxidative stress induced by viral infections is hypothesised to cause this 

overexpression in TRPM2 ion channels in ME/CFS patients as previously reported. 

Overexpressed TRPM2 ion channels may cause mitochondrial dysfunction, cellular death, 

DNA damage, and disruption to MAPK pathways following dysregulated levels of [Ca2+]i. 

Collectively, these processes can potentially disrupt downstream Ca2+-dependent pathways, 

such as NK cell cytotoxicity, which was significantly reduced in ME/CFS patients compared 

with HC as previously reported (Figure 26).  

 

No significant differences in NK cell cytotoxicity were found between or within groups post 

TRPM2 (N6-Bnz-cAMP and 8-Br-ADPR) and TRPM3 (PregS, nifedipine and ononetin) in 

vitro drug treatments. These results may reflect the sensitivity of the cytotoxic assay to capture 

the TRPM2/TRPM3 drug-modulatory effects on NK cell cytotoxicity. Given the drugs were 

incubated in the media and cells for more than 24 hours, the TRPM2 and TRPM3 ion channels 

may have undergone repetitive activation and inhibition cycles. Consequently, this may have 

activated and caused sustained long-term Ca2+-dependent pathways which may have 

potentially resulted in disrupted gene expression, irreversible cellular death and the 

development of NK cell hyporesponsiveness.Furthermore, a primary limitation with TRPM2 

is the lack of potent and specific pharmacological tools. Consequently, the TRPM2 signals may 

have been reduced or lost, subsequently modulating activation of downstream NK cell 

cytotoxic processes, such as ERK1/2 and MAPK. Taken together, this thesis warrants the 
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identification of additional experiments with a more appropriate time-sensitivity to capture the 

pharmacological effects of specific cellular mechanisms of interest, such as quantification of 

Ca2+ influx via flow cytometry or confocal microscopy. These results also highlight an 

important area for the identification and development of more potent, specific, and non-toxic 

pharmacological tools targeting TRPM2. Additional rationales that could be contributing 

factors for these results include co-localisation of between TRPM2 and CD38 and involvement 

of TRPM2 and TRPM3 spliced isoforms.  

 

Various significant associations were identified between clinical ME/CFS symptoms and 

reduced NK cell cytotoxicity in both Study 2 and Study 3. Associations included: pain, 

cognitive difficulties, sleep disturbances, sensory, perceptual, and motor disturbances, 

thermostatic instability and gastrointestinal disturbances. A common feature shared amongst 

these clinical symptoms is the high expression and functional activity of TRPM2 and TRPM3 

in the CNS, which functions as the control centre for these physiological systems. However, 

additional quantitative tests examining these clinical functions, such as nociceptive pain and 

thermoregulation, are required to definitively associate the possible roles of TRPM2 and 

TRPM3 activity and the unique clinical presentation of ME/CFS. Interestingly, positive 

correlations were determined between reduced NK cell cytotoxicity and overexpressed TRPM2 

ion channels on both NK cell subsets within the ME/CFS group. ROC analyses also revealed 

diagnostic potential for reduced NK cell cytotoxicity and overexpressed TRPM2 ion channels 

in ME/CFS patients. Collectively, these results highlight a relationship between TRPM2 and 

reduced NK cell cytotoxicity in ME/CFS. Therefore, further investigations in this vital area of 

ME/CFS research will assist in the validation of TRPM2 and TRPM3 as potential biological 

markers to further understand the unique pathomechanism of ME/CFS and facilitate the 



 

299 

 

possible development of targeted therapeutic interventions to improve the quality of life of 

ME/CFS patients.  
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Figure 26: Proposed model of impaired calcium signalling pathways involving TRPM2 and TRPM3 in Myalgic Encephalomyelitis/Chronic 

Fatigue Syndrome Patients. Calcium signalling pathways are illustrated by red arrows. Impaired calcium signalling pathways implicated in 

ME/CFS patients are highlighted by blue arrows and questionmarks. Abbreviations: 8-Br-ADPR, 8-bromoadenosine- 5'- O- diphosphoribose; AC, 

adenylyl cyclase; ADPR, adenosine diphosphoribose, ATP, adenosine triphosphate; Ca2+, calcium; [Ca2+]i, intracellular calcium; cADPR, cyclic 

adenosine diphosphoribose;CaM, calmodulin; CaMK, calmodulin kinase; cAMP, cyclic adenosine monophosphate; CREB, cyclic adenosine 

monophosphate response element-binding protein; DAG, diacylglycerol; DNA, deoxyribonucleic acid; EGR-1, early growth response protein 1; 

ER, endoplasmic reticulum; ERK1/2, extracellular signal-regulated kinase 1/2; GA, golgi apparatus; GPCR, g-protein-coupled receptor; GTP, 

guanosine triphosphate; H2O2, hydrogen peroxide; IĸB, inhibitor of kappa B; IFN-γ, interferon-gamma; IP3, 1,4,5-triphosphate; IP3R, 1,4,5-

triphosphate receptor;  ITAM, immunoreceptor tyrosine-based activation motif; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein 

kinase; MAPKKK, mitogen-activated protein kinase kinase kinase; MEK1/2, mitogen-activated protein kinase kinase; MSK, mitogen and stress-

activated kinase; MTOC, microtubule organising center; N6-Bnz-cAMP, N6-benzoyladenosine- 3', 5'- cyclic monophosphate; NAD, nicotinamide 

adenine dinucleotide; NF-ĸB, nuclear factor kappa-light-chain-enhancer of activated B cells; NFAT, nuclear factor of activated T-cells; NK, 

natural killer; ORAI1, ORAI calcium release-activated calcium modulator 1; P, phosphate; PARG; poly adenosine diphosphoribose 

glycohydrolase; PARP, poly adenosine diphoshoribose polymerase; PIP2, phosphatidylinositol 4,5-bisphosphate;PKA, protein kinase A; PKC, 

protein kinase C; PLC-γ, phospholipase C- gamma; PM, plasma membrane; RyR, ryanodine receptor; PregS, pregnenolone sulfate; SERCA, 

sarco/endoplasmic reticulum Ca2+-ATPase;STAT1, signal transducer and activator of transcription 2; STAT3, signal transducer and activator of 
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transcription 3; STAT4, signal transducer and activator of transcription 4;STAT5, signal transducer and activator of transcription 5;  STIM; 

stromal interacting molecule; TNF-α, tumour necrosis factor-alpha; TRPM2, transient receptor potential melastatin 2; TRPM3, transient receptor 

potential melastatin 3. (Adpated from Toth, Shum and Prakriya, 2016 and Sumoza-Tolendo and Penner, 2011) 
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Appendix 1:  Recommendations by Suzy Chapman and Mary Dimmock for the WHO 

ICD-11 for ME/CFS 

 

Note 1. Inclusion of CFS in Foundation and MMS Linerarization: The authors support the 

principle set out in ICD-10 Volume 2: Instruction Manual (2010): "The categories have to be 

chosen to facilitate the statistical study of disease phenomena. A specific disease entity that is 

of particular public health importance, or that occurs frequently, should have its own category." 

The authors support the precedent set by the Canadian Institute for Health Information (CIHI) 

that is responsible for the development, update and maintenance of ICD-10-CA, and the 

German Institute of Medical Documentation and Information (DIMDI) that is responsible for 

the development, update and maintenance of ICD-10-GM in adding chronic fatigue syndrome 

to their Tabular Lists. 

 

Note 2. Deprecation of “benign”: The term “BNE” was first introduced in 1956 in a Lancet 

editorial letter. The designation "benign" was originally suggested due to no recorded fatalities 

from ME at the time. The WHO included "BME" as an index entity within the ICD-9 

(published 1975). For the ICD-10 (published 1992), the WHO created a new category G93, 

“Other disorders of brain, in Chapter VI: Diseases of the nervous system”, and created a new 

code G93.3, PVFS, an entity previously in the symptom chapter of the ICD-9. The WHO 

moved BME under the new G93.3 code. The ICD-10 has continued to include the designation 

"benign" within its classification.  

 

In 1978, the Royal Society of Medicine hosted an international symposium to discuss future 

research directions of the disorder. Overall, the attendees agreed that ME is a distinct, organic, 

nosological entity and refuted a psychological origin. Importantly, future ME outbreaks were 

suggested to require a collaborative team of neurologists, epidemiologists, virologists, and 
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immunologists and that findings would also be important for other neurological disorders, 

including multiple sclerosis. Alternative terms used to describe ME were also discussed, 

however majority of the attedees rejected these unsatisfactory suggestions. Resultantly, the 

prefix “benign” was agreed to be omitted for “ME” in response to the high burden of morbidity 

associated with the disease and because the term "benign" was misleading from the patient's 

perspective. In 2009, autopsy evidence presented at a Royal Society of Medicine meeting 

illustrated inflammed dorsal root ganglia in three ME patients, corroborating with the term 

“ME”. Given the high burden of morbidity and recorded mortalities, the authors see no 

justification for retaining the designation "benign" for the ICD-11. 

Recommendation: Replace entity, “BNE” with “ME”. For continuity and comparability with 

ICD-10, the authors propose lisiting “ME (benign)” under Synonyms to concept title: Myalgic 

encephalomyelitis. 

 

Note 3: Deprecation of postviral fatigue syndrome: The term “PVFS” is considered an ill-

defined term not extensively identified in the literature. Interestingly, a PubMed search 

returned 55 papers referencing “postviral fatigue syndrome” and 39 papers referencing “post 

viral fatigue syndrome”. Comparatively, 629 papers were returned referencing “ME” and 6020 

papers for “CFS”. Moreover, PVFS was considered an inappropriate concept title for ME as 

not all cases of ME are triggered by a viral infection. The Oxford Criteria defines PVFS as “a 

subtype of CFS which either follows an infection or is associated with a current infection.” 

Hower the U.S. National Institutes of Health have declared the Oxford Criteria severely flawed 

and recommended its retirement.  

Recommedation: For continuity and comparability with ICD-10, the authors recommend to 

include PVFS as a synonym term under new concept title: ME.  
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Note 4.  Exclusions: The ICD-11 principle states that exclusion terms must exist in the 

classification as entities to enable linking. On this basis, the authors recommend that this type 

of exclusion should be inserted under Fatigue and Bodily distress disorder for concept title CFS 

and ME to mitigate the risk of miscoding under Fatigue or misdiagnosis with, or misapplication 

of, an additional diagnosis of Bodily distress disorder.  

 

4.1. Exclusions under Fatigue:  For the ICD-11, the legacy concept title, Malaise and fatigue, 

is replaced with new concept title, Fatigue, which is primary parented under General 

symptoms, and secondary parented to proposed grouping, “Symptoms or signs involving 

motivation or energy.” Bodily distress disorder is also listed under exclusions to Fatigue. 

Fatigue is a common symptom complaint. Importantly, various disease processes that cause 

symptoms of fatigue or prolonged fatigue can be explained by the illness and in some cases 

may be treatable. Fatigue, CF, idiopathic fatigue and idiopathic chronic fatigue do not meet the 

specific criteria for CFS and ME. 

Recommendation: Retain exlcusions under Fatigue for concept titles CFS and ME to mitigate 

the risk of miscoding these defined diagnositic categories. Insert exclusions for Fatigue under 

concept titles CFS and ME.  

 

 

4.2. Exclusions under Bodily distress disorder:  As defined for the ICD-11, the proposed 

bodily distress disorder diagnostic construct possesses strong conceptual characterization and 

criteria alignment with DSM-5’s somatic symptom disorder. For both bodily distress disorder 

and 5SM-5’s somatic disorder, the distinction between medically explained and medically 

unexplained somatic complaints is abolished. There is no longer the requirement for symptoms 

to be medically unexplained in order to fulfill the criteria, and the symptoms may or may not 
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be associated with another medical condition: “if a medical condition is causing or contributing 

to the symptoms, the degree of attension is clearly excessive in relation to its nature and 

progression.”Thresholds to meet the criteria for bodily distress disorder and somatic symptom 

disorder are substantially lower than those of the somatoform disorders which they replace: the 

presence of bodily symptoms that are distressing to the individual and excessive attention 

directed toward the symptoms; or a single symptom, for example, pain or fatigue, in association 

with the psychobehavioural features that define the disorder, will be sufficient to meet the 

diagnosis. Patients diagnosed with CFS or ME, or awaiting a diagnosis, may be particularly 

vulnerable to misdiagnosis with, or misapplication of, an additional diagnosis of bodily distress 

disorder. 

Recommendation: Insert exclusions under Bodily distress disorder for concept title CFS and 

concept title ME to mitigate the risk of misdiagnosis with, or misapplication of, an additional 

diagnosis of bodily distress disorder. Insert exclusions for Bodily distress disorder under 

concept title CFS and concept title ME. 



Appendix 2:  Participant Recruitment through Email 

 

Dear [Name of participant],  

 

The National Centre for Neuroimmunology and Emerging Diseases (NCNED) at Griffith 

University on the Gold Coast is conducting a ME/CFS clinical trial in [location]. (It is a 

national study, with collection points in [locations]). 

 

We are seeking people for two groups: 

ME/CFS group: Participants who are diagnosed with ME/CFS (where, diagnosis was made 

using CCC 2003 or the ICC 2011 criteria). Co-morbid Fibromyalgia does not exclude you 

from this group. 

Control group: Participants who experience no problem with severe fatigue (and their fatigue 

is relieved after bed rest). Relatives of participants are welcome to participate in this group. 

 

The inclusion criteria for both groups are: 

Females and males between the ages of 18 to 65 years old. 

Able to travel to [locations]. 

Non-smoker (has not smoked for at least the past 2 years). 

No current/previous diagnosis of serious chronic illness, e.g. autoimmune, neurological, 

cancer, cardiovascular, diabetes, primary psychiatric (minor depression and anxiety are 

permissible).   

Must not be pregnant or breast feeding.   

Not currently on certain hormone and anti-inflammatory medications. Contraceptive pill, 

hormones used for depression, sleep and anxiety are acceptable; however, ideally, we would 

like participants to come off hormone and anti-inflammatory medications for at least 2 weeks 

before the blood test, if that doesn’t affect your health and ability to come for sample collections 

(Please email with any further questions about this). 

Not currently on opioids (i.e. LDN) or any pharmacological agents that directly or indirectly 

influence TRPM3 or Ca2+ signalling (i.e. Laxapro, Lyrica). 

Not currently on supplementations that contain Ca2+ and/or magnesium. 

 

The clinical trial involves: 

Donations of 85ml of blood every 4 month over a 5-month collection period, but you are free 

to withdraw at any time during the clinical study.  

Completion of an online questionnaire 

Completion of a clinical symptom diary 

Clinical examinations every 2 weeks 

Blind administration of a placebo or treatment intervention  

Clinical trial information 

The NCNED is inviting patients formally diagnosed with ME/CFS and healthy volunteers to 

participate in an upcoming clinical trial. This clinical trial aims to investigate the 

pharmacotherapeutic efficacy and safety of low dose naltrexone (LDN) as a treatment option 

for ME/CFS patients. We are looking for as many subjects as we can get at this stage. 

Recruitment will continue to next year; the commencement of the study will be dependent upon 

the requisite number of participants being recruited. 

 

The NCNED has previously reported faulty NK cells in ME/CFS patients compared to healthy 

participants. Specifically, a cell receptor known as Transient Receptor Potential Melastatin 3 
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(TRPM3) has emerged as a potential candidate involved in the pathology of ME/CFS. TRPM3 

channels are widely expressed in the body and play an important role in healthy cells by 

transferring calcium (Ca2+) from outside the cell to the inside, resulting in the regulation of 

numerous cell functions. We have previously reported impaired TRPM3 ion channel function 

on NK cells in ME/CFS patients, which can be restored following naltrexone (NTX) treatment 

in vitro. NTX is an opioid blocker traditionally used to treat opioid dependence. Interestingly, 

LDN has been routinely administered to ME/CFS patients and has reported significant 

improvements only in the clinical presentation of patients.  

 

This clinical trial aims to measure TRPM3 ion channel activity and Ca2+ influx, as well as 

examine the clinical presentation of ME/CFS patients following LDN treatment in vivo. This 

clinical trial hopes to eliminate potentially harmful treatments and identify appropriate 

pharmacological interventions for ME/CFS patients to improve patient quality of life.  

 

Would you please circulate this request if you know of any volunteers who fit the inclusion 

criteria and would like to take participate in our research. Please also pass this message on if 

you know of any healthy controls who would like to participate, as they are as important for 

our research as ME/CFS participants. 

 

Please email ncned@griffith.edu.au or call on 07-5678-9283 providing your name, DOB, 

contact number and address and indicating your interest in the study as a control or ME/CFS 

participant. Your details will then be added to the interstate data base and you will be contacted 

with further details once a date has been confirmed for the study. 

 

Thank you for your assistance and we look forward to hearing from you. 

 

Kind regards, 
 

 

National Centre for Neuroimmunology and Emerging Diseases 

Website: http://www.griffith.edu.au/health/national-centre-neuroimmunology-emerging-

diseases 

Facebook: https://www.facebook.com/pages/National-Centre-for-Neuroimmunology-and-

Emerging-Diseases-NCNED/301252900007181 



Appendix 3: Participant Recruitment through Facebook 

 

Dear Supporters,  

 

The NCNED is inviting patients formally diagnosed with ME/CFS and healthy volunteers to 

participate in an upcoming clinical trial. This clinical trial aims to investigate the 

pharmacotherapeutic efficacy and safety of low dose naltrexone (LDN) as a treatment option 

for ME/CFS patients.  

 

The NCNED has previously reported faulty NK cells in ME/CFS patients compared to healthy 

participants. Specifically, a cell receptor known as Transient Receptor Potential Melastatin 3 

(TRPM3) has emerged as a potential candidate involved in the pathology of ME/CFS. TRPM3 

channels are widely expressed in the body and play an important role in healthy cells by 

transferring calcium (Ca2+) from outside the cell to the inside, resulting in the regulation of 

numerous cell functions. We have previously reported impaired TRPM3 ion channel function 

on NK cells in ME/CFS patients, which can be restored following naltrexone (NTX) treatment 

in vitro. NTX is an opioid blocker traditionally used to treat opioid dependence. Interestingly, 

LDN has been routinely administered to ME/CFS patients and has reported significant 

improvements only in the clinical presentation of patients.  

 

This clinical trial aims to measure TRPM3 ion channel activity and TRPM3-dependent Ca2+ 

influx, as well as examine the clinical presentation of ME/CFS patients following LDN 

treatment. This clinical trial hopes to eliminate potentially harmful treatments and identify 

appropriate pharmacological interventions for ME/CFS patients to improve patient quality of 

life.  

 

We are seeking people for two groups: 

ME/CFS group: Participants who are diagnosed with ME/CFS (where, diagnosis was made 

using CCC 2003 or the ICC 2011 criteria). Co-morbid Fibromyalgia does not exclude you 

from this group. 

Control group: Participants who experience no problem with severe fatigue (and their fatigue 

is relieved after bed rest). Relatives of participants are welcome to participate in this group. 

 

The inclusion criteria for both groups are: 

Females and males between the ages of 18 to 65 years old. 

Able to travel to [locations]. 

Non-smoker (has not smoked for at least the past 2 years). 
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No current/previous diagnosis of serious chronic illness, e.g. autoimmune, neurological, 

cancer, cardiovascular, diabetes, primary psychiatric (minor depression and anxiety are 

permissible).   

Must not be pregnant or breast feeding.   

Not currently on certain hormone and anti-inflammatory medications. Contraceptive pill, 

hormones used for depression, sleep and anxiety are acceptable; however, ideally, we would 

like participants to come off hormone and anti-inflammatory medications for at least 2 weeks 

before the blood test, if that doesn’t affect your health and ability to come for sample collections 

(Please email with any further questions about this). 

Not currently on opioids (i.e. LDN) or any pharmacological agents that directly or indirectly 

influence TRPM3 or Ca2+ signalling (i.e. Laxapro, Lyrica). 

Not currently on supplementations that contain Ca2+ and/or magnesium. 

The clinical trial involves: 

Donations of 85ml of blood every 4 month over a 5-month collection period, but you are free 

to withdraw at any time during the clinical study.  

Completion of an online questionnaire 

Completion of a clinical symptom diary 

Clinical examinations every 2 weeks 

Blind administration of a placebo or treatment intervention  

 

This upcoming project will be conducted at [location] and appointments for donation can be 

made at [locations]. 

 

Participants will be asked to complete an online medical history questionnaire and to donate 

up to 85ml of blood. For their time, participants will receive a $5 Coles e-voucher and enter 

the draw to win $50, $75 and $100 Coles e-vouchers drawn half-yearly. 

 

If you are interested in participating, please contact NCNED on (07) 567 89283 or email 

ncned@griffith.edu.au  

We would like to thank everyone for their support as without your generosity our research 

would not be possible.  

 

Thank you, 

Sonya, Don and the NCNED Team 



Appendix 4: Questionnaire completed by ME/CFS patients and HC to determine 

participant suitability for study inclusion.   

  

 

 
 

The NCNED Australian Registry for CFS/ME 
 

I am interested in volunteering as: 

☐ An individual with ME/CFS 

☐ An individual with no chronic illness (healthy volunteer) 

Part A: Background Information 

Name:  

Date of birth:            

Gender:  

☐ Male 

☐ Female 

☐ Other 

☐ Prefer not to answer 

 

Where do you currently reside?  

While this question is not mandatory, we ask that you provide your postcode and/or suburb. 

This helps us to contact you when we are recruiting by region. This also helps us to organise 

appointments at your nearest collection centre.  

 

Street Address:  

 

 

Suburb:  

Postcode:   
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Country:  

 

Please provide your current contact information:  

Phone:  

Email:  

 

Please specify your: 

Height (cm):  

Weight (kg):  

 

Please indicate two ancestries you most strongly identify with:  

Please check all that apply 

☐ Australian 

☐ Indigenous Australian 

☐ European 

☐ North African 

☐ Middle Eastern 

☐ Asian 

☐ Sub-Saharan African 

☐ Pacific Islander 

☐ Other 

 

What is your highest level of education?  

Please check only one of the following 

☐ Primary School 

☐ High School  

☐ Professional training (excluding university) 

☐ Undergraduate  

☐ Postgraduate/Doctoral 

 

What is your current employment status?  

Please check only one of the following 

☐ Full Time  
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☐ Part Time  

☐ Casual 

☐ Not Employed  

 

If you responded the previous question with “Not Employed” please specify the reason 

for unemployment: 

Please check only one of the following 

☐ Retired  

☐ Illness/Disability  

☐ Homemaker 

☐ Student/Training  

☐ Other 

 

What is your current smoking status? 

Please check only one of the following 

☐ Smoker  

☐ Non-Smoker  

 

How often do you consume alcohol? 

Please check only one of the following 

☐ Every day  

☐ 2-6 times per week  

☐ Once a week  

☐ Rarely 

☐ Never 

 

If you are participating as a ME/CFS patient, does the consumption of alcohol worsen 

your symptoms? If applicable, please provide details: 

 

Are you currently pregnant or breastfeeding? 

Please check only one of the following 

☐ Yes  

☐ No  

 

Part B: Medical History 
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Please describe any major illnesses (diagnosed by a physician) during your childhood or 

adolescence. Please specify age of onset, duration of illness, and whether this illness is still 

a concern. 

 

Please refer to the first two rows for examples.  

 

Illness Age of Onset Duration of Illness Is this illness still a 

concern? 

Asthma 5 31 years Yes 

Glandular fever 17 4 months No 

    

    

    

 

Please describe any major illnesses (diagnosed by a physician) during adulthood. Please 

specify age of onset, duration of illness, and whether this illness is still a concern. 

 

Please refer to the first two rows for examples.  

 

Illness Age of Onset Duration of Illness Is this illness still a 

concern? 

Type 2 Diabetes 49 2 years Yes 

High blood pressure 45 6 years Yes 

    

    

    

    

 

Please list any surgeries, major injuries, and hospitalisations. Please specify your age at 

the time of the event if you remember.  

 

Please refer to the first two rows for examples.  
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Event Age 

Tonsillectomy 12 

Heart Attack 50 

  

  

 

Please list all medications taken routinely or within the last two weeks. These may include 

prescription drugs, over the counter drugs, dietary supplements and vitamins, or herbal 

and homeopathic remedies.  

If possible please indicate the dose, route, and how often you take this medication, as well 

as the date you started taking it and the reason you were prescribed this medication.  

If you are participating as a ME/CFS patient please indicate whether you feel the 

medication has improved any of your ME/CFS symptoms. If you are participating as a 

healthy individual, please ignore this column.  

Please refer to the first two rows for examples.  

 

Please specify any allergies you may have.  

This can include medications, foods, chemicals etc. 

If you are participating as a ME/CFS patient please indicate whether the onset of the 

allergy/intolerance occurred before or after the onset of your ME/CFS symptoms. If you 

are participating as a healthy individual please ignore this column.  

Please refer to the first three rows for examples.  

 

Medication Dose Route Frequency Started Purpose ME/CFS 

Improvement? 

Aspirin 80mg Oral 1 tablet/day June 

2017 

Prevent 

cardiovascular 

event 

N/A 

Oroxine 50mcgs Oral 1 table/day October 

2018 

Hypothyroidism Unsure 
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Allergy/Intolerance Reaction Type Onset before/after 

ME/CFS 

Seafood Anaphylaxis Before 

Gluten Nausea After 

Perfume Headache After 
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Part C: ME/CFS Symptoms 

If you are participating as a healthy volunteer, please proceed to Part D 

Q1 Fatigue 

Q1.1 Please provide details of residency (i.e. small or large town, city) at the time of illness 

onset. Do you believe that location and climate was a contributing factor? 

 

Q1.2 Please provide details of your illness onset. Was it acute or over a period of time? 

Outline what you believe to be contributing factor (s).  

 

Q1.3 Have you been experiencing abnormal fatigue for 6 months or more? 

Abnormal fatigue is prolonged tiredness or lack of energy that is significantly higher than 

expected given your daily activities.  

Please check only one of the following 

☐ Yes  

☐ No  

 

Q1.4 If you can remember, when did you first experience ME/CFS symptoms? 

Month (MM):  

Year (YYYY):  

 

 

Q1.5 Have you been diagnosed with ME/CFS by a physician? 

Please check only one of the following 

☐ Yes  
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☐ No → Please proceed to Q1.6 

 

If you answered yes, if you can remember, when were you diagnosed by a physician? 

Month (MM):  

Year (YYYY):  

 

If you answered yes, if you can remember, how long after the onset of ME/CFS symptoms 

were you officially diagnosed by a physician? 

Month (MM):  

Year (YYYY):  

 

Q1.6 When you are fatigued, does rest improve your fatigue? 

Please check only one of the following 

☐ Yes, a lot  

☐ Yes, a little 

☐ No, not very much 

☐ No, not at all 

 

Q1.7 If your symptoms become worse after activity, how long does it usually take for 

your symptoms to return to pre-activity levels? 

If this varies depending on the type of symptom or type of activity, please select multiple 

responses and clarify your answers in the spaces provided.  

☐ A few hours 

 

 

 

 

☐ More than 24 hours 

 

 

 

 

☐ Days 
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☐ Weeks 

 

 

 

 

☐ Symptoms do not worsen after activity 

 

 

 

 

Q1.8 Have your ME/CFS symptoms substantially limited your: 

 Yes No Unsure 

Ability to pursue occupation ☐ ☐ ☐ 

Ability to pursue education ☐ ☐ ☐ 

Social activities ☐ ☐ ☐ 

Recreational activities ☐ ☐ ☐ 

 

Q1.9 During the past month have you had fatigue, tiredness or exhaustion? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q1.18 

 

Q1.10 During the past month, how often have you had fatigue, tiredness or exhaustion? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q1.11 During the past month, how severe was your fatigue, tiredness or exhaustion? 

Please check only one of the following 

☐ Very mild  

☐ Mild 
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☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q1.12 Prior to the past month, how long have you had fatigue, tiredness or exhaustion? 

Please check only one of the following 

☐ Less than 6 months  

☐ 6-12 months 

☐ More than 12 months 

 

Q1.13 If you can remember, please specify how many years/months you have had 

fatigue, tiredness or exhaustion: 

 

Month (MM):  

Year (YYYY):  

 

Q1.14 Do you consider your fatigue, tiredness or exhaustion to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q1.15 Had fatigue, tiredness or exhaustion been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q1.16 When your fatigue, tiredness or exhaustion began, would you say that it came on 

suddenly, or slowly over time? 

Please check only one of the following 

☐ All of a sudden  

☐ Slowly over time 

☐ Not applicable 

☐ Unsure 

 

Q1.17 When your fatigue, tiredness or exhaustion began, were you sick with a viral, 

bacterial or parasitic infection, or were you exposed to chemicals? 

Please check only one of the following 

☐ Yes  

☐ No 
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If yes, please explain: 

 

 

 

 

 

 

Q1.18 During the past month, how often did you experience worsening of symptoms 

(including, but not limited to sore throat, pain, impaired concentration etc.) after 

exertion? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q1.19 Do you feel you have a low threshold for fatigue? i.e. you become mentally and/or 

physically fatigue much more quickly and easily than those around you? 

Please check only one of the following 

☐ Yes  

☐ No 

☐ Unsure 

 

 

 

Q2 Impaired Concentration, Confusion, Disorientation and/or Cognitive Overload 

 

Q2.1 During the past month, have you had impaired concentration, confusion, 

disorientation and/or cognitive overload? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q2.7 

 

Q2.2 During the past month, how often have you had impaired concentration, 

confusion, disorientation and/or cognitive overload? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 
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☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q2.3 During the past month, how severe was your impaired concentration, confusion, 

disorientation and/or cognitive overload? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q2.4 If you can remember, please specify how many years/months you have had 

impaired concentration, confusion, disorientation and/or cognitive overload problems: 

 

Month (MM):  

Year (YYYY):  

 

Q2.5 Do you consider your impaired concentration, confusion, disorientation and/or 

cognitive overload problems to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q2.6 Had impaired concentration, confusion, disorientation and/or cognitive overload 

problems been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q2.7 Had impaired concentration, confusion, disorientation and/or cognitive overload 

problems been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 
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Q3 Memory 

 

Q3.1 During the past month, have you experienced forgetfulness or memory problems? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q3.7 

 

Q3.2 During the past month, how often have you experienced forgetfulness or memory 

problems? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q3.3 During the past month, how severe were your forgetfulness and memory 

problems? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q3.4 If you can remember, please specify how many years/months you have had 

forgetfulness or memory problems: 

 

Month (MM):  

Year (YYYY):  

 

Q3.5 Do you consider your forgetfulness or memory problems to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q3.6 Had forgetfulness or memory problems been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

 

 



 

325 

 

☐ No 

 

Q3.7 Had forgetfulness or memory problems been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q4 Muscle Aches and Pains 

 

Q4.1 During the past month, have you experienced muscle aches and pains? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q4.7  

 

Q4.2 During the past month, how often have you experienced muscle aches and pains? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q4.3 During the past month, how severe were your muscle aches and pains? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q4.4 If you can remember, please specify how many years/months you have had muscle 

aches and pains: 

 

Month (MM):  

Year (YYYY):  
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Q4.5 Do you consider your muscle aches and pains to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q4.6 Had muscle aches and pains been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q4.7 Had muscle aches and pains been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q5 Multi-Joint Pain 

 

Q5.1 During the past month, have you experienced multi-joint pain? 

Please check only one of the following 

☐ Yes  

☐ No → Procced to Q5.7  

 

Q5.2 During the past month, how often have you experienced multi-joint pain? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q5.3 During the past month, how severe were your multi-joint pain? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 
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Q5.4 If you can remember, please specify how many years/months you have had multi-

joint pain: 

 

Month (MM):  

Year (YYYY):  

 

 

Q5.5 Do you consider your multi-joint pain to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

Q5.6 Had multi-joint pain been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q5.7 Had multi-joint pain been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q6 Headaches 

 

Q6.1 During the past month, have you experienced headaches? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q6.7 

 

Q6.2 During the past month, how often have you experienced headaches? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 
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☐ All of the time 

 

Q6.3 During the past month, how severe were your headaches? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

 

Q6.4 If you can remember, please specify how many years/months you have had 

headaches: 

Month (MM):  

Year (YYYY):  

 

Q6.5 Do you consider your headaches to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q6.6 Had headaches been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q6.7 Had headaches been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q7 Light Sensitivity 

 

Q7.1 During the past month, have you experienced sensitivity to light? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q7.7 
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Q7.2 During the past month, how often have you sensitivity to light? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

Q7.3 During the past month, how severe were your light sensitivities? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q7.4 If you can remember, please specify how many years/months you have had 

sensitivity to light: 

 

Month (MM):  

Year (YYYY):  

 

Q7.5 Do you consider your sensitivity to light to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q7.6 Had sensitivity to light been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q7.7 Had sensitivity to light been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 
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Q8 Sensitivity to Noise or Vibration 

 

Q8.1 During the past month, have you experienced sensitivity to noise and/or vibration? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q8.7 

 

Q8.2 During the past month, how often have you had sensitivity to noise and/or 

vibration? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q8.3 During the past month, how severe were your sensitivity to noise and/or vibration? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q8.4 If you can remember, please specify how many years/months you have had 

sensitivity to noise and/or vibration: 

 

Month (MM):  

Year (YYYY):  

 

Q8.5 Do you consider your sensitivity to noise and/or vibration to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q8.6 Had sensitivity to noise and/or vibration been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 
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Q8.7 Had sensitivity to noise and/or vibration been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q9 Sensitivity to Odour and Taste 

 

Q9.1 During the past month, have you experienced sensitivity to odour and/or taste? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q9.7 

 

Q9.2 During the past month, how often have you had sensitivity to odour and/or taste? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q9.3 During the past month, how severe were your sensitivity to odour and/or taste? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q9.4 If you can remember, please specify how many years/months you have had 

sensitivity to odour and/or taste: 

 

Month (MM):  

Year (YYYY):  

 

Q9.5 Do you consider your sensitivity to odour and/or taste to be due to ill health? 

Please check only one of the following 
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☐ Yes  

☐ No 

 

Q9.6 Had sensitivity to odour and/or taste been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q9.7 Had sensitivity to odour and/or taste been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q10 Unrefreshing Sleep 

 

Q10.1 During the past month, have you experienced unrefreshing sleep? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q10.7 

 

Q10.11 During the past month, how often have you had unrefreshing sleep? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q10.3 During the past month, how severe was your unrefreshing sleep? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q10.4 If you can remember, please specify how many years/months you have had 

unrefreshing sleep: 
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Month (MM):  

Year (YYYY):  

 

 

Q10.5 Do you consider your unrefreshing sleep to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q10.6 Had unrefreshing sleep been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q10.7 Had unrefreshing sleep been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

Q11 Sleep Disturbances 

 

Q11.1 During the past month, have you experienced sleep disturbances? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q11.7  

 

Q11.2 During the past month, how often have you had sleep disturbances? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q11.3 During the past month, how severe was your sleep disturbances? 

Please check only one of the following 

☐ Very mild  
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☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q11.4 If you can remember, please specify how many years/months you have had sleep 

disturbances: 

 

Month (MM):  

Year (YYYY):  

 

Q11.5 Do you consider your sleep disturbances to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q11.6 Had sleep disturbances been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q11.7 Had sleep disturbances been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q12 Poor Coordination, Muscle Weakness and/or Muscle Twitching 

 

Q12.1 During the past month, have you experienced poor coordination, muscle 

weakness and/or muscle twitching? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q12.7 
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Q12.2 During the past month, how often have you had poor coordination, muscle 

weakness and/or muscle twitching? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q12.3 During the past month, how severe were your poor coordination, muscle 

weakness and/or muscle twitching? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q12.4 If you can remember, please specify how many years/months you have had poor 

coordination, muscle weakness and/or muscle twitching: 

 

Month (MM):  

Year (YYYY):  

 

Q12.5 Do you consider your poor coordination, muscle weakness and/or muscle twitching 

to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q12.6 Had poor coordination, muscle weakness and/or muscle twitching been a concern 

prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 
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Q12.7 Had poor coordination, muscle weakness and/or muscle twitching been a concern 

prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q13 Enlarged and Tender Lymph Nodes 

 

Q13.1 During the past month, have you experienced enlarged and tender lymph nodes? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q13.7  

 

Q13.2 During the past month, how often have you had enlarged and tender lymph 

nodes? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q13.3 During the past month, how severe were your enlarged and tender lymph nodes? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

 

 

 

Q13.4 If you can remember, please specify how many years/months you have had 

enlarged and tender lymph nodes: 

 

Month (MM):   
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Year (YYYY):  

 

Q13.5 Do you consider your enlarged and tender lymph nodes to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q13.6 Had enlarged and tender lymph nodes been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q13.7 Had enlarged and tender lymph nodes been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q14 Sore Throat 

 

Q14.1 During the past month, have you experienced sore throat? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q14.7 

 

Q14.2 During the past month, how often have you had sore throat? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q14.3 During the past month, how severe was your sore throat? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 
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☐ Very severe 

 

Q14.4 If you can remember, please specify how many years/months you have had sore 

throat: 

Month (MM):  

Year (YYYY):  

 

Q14.5 Do you consider your sore throat to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q14.6 Had sore throat been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q14.7 Had sore throat been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q15 Fever and/or Chills 

 

Q15.1 During the past month, have you experienced fever and/or chills? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed Q15.7 

 

Q15.2 During the past month, how often have you had fever and/or chills? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 
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Q15.3 During the past month, how severe was your fever and/or chills? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q15.4 If you can remember, please specify how many years/months you have had fever 

and/or chills: 

 

Month (MM):  

Year (YYYY):  

Q15.5 Do you consider your fever and/or chills to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q15.6 Had fever and/or chills been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q15.7 Had fever and/or chills been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q16 Nausea 

 

Q16.1 During the past month, have you experienced nausea? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q16.7  
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Q16.2 During the past month, how often have you had nausea? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q16.3 During the past month, how severe was your nausea? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q16.4 If you can remember, please specify how many years/months you have had 

nausea: 

 

Month (MM):  

Year (YYYY):  

 

Q16.5 Do you consider your nausea to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q16.6 Had nausea been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q16.7 Had nausea been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 
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Q17 Abdominal Pain 

 

Q17.1 During the past month, have you experienced abdominal pain? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q17.7 

 

Q17.2 During the past month, how often have you had abdominal pain? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q17.3 During the past month, how severe was your abdominal pain? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q17.4 If you can remember, please specify how many years/months you have had 

abdominal pain: 

 

Month (MM):  

Year (YYYY):  

 

Q17.5 Do you consider your abdominal pain to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q17.6 Had abdominal pain been a concern prior to ME/CFS onset? 
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Please check only one of the following 

☐ Yes  

☐ No 

 

Q17.7 Had abdominal pain been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q18 Bloating 

 

Q18.1 During the past month, have you experienced bloating? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q18.7 

 

Q18.2 During the past month, how often have you had bloating? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q18.3 During the past month, how severe was your bloating? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

 

Q18.4 If you can remember, please specify how many years/months you have had 

bloating: 

 

Month (MM):   
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Year (YYYY):  

 

Q18.5 Do you consider your bloating to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q18.6 Had bloating been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q18.7 Had bloating been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q19 Altered Bowel Habits 

 

Q19.1 During the past month, have you experienced altered bowel habits (e.g., 

diarrhoea or constipation)? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q19.7 

 

Q19.2 During the past month, how often have you had altered bowel habits (e.g., 

diarrhoea or constipation)? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q19.3 During the past month, how severe were your altered bowel habits (e.g., 

diarrhoea or constipation)? 

Please check only one of the following 

☐ Very mild  
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☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q19.4 If you can remember, please specify how many years/months you have had 

altered bowel habits (e.g., diarrhoea or constipation): 

 

Month (MM):  

Year (YYYY):  

 

Q19.5 Do you consider your altered bowel habits (e.g., diarrhoea or constipation) to be 

due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q19.6 Had altered bowel habits (e.g., diarrhoea or constipation) been a concern prior to 

ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q19.7 Had altered bowel habits (e.g., diarrhoea or constipation) been a concern prior to 

the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q20 Urinary Changes 

 

Q20.1 During the past month, have you experienced changes in frequency and urgency 

to urinate? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q20.7  
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Q20.2 During the past month, how often have you had frequency and urgency to 

urinate? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q20.3 During the past month, how severe were your frequency and urgency to urinate? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q20.4 If you can remember, please specify how many years/months you have had 

frequency and urgency to urinate: 

 

Month (MM):  

Year (YYYY):  

 

Q20.5 Do you consider your frequency and urgency to urinate to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q20.6 Had frequency and urgency to urinate been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q20.7 Had frequency and urgency to urinate been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 
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Q21 Difficulty Breathing 

 

Q21.1 During the past month, have you experienced difficulty breathing? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q21.7 

 

Q21.2 During the past month, how often have you had difficulty breathing? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q21.3 During the past month, how severe was your difficulty breathing? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q21.4 If you can remember, please specify how many years/months you have had 

difficulty breathing: 

 

Month (MM):  

Year (YYYY):  

 

Q21.5 Do you consider your difficulty breathing to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q21.6 Had difficulty breathing been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 
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Q21.7 Had difficulty breathing been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q22 Light-Headedness 

 

Q22.1 During the past month, have you experienced light-headedness or an inability to 

sit/stand for long periods of time? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q22.7  

 

Q22.2 During the past month, how often have you had light-headedness or an inability 

to sit/stand for long periods of time? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q22.3 During the past month, how severe was your light-headedness or an inability to 

sit/stand for long periods of time? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q22.4 If you can remember, please specify how many years/months you have had light-

headedness or an inability to sit/stand for long periods of time: 

 

Month (MM):  

Year (YYYY):  
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Q22.5 Do you consider your light-headedness or an inability to sit/stand for long periods 

of time to be due to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q22.6 Had light-headedness or an inability to sit/stand for long periods of time been a 

concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q22.7 Had light-headedness or an inability to sit/stand for long periods of time been a 

concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q23 Heart Palpitations 

 

Q23.1 During the past month, have you experienced palpitations with or without 

cardiac arrythmias? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q23.7 

 

Q23.2 During the past month, how often have you had palpitations with or without 

cardiac arrythmias? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q23.3 During the past month, how severe was your palpitations with or without cardiac 

arrythmias? 

Please check only one of the following 
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☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q23.4 If you can remember, please specify how many years/months you have had 

palpitations with or without cardiac arrythmias: 

 

Month (MM):  

Year (YYYY):  

 

Q23.5 Do you consider your palpitations with or without cardiac arrythmias to be due to 

ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q23.6 Had palpitations with or without cardiac arrythmias been a concern prior to 

ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q23.7 Had palpitations with or without cardiac arrythmias been a concern prior to the 

past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q24 POTS 

Q24.1 Have you been diagnosed with postural orthostatic tachycardia syndrome? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q25.1 

 

Q24.2 Is postural orthostatic tachycardia syndrome still a concern? 
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Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q25 Sweating 

 

Q25.1 During the past month, have you experienced abnormal sweating? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q25.7  

 

Q25.2 During the past month, how often have you had abnormal sweating? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

 

Q25.3 During the past month, how severe was your abnormal sweating? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 

 

Q25.4 If you can remember, please specify how many years/months you have had 

abnormal sweating: 

 

Month (MM):  

Year (YYYY):  

 

Q25.5 Do you consider your abnormal sweating to be due to ill health? 

Please check only one of the following 

☐ Yes  
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☐ No 

 

Q25.6 Had abnormal sweating been a concern prior to ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q25.7 Had abnormal sweating been a concern prior to the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

Q26 Temperature Intolerance 

 

Q26.1 During the past month, have you experienced cold extremities regardless of 

external temperature? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Q26.7  

 

Q26.2 During the past month, how often have you had cold extremities regardless of 

external temperature? 

Please check only one of the following 

☐ A little of the time  

☐ Some of the time 

☐ A good bit of the time  

☐ Most of the time 

☐ All of the time 

 

Q26.3 During the past month, how severe was your cold extremities regardless of 

external temperature? 

Please check only one of the following 

☐ Very mild  

☐ Mild 

☐ Moderate  

☐ Severe 

☐ Very severe 
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Q26.4 If you can remember, please specify how many years/months you have had cold 

extremities regardless of external temperature: 

 

Month (MM):  

Year (YYYY):  

 

Q26.5 Do you consider your cold extremities regardless of external temperature to be due 

to ill health? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q26.6 Had cold extremities regardless of external temperature been a concern prior to 

ME/CFS onset? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q26.7 Had cold extremities regardless of external temperature been a concern prior to 

the past month? 

Please check only one of the following 

☐ Yes  

☐ No 

 

Q26.8 Do extreme temperatures worsen your ME/CFS symptoms? 

Please check only one of the following 

☐ Yes  

☐ No 

 

 

 

 

Q30 Other Symptoms 

 

Q30.1 During the past month, have you experienced any other symptoms in addition to 

those we have already asked? 

Please check only one of the following 

☐ Yes  

☐ No → Proceed to Part D 
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Q30.2 What other symptoms have been a concern for your ill health? 

 

Part D: SF-36 and WHODAS 2.0 Questionnaire 

SF-36 Questionnaire 

This questionnaire asks for your views about your health. For ALL questions, please 

circle, highlight or tick what most closely matches your response. There are no right or 

wrong answers. Please answer ALL questions. 

1. In general, 

would you 

say your 

health is: 

Poor 

☐ 

Fair 

☐ 

Good 

☐ 

Very Good 

☐ 

Excellent 

☐ 

2. Compared 

to one year 

ago, how 

would you 

rate your 

health in 

general now? 

 

Much worse 

now than 

one year ago 

☐ 

 

Somewhat 

worse than 

one year ago 

☐ 

 

About the 

same as one 

year ago 

☐ 

 

Somewhat 

better than 

one year ago 

☐ 

 

Much better 

than one 

year ago 

☐ 

3. The following questions are about activities you might do during a typical day. 

Does your health now limit you in these activities? If so, how much? 

 No, not 

limited at all 

Yes, limited 

a little 

Yes, limited 

a lot 

a. Vigorous activities; such as running, 

lifting heavy objects, participating in 

strenuous sports 

☐ ☐ ☐ 

b. Moderate activities; such as moving a 

table, pushing a vacuum cleaner, playing 

golf or bowling 

☐ ☐ ☐ 
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c. Lifting or carrying groceries ☐ ☐ ☐ 

d. Climbing several flights of stairs ☐ ☐ ☐ 

e. Climbing one flight of stairs ☐ ☐ ☐ 

f. Bending, kneeling or stooping ☐ ☐ ☐ 

g. Walking more than a kilometre ☐ ☐ ☐ 

h. Walking several hundred metres ☐ ☐ ☐ 

i. Walking one hundred metres ☐ ☐ ☐ 

j. Bathing or dressing yourself ☐ ☐ ☐ 

4. During the past 4 weeks, how much of the time have you had any of the following 

problems with your work or other daily activities as a result of your physical health? 

 None of the 

Time 

A little of 

the time 

Some of the 

time 

Most of the 

time 

All of the 

time 

a. Cut down 

on the 

amount of 

time you 

spent on 

work or other 

activities 

☐ ☐ ☐ ☐ ☐ 

b. 

Accomplished 

less than you 

would like 

☐ ☐ ☐ ☐ ☐ 

c. Were 

limited in 

work or other 

activities 

☐ ☐ ☐ ☐ ☐ 

d. Had 

difficulty 

performing 

the work or 

other 

activities (e.g. 

took extra 

effort) 

☐ ☐ ☐ ☐ ☐ 

5. During the past 4 weeks, how much of the time have you had any of the following 

problems with your work or other regular daily activities as a result of any emotional 

problems (such as feeling depressed or anxious)? 

 None of the 

Time 

A little of 

the time 

Some of the 

time 

Most of the 

time 

All of the 

time 

a. Cut down 

on the 
☐ ☐ ☐ ☐ ☐ 
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amount of 

time you 

spent on 

work or other 

activities 

b. 

accomplished 

less than you 

would like 

☐ ☐ ☐ ☐ ☐ 

c. Did work 

or other 

activities less 

carefully than 

usual 

☐ ☐ ☐ ☐ ☐ 

6. During the past 4 weeks, to what extent has your physical health or emotional 

problems interfered with your normal social activities with family, friends, 

neighbours, or groups? 

Not at all 

☐ 

Slightly 

☐ 

Moderately 

☐ 

Quite a bit 

☐ 

All of the time 

☐ 

7. How much bodily pain have you had during the past 4 weeks? 

None 

☐ 

Very Mild 

☐ 

Mild 

☐ 

Moderate 

☐ 

Severe 

☐ 

Very Severe 

☐ 

8. During the past 4 weeks, how much did pain interfere with your normal work 

(including both work outside the home and housework)? 

Not at all 

☐ 

A little bit 

☐ 

Moderately 

☐ 

Quite a bit 

☐ 

Extremely 

☐ 

9. These questions are about how you feel and how things have been with you during 

the past 4 weeks. For each question, please give the one answer that comes closest to 

the way you have been feeling. How much of the time during the past 4 weeks… 

 None of the 

time 

A little of 

the time 

Some of the 

time 

Most of the 

time 

All of the 

time 

a. Did you 

feel full of 

life? 

☐ ☐ ☐ ☐ ☐ 

b. Have you 

been very 

nervous? 

☐ ☐ ☐ ☐ ☐ 

c. Have you 

felt so down 

in the dumps 

that nothing 

could cheer 

you up? 

☐ ☐ ☐ ☐ ☐ 
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d. Have you 

felt calm and 

peaceful? 

☐ ☐ ☐ ☐ ☐ 

e. Did you 

have a lot of 

energy? 

☐ ☐ ☐ ☐ ☐ 

f. Have you 

felt 

downhearted 

and 

depressed? 

☐ ☐ ☐ ☐ ☐ 

g. Did you 

feel worn 

out? 

☐ ☐ ☐ ☐ ☐ 

h. Have you 

been happy? 
☐ ☐ ☐ ☐ ☐ 

i. Did you feel 

tired? 
☐ ☐ ☐ ☐ ☐ 

10. During the past 4 weeks, how much of the time has your physical health or 

emotional problems interfered with your social activities (like visiting friends, 

relatives, etc.)? 

None of the time 

☐ 

A little of the 

time 

☐ 

Some of the 

time 

☐ 

Most of the 

time 

☐ 

All of the time 

☐ 

11. How TRUE or FALSE is each of the following statements for you? 

 Definitely 

False 

Mostly False Unsure Mostly True Definitely 

True 

a. I seem to 

get sick a 

little easier 

than other 

people 

☐ ☐ ☐ ☐ ☐ 

b. I am as 

healthy as 

anybody I 

know 

☐ ☐ ☐ ☐ ☐ 

c. I expect my 

health to get 

worse 

☐ ☐ ☐ ☐ ☐ 

d. My health 

is excellent 
☐ ☐ ☐ ☐ ☐ 
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WHODAS 2.0 Questionnaire 

This questionnaire asks about difficulties due to health conditions. Health conditions 

include diseases or illnesses, other health problems that may be short or long lasting, 

injuries, mental or emotional problems, and problems with alcohol or drugs.  

 

Think back over the past 30 days and answer these questions, thinking about how much 

difficulty you had doing the following activities. For each question, please check only one 

response.  

 

Understanding and Communicating 

  None Mild Moderate Severe Extreme 

or cannot 

do 

D1.1 Concentrating on doing 

something for ten minutes 

☐ ☐ ☐ ☐ ☐ 

D1.2 Remembering to do 

important things? 

☐ ☐ ☐ ☐ ☐ 

D1.3 Analysing and finding 

solutions to problems in 

day-to-day life? 

☐ ☐ ☐ ☐ ☐ 

D1.4 Learning a new task, for 

example, learning how to 

get to a new place? 

☐ ☐ ☐ ☐ ☐ 

D1.5 Generally understanding 

what people say? 

☐ ☐ ☐ ☐ ☐ 

D1.6 Starting and maintaining a 

conversation 

☐ ☐ ☐ ☐ ☐ 

 

Getting around 

  None Mild Moderate Severe Extreme 

or cannot 

do 

D2.1 Standing for long periods 

such as 30 minutes 

☐ ☐ ☐ ☐ ☐ 

D2.2 Standing up from sitting 

down? 

☐ ☐ ☐ ☐ ☐ 

D2.3 Moving around inside your 

home? 

☐ ☐ ☐ ☐ ☐ 

D2.3 Moving around inside your 

home? 

☐ ☐ ☐ ☐ ☐ 

D2.4 Getting out of your home? ☐ ☐ ☐ ☐ ☐ 

D2.5 Walking a long distance 

such as a kilometre? 

☐ ☐ ☐ ☐ ☐ 



 

358 

 

 

Self-Care 

  None Mild Moderate Severe Extreme 

or cannot 

do 

D3.1 Washing your whole body? ☐ ☐ ☐ ☐ ☐ 

D3.2 Getting dressed? ☐ ☐ ☐ ☐ ☐ 

D3.3 Eating? ☐ ☐ ☐ ☐ ☐ 

D3.4 Staying by yourself for a 

few days? 

☐ ☐ ☐ ☐ ☐ 

 

Getting along with people 

  None Mild Moderate Severe Extreme 

or cannot 

do 

D4.1 Dealing with people you do 

not know? 

☐ ☐ ☐ ☐ ☐ 

D4.2 Maintaining a friendship? ☐ ☐ ☐ ☐ ☐ 

D4.3 Getting along with people 

who are close to you? 

☐ ☐ ☐ ☐ ☐ 

D4.4 Making new friends ☐ ☐ ☐ ☐ ☐ 

 

Life Activities 

  None Mild Moderate Severe Extreme 

or cannot 

do 

D5.1 Taking care of your 

household responsibilities? 

☐ ☐ ☐ ☐ ☐ 

D5.2 Doing most important 

household tasks well? 

☐ ☐ ☐ ☐ ☐ 

D5.3 Getting all the household 

work done that you needed 

to do? 

☐ ☐ ☐ ☐ ☐ 

D5.4 Getting your household 

work done as quickly as 

needed? 

☐ ☐ ☐ ☐ ☐ 
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If you work (paid, non paid, self employed) or go to school, complete these questions 

D5.5-D5.8 below or skip to D6.1. 

  None Mild Moderate Severe Extreme 

or cannot 

do 

D5.5 Your day-to-day 

work/school? 

☐ ☐ ☐ ☐ ☐ 

D5.6 Doing your most important 

work/school tasks well? 

☐ ☐ ☐ ☐ ☐ 

D5.7 Getting all the work done 

that you need to do 

☐ ☐ ☐ ☐ ☐ 

D5.8 Getting your work done as 

quickly as needed? 

☐ ☐ ☐ ☐ ☐ 

 

Participation in society 

  None Mild Moderate Severe Extreme 

or cannot 

do 

D6.1 How much of a problem 

did you have in joining 

community activities in the 

same way as anyone else 

can 

☐ ☐ ☐ ☐ ☐ 

D6.2 How much of a problem 

did you have because of 

barriers or hindrances in 

the world around you 

☐ ☐ ☐ ☐ ☐ 

D6.3 How much of a problem 

did you have living with 

dignity because of the 

attitudes and actions of 

others 

☐ ☐ ☐ ☐ ☐ 

D6.4 How much time did you 

spend on your health 

conditions, or its 

consequences 

☐ ☐ ☐ ☐ ☐ 

D6.5 How much have you been 

emotionally affected by 

your health condition 

☐ ☐ ☐ ☐ ☐ 

D6.6 How much has your health 

been a drain on the 

☐ ☐ ☐ ☐ ☐ 
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financial resources of you 

or your family 

D6.7 How much of a problem 

did your family have 

because of your health 

problems 

☐ ☐ ☐ ☐ ☐ 

D6.8 How much of a problem 

did you have in doing 

things by yourself for 

relaxation or pleasure 

☐ ☐ ☐ ☐ ☐ 

 

 



Appendix 5: Appointment Confirmation Email to Participants 

 

Dear [Name], 

 

We are again confirming your blood donation at [location] on [date] at [time].  

Before donation, you should:  

- Eat something substantial - this might be cereal and toast for breakfast. Please don’t come in 

on an empty stomach.  

- Drink plenty of liquid the day before your donation and at least 3 glasses of water an hour 

before donation.  

- Avoid vigorous activity prior to blood collections.  

 

Upon arrival you will need to: 

- Make you way to the pathology department where a staff member will be waiting for you. 

Note: Except NCNED, a staff member will meet you in the car park. Refer to attached document 

for directions and parking at the pathology department 

- Sign a consent form  

- Donate 85ml of blood   

If you are unable to attend, we ask that you please contact us as soon as possible via email or 

via phone on (07)5678 9283. 

 

Should you have any further questions please do not hesitate to contact us. Thank you for your 

participation and support of our research. 

 

Kind regards, 

Note: Attached pathology directions 

 



Appendix 6: Participant Care Package 
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Appendix 7:  Post Blood Donation Care Instructions 

 

1. Leave the bandage on the site for a minimum of 2 hours. If experiencing irritation from the 

bandage, remove bandage immediately and apply pressure to the site using a cotton 

ball/tissue until bleeding has stopped. 

2. Carry items with opposite arm. 

3. Avoid lifting or carrying heavy objects for several hours. 

4. Avoid activities that may put stress on the puncture site. 

 

 





Appendix 9: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (Unlabelled cells) 
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Appendix 9: Unlabelled NK cells at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward and side 

scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were 

excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 



Appendix 10: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (Secondary TRPM2 Antibody Control) 
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Appendix 10: Secondary TRPM2 Antibody Control at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 

 



Appendix 11: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (FMO TRPM2 Antibody Control)  
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Appendix 11: FMO TRPM2 Antibody Control at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 12: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:300) 
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Appendix 12: Normal Rabbit serum 1:300 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 13: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:100) 
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Appendix 13: Normal Rabbit serum 1:100 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 14: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:50) 
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Appendix 14: Normal Rabbit serum 1:50 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 15: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:10) 
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Appendix 15: Normal Rabbit serum 1:10 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 16: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:5) 
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Appendix 16: Normal Rabbit serum 1:5 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward and 

side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were 

excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 



Appendix 17: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:300) 
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Appendix 17: TRPM2 Antibody Stained 1:300 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 18: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:100) 



Appendix 18: TRPM2 Antibody Stained 1:100 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 19: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:50) 



 

386 

 

Appendix 19: TRPM2 Antibody Stained 1:50 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 20: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:10) 
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Appendix 20: TRPM2 Antibody Stained 1:10 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 21: Excluded patient FOX1118005 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:5) 
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Appendix 21: TRPM2 Antibody Stained 1:5 at 1hr/30min and 2hr/1hr (FOX118005). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 

 



Appendix 22: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (Unlabelled NK cells) 



Appendix 22: Unlabelled NK cells at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward and side 

scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were 

excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 



Appendix 23: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (Secondary TRPM2 Antibody) 



Appendix 23: Secondary TRPM2 Antibody Control at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 24: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (FMO TRPM2 Antibody Control) 
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Appendix 24: FMO TRPM2 Antibody Control at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 25: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:300) 



Appendix 25: Normal Rabbit Serum 1:300 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 26: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:100) 
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Appendix 26: Normal Rabbit Serum 1:100 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 

 



Appendix 27: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:50) 



Appendix 27: Normal Rabbit Serum 1:50 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 



Appendix 28: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:10) 
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Appendix 28: Normal Rabbit Serum 1:10 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 

 



Appendix 29: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (Normal Rabbit Serum 1:5) 
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Appendix 29: Normal Rabbit Serum 1:5 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward and 

side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were 

excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 

 



Appendix 30: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:300) 



Appendix 30: TRPM2 Antibody Stained 1:300 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 



Appendix 31: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:100) 
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Appendix 31: TRPM2 Antibody Stained 1:100 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 

 



Appendix 32: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:50) 



 

412 

 

Appendix 32: TRPM2 Antibody Stained 1:50 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 



Appendix 33: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:10) 
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Appendix 33: TRPM2 Antibody Stained 1:10 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  



Appendix 34: Excluded patient FOX1118008 – 1hr/30min and 2hr/1hr (TRPM2 Antibody Stained 1:5) 
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Appendix 34: TRPM2 Antibody Stained 1:5 at 1hr/30min and 2hr/1hr (FOX118008). (A) Lymphocyte populations were identified using forward 

and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells 

were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 surface expression was measured on (G) 

CD56DimCD16/+ and (H) CD56BrightCD16Dim/- NK cell subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (I) 

CD56BrightCD16Dim/- and (J) CD56DimCD16/+ NK cell subsets.  

 

 



Appendix 35: Excluded patient FOX0219007 – NK cell purity   

 

 

Appendix 35: NK cells were stained with CD3-APC-H7 (0.5µg/5µl) and CD56-Pe-Cy7 

(0.25µg/5µl) antibodies for 20min at 4ºC prior to acquirement by flow cytometry. (A) 

Lymphocyte populations were identified using forward and side scatter dot plots. (B) NK cells 

were stained with 7-AAD to measure cell viability. (D) CD3+ cells were excluded and only (E) 

CD3- lymphocytes were further used to characterise NK cells by CD56. 



Appendix 36: Excluded patient FOX0219016 – NK cell purity   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 36: NK cells were stained with CD3-APC-H7 (0.5µg/5µl) and CD56-Pe-Cy7 

(0.25µg/5µl) antibodies for 20min at 4ºC prior to acquirement by flow cytometry. (A) 

Lymphocyte populations were identified using forward and side scatter dot plots. (B) NK cells 

were stained with 7-AAD to measure cell viability. (D) CD3+ cells were excluded and only (E) 

CD3- lymphocytes were further used to characterise NK cells by CD56. 

 

 



Appendix 37: Excluded patient FOX0219016 – pre and post IL-2 stimulation (Unlabelled NK cells) 
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Appendix 37: Unlabelled NK cells pre and post IL-2 stimulation (FOX0219016). TRPM2 and CD38 surface expression was measured on NK 

cells pre- (left) and post- (right) IL-2 stimulation. (A) Lymphocyte populations were identified using forward and side scatter dot plots. (B) Time 

of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were excluded and only (E) CD3- 

lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into CD56BrightCD16Dim/- and 

CD56DimCD16/+ NK cell subsets using CD56 and CD16. CD38 surface expression was measured alone on both (G) CD56BrightCD16Dim/- and (J) 

CD56BrightCD16Dim/- NK cells. TRPM2 surface expression alone was measured on both NK cell subsets (H) and (K), as well as dual surface 

expression with CD38 (I) and (L).  

 



Appendix 38: Excluded patient FOX0219016 – pre and post IL-2 stimulation (Secondary TRPM2 Antibody Control) 
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Appendix 38: Secondary TRPM2 Antibody Control pre and post IL-2 stimulation (FOX0219016). TRPM2 and CD38 surface expression was 

measured on NK cells pre- (left) and post- (right) IL-2 stimulation. (A) Lymphocyte populations were identified using forward and side scatter dot 

plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were excluded and 

only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into CD56BrightCD16Dim/- 

and CD56DimCD16/+ NK cell subsets using CD56 and CD16. CD38 surface expression was measured alone on both (G) CD56BrightCD16Dim/- and 

(J) CD56BrightCD16Dim/- NK cells. TRPM2 surface expression alone was measured on both NK cell subsets (H) and (K), as well as dual surface 

expression with CD38 (I) and (L).  

 

 



Appendix 39: Excluded patient FOX0219016 – pre and post IL-2 stimulation (FMO TRPM2 Antibody Control) 
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Appendix 39: FMO TRPM2 Antibody Control pre and post IL-2 stimulation (FOX0219016). TRPM2 and CD38 surface expression was measured 

on NK cells pre- (left) and post- (right) IL-2 stimulation. (A) Lymphocyte populations were identified using forward and side scatter dot plots. (B) 

Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were excluded and only (E) CD3- 

lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into CD56BrightCD16Dim/- and 

CD56DimCD16/+ NK cell subsets using CD56 and CD16. CD38 surface expression was measured alone on both (G) CD56BrightCD16Dim/- and (J) 

CD56BrightCD16Dim/- NK cells. TRPM2 surface expression alone was measured on both NK cell subsets (H) and (K), as well as dual surface 

expression with CD38 (I) and (L).  

 



Appendix 40: Excluded patient FOX0219016 – pre and post IL-2 stimulation (Normal Rabbit Serum) 



Appendix 40: Normal Rabbit Serum pre and post IL-2 stimulation (FOX0219016). TRPM2 and CD38 surface expression was measured on NK 

cells pre- (left) and post- (right) IL-2 stimulation. (A) Lymphocyte populations were identified using forward and side scatter dot plots. (B) Time 

of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were excluded and only (E) CD3- 

lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into CD56BrightCD16Dim/- and 

CD56DimCD16/+ NK cell subsets using CD56 and CD16. CD38 surface expression was measured alone on both (G) CD56BrightCD16Dim/- and (J) 

CD56BrightCD16Dim/- NK cells. TRPM2 surface expression alone was measured on both NK cell subsets (H) and (K), as well as dual surface 

expression with CD38 (I) and (L).  

 



Appendix 41: Excluded patient FOX0219016 – pre and post IL-2 stimulation (TRPM2 Antibody Stained Control) 
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Appendix 41: TRPM2 Antibody Stained Control pre and post IL-2 stimulation (FOX0219016). TRPM2 and CD38 surface expression was 

measured on NK cells pre- (left) and post- (right) IL-2 stimulation. (A) Lymphocyte populations were identified using forward and side scatter dot 

plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were excluded and 

only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into CD56BrightCD16Dim/- 

and CD56DimCD16/+ NK cell subsets using CD56 and CD16. CD38 surface expression was measured alone on both (G) CD56BrightCD16Dim/- and 

(J) CD56BrightCD16Dim/- NK cells. TRPM2 surface expression alone was measured on both NK cell subsets (H) and (K), as well as dual surface 

expression with CD38 (I) and (L).  

 



Appendix 42: Excluded patient FOX0219016 – post 8-Br-ADPR drug treatment  



Appendix 42: TRPM2 and CD38 surface expression post 8-Br-ADPR drug treatment (FOX0219016). Isolated NK cells were stimulated with 

20IU/ml IL-2 and 100µM 8-Br-ADPR for 24 hours. TRPM2 and CD38 surface expression was measured on NK cells using normal rabbit serum 

(left) and a TRPM2 antibody stained control (right). (A) Lymphocyte populations were identified using forward and side scatter dot plots. (B) 

Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were excluded and only (E) CD3- 

lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into CD56BrightCD16Dim/- and 

CD56DimCD16/+ NK cell subsets using CD56 and CD16. CD38 surface expression was measured alone on both (G) CD56BrightCD16Dim/- and (J) 

CD56BrightCD16Dim/- NK cells. TRPM2 surface expression alone was measured on both NK cell subsets (H) and (K), as well as dual surface 

expression with CD38 (I) and (L).  



Appendix 43: Excluded patient FOX0219016 – post N6-Bnz-cAMP drug treatment  



Appendix 43: TRPM2 and CD38 surface expression post N6-Bnz-cAMP drug treatment (FOX0219016). Isolated NK cells were stimulated with 

20IU/ml IL-2 and 100µM N6-Bnz-cAMP for 24 hours. TRPM2 and CD38 surface expression was measured on NK cells using normal rabbit serum 

(left) and a TRPM2 antibody stained control (right). (A) Lymphocyte populations were identified using forward and side scatter dot plots. (B) 

Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ cells were excluded and only (E) CD3- 

lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted into CD56BrightCD16Dim/- and 

CD56DimCD16/+ NK cell subsets using CD56 and CD16. CD38 surface expression was measured alone on both (G) CD56BrightCD16Dim/- and (J) 

CD56BrightCD16Dim/- NK cells. TRPM2 surface expression alone was measured on both NK cell subsets (H) and (K), as well as dual surface 

expression with CD38 (I) and (L).  

 

 



Appendix 44: Excluded patient FOX0219016 – post N6-Bnz-cAMP and 8-Br-ADPR drug treatments  



Appendix 44: TRPM2 and CD38 surface expression post N6-Bnz-cAMP and 8-Br-ADPR drug treatment (FOX0219016). Isolated NK cells were 

stimulated with 20IU/ml IL-2, 100µM N6-Bnz-cAMP and 100µM 8-Br-ADPR for 24 hours. TRPM2 and CD38 surface expression was measured 

on NK cells using normal rabbit serum (left) and a TRPM2 antibody stained control (right). (A) Lymphocyte populations were identified using 

forward and side scatter dot plots. (B) Time of acquirement was measured followed by (C) staining of 7-AAD to measure cell viability. (D) CD3+ 

cells were excluded and only (E) CD3- lymphocytes were further used to characterise NK cells by CD56. (F) CD3-/CD56+NK cells were sorted 

into CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. CD38 surface expression was measured alone on both (G) 

CD56BrightCD16Dim/- and (J) CD56BrightCD16Dim/- NK cells. TRPM2 surface expression alone was measured on both NK cell subsets (H) and (K), 

as well as dual surface expression with CD38 (I) and (L).  

 

 



Appendix 45: Excluded patient FOX0219007 (HC) and FOX0219016 (ME/CFS) – NK 

cell cytotoxicity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 45: NK cell cytotoxicity was measured at baseline and after IL-2 stimulation 

between HC participants [grey] and ME/CFS patients [black]. All drug conditions contained 

IL-2 and NK cells were treated with drugs for 24hr. Treated NK cell cytotoxicity was 

furthermore measured following (a) 8-Br-ADPR (100µM), (b) N6-Bnz-cAMP (100µM) and 

(c) 8-Br-ADPR (100µM) and N6-Bnz-cAMP (100µM) drug treatments. IL-2, Interleukin-2. 

Data are represented as mean ± SEM using Mann Whittney U tests.  
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Appendix 46: Natural killer cell purity between ME/CFS patients and HC (Study 2) 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 46: NK cells were stained with CD3-APC-H7 (0.5µg/5µl) and CD56-Pe-Cy7 

(0.25µg/5µl) antibodies prior to acquirement by flow cytometry. Data are represented as mean 

± SEM using Mann Whittney U tests.  
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Appendix 47: Normalisation of TRPM2 and CD38 surface expression on NK cell subsets by 

flow cytometry. (A) Normal rabbit serum was used at comparable dilutions as the primary 

TRPM2 antibody (1:50) to measure TRPM2 and dual surface expression with CD38 on NK 

cell subsets. (B) Normalised TRPM2 and TRPM2/CD38 surface expression was calculated by 

compensating the percentage of fluorescence spill over into the B525_50 (TRPM2) and 

V525_50 (CD38) detectors from the TRPM2 antibody stained tube on both NK subsets. 
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Appendix 48: Natural killer cell purity between ME/CFS patients and HC (Study 3) 

 

 

 

Appendix 48: NK cells were stained with CD3-APC-H7 (0.5µg/5µl) and CD56-Pe-Cy7 

(0.25µg/5µl) antibodies prior to acquirement by flow cytometry. No significant differences in 

NK cell purity (CD3-/CD56+) were found between HC and ME/CFS patients. Data are 

represented as a bar graph with mean ± SEM using Mann Whittney U test. ME/CFS; Myalgic 

Encephalomyelitis/ Chronic FatigueSyndrome, HC; healthy control. 
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Appendix 49: Correlation between baseline NK cell cytotoxicity and TRPM2/CD38 surface 

expression. Within the ME/CFS group, a significant correlation was identified between 

baseline NK cell cytotoxicity and TRPM2 surface expression alone on the CD56DimCD16+ 

subset. Significant correlations were also found on both NK cell subsets with dual surface 

expression of TRPM2 and CD38 within the ME/CFS group. No correlations were determined 

within the HC group between baseline NK cell cytotoxicity and TRPM2/CD38 surface 

expression. Correlations were analysed between baseline NK cell cytotoxicity and baseline 

TRPM2 surface expression alone on (A-B) CD56DimCD16+ and (C-D) CD56BrightCD16Dim/- NK 

cell subsets. Correlations between baseline NK cell cytotoxicity and dual surface expression of 

TRPM2 and CD38 were also analysed on (E-H) both NK cell subsets. Data are represented as 

scatter plot graphs between HC [black dots] and ME/CFS patients [red dots] using Spearman 

Correlation.   
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Appendix 50: Sample onset characteristics of ME/CFS patients in Study 2 

 

The mean age of onset of ME/CFS patients was 30.36 years. On average, patients were 

diagnosed at 32.27 years, accompanied by a duration of illness of 14.91 years. Over half of 

ME/CFS patients experienced a sudden onset period prior to their symptoms (54.5%). Most 

ME/CFS patients (72.7%) identified an infectious trigger prior to the onset of their fatigue. 

Conversely, only 27.3% of patients reported a non-infectious trigger prior to the illness onset.  

Descriptive ME/CFS 

Age of onset (years), mean ± SEM 30.36 ± 3.64  

Age of diagnosis (years), mean ± SEM  32.27 ± 3.64  

Duration of illness (years), mean ± SEM 14.91 ± 3.14  

Onset period, n (%) 

Sudden 

Gradual 

 

6.00 (54.5) 

5.00 (45.5) 

Infectious triggers, n (%) 

Glandular Fever  

Ross River Virus 

Influenza B  

Pneumonia  

Other (including flu shot and contaminated water) 

8.00 (72.7) 

8.00 (72.7) 

2.00 (25.0) 

1.00 (12.5) 

1.00 (12.5) 

2.00 (25.0) 

Non-infectious triggers, n (%) 

Chemicals (including cleaning products, petrol and cigarette) 

Scents (including perfume and essential oils) 

3.00 (27.3) 

2.00 (66.7) 

2.00 (66.7) 

 

Appendix 50: Sample onset characterics of ME/CFS patients. ME/CFS = myalgic 

encephalomyelitis/chronic fatigue syndrome; SEM = standard error of the mean. Data are 

represented as mean ± SEM and numbers and percentages.  
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Appendix 51:  Association between reduced baseline NK cell cytotoxicity and ME/CFS 

symptom characteristics in Study 2 

Within the ME/CFS group, pain, cognitive difficulties, sleep disturbances, sensory, perceptual, 

and motor disturbances, light sensitivities, thermostatic instability, sweating, cold extremities, 

gastrointestinal disturbances, immunological, respiratory difficulties, cardiovascular 

symptoms and infectious triggers were significantly associated with baseline NK cell 

cytotoxicity in Study 2. 

 

Appendix 51: Associations between reduced baseline NK cell cytotoxicity and symptom 

characteristics in ME/CFS patients. Data are represented using Kruskall Wallis H tests and 

Mann Whittney U tests.  *(p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001) 

Symptom Characteristic N Mean Rank 

Difference 

p value 

Baseline Lysis vs. Pain 11 -93.26 <0.0001**** 

Baseline Lysis vs. Cognitive Difficulties 11 -93.26 <0.0001**** 

Baseline Lysis vs. Sleep Disturbances 11 -75.08 <0.0047** 

Baseline Lysis vs. Sensory, perceptual, and motor disturbances 11 -93.26 <0.0001**** 

Baseline Lysis vs. Thermostatic Instability 11 -75.08 0.0047** 

Baseline Lysis vs. Sweating 11 -65.99 0.0009*** 

Baseline Lysis vs. Cold Extremities 11 -47.81 0.0483* 

Baseline Lysis vs. Gastrointestinal Disturbances 11 -93.26 <0.0001**** 

Baseline Lysis vs. Immunological 11 -56.90 0.0075** 

Baseline Lysis vs. Respiratory Difficulties 11 -65.99 0.0009*** 

Baseline Lysis vs. Cardiovascular Symptoms 11 -84.17 <0.0001**** 

Baseline Lysis vs. Genitourinary 11 -38.72 0.2243 

Baseline Lysis vs Infectious Trigger 11 -65.99 0.0009*** 

Baseline Lysis vs. Non-infectious Trigger 11 -20.54 0.9660 
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Appendix 52: ROC curve analysis of reduced baseline NK cell cytotoxicity in HC and 

ME/CFS patients 

 

 A B 

Area under the ROC curve 0.7900 0.7123 

Standard Error 0.1057 0.0899 

95% confidence interval 0.5828 to 0.9972 0.5362 to 0.8884 

P value 0.0284* 0.0359* 

 

 

 

A 

B 
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Appendix 52: ROC curve analysis of baseline NK cell cytotoxicity in HC and ME/CFS 

patients. Reduced NK cell cytotoxicity demonstrates moderate diagnostic accuracy for 

ME/CFS in (A) study 2 and (B) study 3. The AUCs, standard errors, 95% CIs and p-values are 

reported in Table above. Data are represented as ROC curve graphs. HC = healthy control; 

ME/CFS = Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; ROC = receiver operating 

characteristic curve. *(p < 0.05). 
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Appendix 53:  ROC curve analysis of TRPM2 surface expression alone on CD56DimCD16+ 

and CD56BrightCD16Dim/- NK cells in HC and ME/CFS patients 

 

 

 

 

 A B 

Area under the ROC curve 0.8000 0.8700 

Standard Error 0.1012 0.0853 

95% confidence interval 0.6017 to 0.9983 0.7029 to 1.000 

P value 0.0233* 0.0052* 

A 

B 
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Appendix 53: ROC curve analysis of baseline TRPM2 surface expression on NK cell subsets 

in HC and ME/CFS patients. Overexpression of TRPM2 on (A) CD56DimCD16+ and (B) 

CD56BrightCD16Dim/- subsets in ME/CFS patients demonstrates moderate diagnostic accuracy. 

The AUCs, standard errors, 95% CIs and p-values are reported in Table above. Data are 

represented as ROC curve graphs. HC = healthy control; ME/CFS = Myalgic 

Encephalomyelitis/Chronic Fatigue Syndrome; ROC = receiver operating characteristic curve. 

*(p < 0.05). 
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Appendix 54: ROC curve analysis of TRPM2 and CD38 surface expression on 

CD56DimCD16+ and CD56BrightCD16Dim/- NK cell subsets in HC and ME/CFS patients 

 

 A B 

Area under the ROC curve 0.8100 0.8167 

Standard Error 0.0990 0.1038 

95% confidence interval 0.6160 to 1.000 0.6133 to 1.000 

P value 0.0191* 0.0200* 

 

 

 

A 

B 
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Appendix 54: ROC curve analysis of baseline TRPM2 and CD38 surface expression on NK 

cell subsets in HC and ME/CFS patients. Overexpression of TRPM2 and CD38 on (A) 

CD56DimCD16+ and (B) CD56BrightCD16Dim/- subsets in ME/CFS patients demonstrates 

moderate diagnostic accuracy. The AUCs, standard errors, 95% CIs and p-values are reported 

in Table 42. Data are represented as ROC curve graphs. HC = healthy control; ME/CFS = 

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; ROC = receiver operating 

characteristic curve. *(p<0.05) 
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Appendix 55: Dose-response curves of NK cell cytotoxicity after Pregnenolone sulfate 

(PregS) drug treatment. Isolated human NK cells were treated with 10µM, 30µM and 100µM 

of PregS for 24hr. NK cell cytoxicity was measured at (A) 25:1, (B) 12:1 and (C) 6:1 ratios. A 

total of 3 experiments using healthy control participants were conducted to calculate the dose-

response curves of PregS. 30µM was chosen as the optimal drug concentration to measure NK 

cell cytotoxicity after 24hr drug treatment. The EC50 values are reported in the Table above. 

Data are represented as Dose-response curves. PregS = Pregnenolone sulfate. 
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Appendix 56: Dose-response curves of NK cell cytotoxicity after Nifedpine drug treatment. 

Isolated human NK cells were treated with 10µM, 30µM and 100µM of Nifedipine for 24hr. 

NK cell cytoxicity was measured at (A) 25:1, (B) 12:1 and (C) 6:1 ratios. A total of 3 

experiments using healthy control participants were conducted to calculate the dose-response 

curves of Nifedipine. 30µM was chosen as the optimal drug concentration to measure NK cell 

cytotoxicity after 24hr drug treatment. The EC50 values are reported in the Table above. Data 

are represented as Dose-response curves.  
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Appendix 57: Dose-response curves of NK cell cytotoxicity after ononetin drug treatment. 

Isolated human NK cells were treated 1µM, 3µM and 10µM of ononetin with 30µM of PregS 

and nifedipine for 24hr. NK cell cytoxicity was measured at (A) 25:1, (B) 12:1 and (C) 6:1 

ratios. A total of 3 experiments using healthy control participants were conducted to calculate 

the dose-response curves of ononetin blocking PregS (30µM) and nifedipine (30µM). 3µM 

was chosen as the optimal drug concentration to measure NK cell cytotoxicity after 24hr drug 

treatment. The EC50 values are reported in the Table above. Data are represented as Dose-

response curves.  
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Appendix 58: Scatter dot plot graphs of TRPM2 and CD38 surface expression on NK cell subsets 

 

 

A 

B 

C 

D 
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Appendix 58: TRPM2 and CD38 surface expression on natural killer cell subsets in ME/CFS and HC participants at baseline and after 

drug treatment.TRPM2 surface expression was measured on CD56BrightCD16Dim/- (A) and CD56DimCD16+(B) NK cell subsets by flow cytometry 

in HC [circle] and ME/CFS [sqaure] patients. Dual expression with CD38 was also measured on both NK cell subsets (C,D). All drug conditions 

contained IL-2 and NK cells were treated with drugs for 24hr.  Drug treatment conditions included: (a) 8-Br-ADPR (100µM), (b) N6-Bnz-cAMP 

(100µM) and (c) 8-Br-ADPR (100µM) and N6-Bnz-cAMP (100µM). IL-2, Interleukin-2, TRPM2, Transient Receptor Potential Melastatin 2. Data 

are represented as mean ± SEM using Mann Whittney U tests. *(p < 0.05), **(p<0.01) 
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Appendix 59: Scatter dot plot graphs of NK cell cytotoxicity at baseline and after TRPM2 

drug treatments 

 

 

Appendix 59: Natural killer cell cytotoxicity (25:1) pre and post drug treatment in 

ME/CFS and HC participants. NK cell cytotoxicity was measured at baseline and after IL-2 

stimulation between HC participants [grey] and ME/CFS patients [black]. All drug conditions 

contained IL-2 and NK cells were treated with drugs for 24hr. Treated NK cell cytotoxicity 

was furthermore measured following (a) 8-Br-ADPR (100µM), (b) N6-Bnz-cAMP (100µM) 

and (c) 8-Br-ADPR (100µM) and N6-Bnz-cAMP (100µM) drug treatments. IL-2, Interleukin-

2. Data are represented as mean ± SEM using Mann Whittney U tests.  **(p < 0.01) 
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Appendix 60: Chapter 3 Version with Examiner comments 

 

Abstract 

Introduction: Natural killer (NK) cells are effector lymphocytes of the innate immune system 

and are subclassed into CD56BrightCD16Dim/– and CD56DimCD16+ NK cells. Intracellular 

calcium (Ca2+) is fundamental to regulate a number of intracellular signalling pathways and 

functions in NK cells, which are essential in mediating their natural cytotoxic function. 

Transient receptor potential melastatin 2 (TRPM2) is a Ca2+-permeable non-selective cation 

channel that possesses a critical role in calcium-dependent cell signalling to maintain cellular 

homeostasis. TRPM2 and CD38 protein surface expression has yet to be determined on NK 

cells using flow cytometry. Characterisation of TRPM2 has been previously identified by in 

vivo models, primarily using methods such as genetic remodification, immunohistochemistry 

and whole cell electrophysiology. The aim of this study was to develop an in vitro methodology 

to characterise TRPM2 and CD38 surface expression on NK cell subsets using an antibody that 

has not been previously applied using flow cytometry.  

 

Results: At 1hr/30min, TRPM2 and CD38 surface expression significantly increased on CD3-

/CD56+ NK cells and NK cell subsets (CD56BrightCD16Dim/- and CD56Dim/CD16+) between the 

following primary TRPM2 antibody dilutions: 1:300 and 1:10 (p<0.05); 1:300 and 1:5 

(p<0.05); 1:100 and 1:10 (p<0.05); and 1:100 and 1:5 (p<0.05). Statistical significance of 

TRPM2 and CD38 surface expression furthermore increased at 2hr/1hr between 1:300 and 1:10 

(p<0.01); 1:300 and 1:5 (p<0.01); 1:100 and 1:10 (p<0.01); and 1:100 and 1:5 (p<0.01).  No 

significant differences in TRPM2 surface expression were observed between 1:10 and 1:5 

primary TRPM2 antibody dilutions within each incubation period. Hence, the 1:10 primary 
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TRPM2 dilution at 2hr/1hr was determined as the optimal conditions for significant TRPM2 

surface expression on NK cells.  

Conclusion: For the first time, we describe a methodology to characterise TRPM2 surface 

expression on NK cells in healthy participants. Finally, we describe using an antibody that has 

not been previously applied in flow cytometry a determined antibody concentration and 

incubation time in a robust, rapid and sensitive fashion. 
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Introduction 

Natural killer (NK) cells are effector lymphocytes of the innate immune system found in 

peripheral blood, bone marrow, spleen, and lymph nodes. In peripheral blood, NK cells 

represent 15% of lymphocytes and are phenotypically distinguished by the surface expression 

of CD56 (neural cell-adhesion molecule) and CD16 (FcγIII receptor, the low affinity receptor 

of IgG) receptors. Thereby, NK cells are subclassed into CD56BrightCD16Dim/– and 

CD56DimCD16+ NK cells which represent respectively 10% and 90% of NK cells in peripheral 

blood [8]. NK cells have diverse biological functions, which include recognizing and killing 

virally infected or transformed cells. The former NK population is primarily involved in 

immunosurveillance and cytokine production, whereas the latter are cytotoxic and kill infected, 

tumour or ‘missing self’ cells [9]. Intracellular calcium (Ca2+) mobilisation is required to 

regulate a number of intracellular signalling pathways in NK cells, such as the antibody 

dependent cellular cytotoxicity (ADCC) or mitogen-activated protein kinase pathway, which 

are essential for the development of IS formation, cytokine production and cytotoxic activity 

[8]. Intracellular calcium Ca2+is also required for the target cell adhesion, granule polarization 

and degranulation, all of which are necessary for NK cells to mediate their natural cytotoxicity 

[8, 10].  

 

Transient receptor potential melastatin 2 (TRPM2) is a Ca2+-permeable nonselective cation 

channel that is characterised with a unique C-terminal ADP-ribose (ADPR) pyrophosphate 

domain [496]. TRPM2 is synergistically activated by intracellular ADPR and Ca2+ within the 

PM and/or lysosomal compartments. Binding of ADPR to TRPM2 opens the channel and 

allows the permeation of sodium (Na2+), potassium (K+) and Ca2+ into the cell and hydrolysis 

of ADPR to ribose 5-phosphate and adenosine monophosphate(AMP)[282]. Previous 

investigations have shown that TRPM2 mediates a novel anti-tumour mechanism in NK cellsin 
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synergy with CD38, a multifunctional ectoenzyme using NAD+ as a substrate to catalyse the 

production of ADPR, cyclic ADPR (cADPR) and nicotinic acid adenine dinucleotide 

phosphate (NAADP) [12]. Rah et al., (2016) demonstrated that CD38 facilitates the production 

of ADPR, which in turn mobilizes intracellular Ca2+ and can activate TRPM2 resulting in 

cytolytic degranulation and antitumor activity of NK cells [12]. 

 

Investigation of TRP ion channel expression on lymphocytes has been quite limited due to 

methodology difficulties as TRP channels are relatively low in abundance and there is limited 

availability of specific and high-affinity antibodies. Characterisation of TRPM2 has been 

predominantly investigated with in vivo models accompanied by  genetic remodification [12, 

257, 263, 289, 296, 497-502], western blot [12, 500, 503], immunohistochemistry [12, 289, 

502], polymerase chain reaction [252, 257, 263, 289, 499, 500, 502, 503], and whole cell-

electrophysiology [252, 263, 497-500] methods. In vitro investigations of TRPM2 have 

furthermore been examined on cell lines [252, 263, 276, 503, 504], neurons [505, 506], and 

immune cells [257, 263, 289, 499, 500].  

 

TRPM3 surface expression on CD56BrightCD16Dim/– and CD56DimCD16+ NK cells has been 

identified on healthy participants by flow cytometry [14, 483]. Flow cytometry has been the 

preferred technology for determining and quantifying homogenous cell subsets [507] due to its 

single-cell levelled analysis for multiple characteristics, such as cellular features, organelles, 

and structural components [507]. This sensitive and specific feature enables prompt and 

accurate quantification, analytical precision, superior throughput, and reproducibility [492], all 

of which are advantageous for unique and rare cell populations, such as NK cells. Current 

flowcytometer technologies can detect up to eighteen colours in one flow assay. Thus, the 
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scientific prospects not only lie in biomedical research, but also for clinical applications of 

diagnostic value [507]. 

 

Currently, there are no in vitro models that have characterised endogenous TRPM2 and CD38 

surface expression on human NK cells. Thus, the aim of this present study was to develop a 

methodology to characterise TRPM2 and CD38 surface expression on human NK cells using 

flow cytometry. This investigation may facilitate a better understanding of the role of TRPM2 

and CD38 in disease pathology involving immune cells such as NK cells. 
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3.3 Methods 

 

3.3.1 Study Participants 

From 150 screened Australian participants, ten healthy participants were selected for this pilot 

investigation. Two participants were excluded due to outlier values during data analysis 

(Appendices 9-34) . Participants were sourced from the National Centre of Neuroimmunology 

and Emerging Diseases (NCNED) database for ME/CFS between November and December 

2018. Participants were excluded if they were pregnant or breastfeeding, or reported a previous 

history of smoking, alcohol abuse or chronic illness (for example, autoimmune diseases, 

cardiac diseases and primary psychological disorders). Participants donated 85ml of whole 

blood in ethylendiaminetetraacetic acid (EDTA) tubes between 8:30am and 10:00am on the 

Gold Coast. All healthy participants provided written consent and the study was approved by 

the Griffith University Human Research Ethics Committee (HREC/15/QGC/63).  

 

3.3.2 Peripheral blood mononuclear cell Isolation and Natural Killer Cell Isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by 

centrifugation over a density gradient medium (Ficoll-Paque Premium; GE Healthcare, 

Uppsala, Sweden) to separate granulocytes as previously described [3, 490]. PBMCs were 

stained with trypan blue stain (Invitrogen, Carlsbad, CA) to determine total cell count and cell 

viability and adjusted to a final concentration of 5x107 cells/ml. NK cells were isolated from 

PBMCs using an EasySep Negative Human NK Cell Isolation Kit (Stemcell Technologies, 

Vancouver, BC, Canada) as previously described [3, 490].  
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3.3.3 TRPM2 Immunophenotyping Assay 

Following magnetic NK cell isolation, NK cells were stained with trypan blue stain (Invitrogen, 

Carlsbad, CA) to determine live cell count and cell viability and adjusted to a final 

concentration of 1.04x105 cells/ml. NK cells were incubated with an Fc receptor Blocking 

reagent (Miltenyi Biotech, Bergisch Gladbach. Germany) for 10 min at 4°C prior to antibody 

staining. NK cells were incubated with primary fluorochrome labelled antibodies (CD3-APC-

H7 [0.5µg/5µl], CD56-PeCy7 [0.25µg/5µl], CD16-BV650 [0.25µg/5µl], and CD38-BV480 

[1µg/5µl]) purchased from Becton Dickinson [BD] Bioscience), in addition to an unconjugated 

rabbit IgG polyclonal extracellular TRPM2 antibody (Thermo Fisher Scientific, USA, 

OST00112W). The primary (1°) TRPM2 antibody was resuspended in 100μl of distilled water 

according to manufacturer’s instructions. Using the recommended dilution (1:300), five 

dilution series of the 1° TRPM2 antibody were performed (1:300, 1:100, 1:50, 1:10 and 1:5) 

with an end volume of 100μl per test. Normal rabbit serum (Thermo Fisher Scientific, USA, 

01-6101) was used as a negative control to determine an individualised positive TRPM2 gate 

for each participant. Comparable dilutions (1:300, 1:100, 1:50, 1:10 and 1:5) to the primary 

TRPM2 antibody were applied. Additionally, an unstained tube (unlabelled NK cells); a 

secondary tube (secondary antibody only); and a Fluorescence Minus One (FMO) (CD56, 

CD3, CD16 and CD38) control were performed (Appendices 9-34). Normalised TRPM2 and 

CD38 surface expression was calculated by compensating the percentage of fluorescence spill 

over into the B525/50 (TRPM2) and V525/50 (CD38) and outlined below: 

𝑇𝑅𝑃𝑀2 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 𝑇𝑅𝑃𝑀2 𝑆𝑡𝑎𝑖𝑛𝑒𝑑 𝑡𝑢𝑏𝑒 (𝑝𝑎𝑟𝑒𝑛𝑡 %) − 𝑁𝑜𝑟𝑚𝑎𝑙 𝑅𝑎𝑏𝑏𝑖𝑡 𝑆𝑒𝑟𝑢𝑚 (𝑝𝑎𝑟𝑒𝑛𝑡 %) 

 

Two incubation periods were performed for the primary and secondary TRPM2 antibodies (1 

hr and 30 min vs. 2hr and 1hr) at 4°C in the dark. Labelled cells were washed with stain buffer 
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(BD Biosciences, New Jersey, USA) and centrifuged at 350g for 5min. Supernatant was 

removed and cells were incubated with a secondary Goat F(ab) Anti-Rabbit IgG H&L 

Fluorescein isothiocyanate (FITC) (1:500, Abcam, UK, ab7050) in 200μl for 1hr/30min. Cells 

were washed and stained with 5µl of 7-AAD (BD Bioscience, New Jersey, USA) to measure 

cell viability. Cells were resuspended in 200µl of stain buffer (BD Bioscience, New Jersey, 

USA) and acquired at 10,000 events using the LSR Fortessa X-20. 

 

3.3.4 LSR Fortessa X-20 Flow Cytometry Analysis 

Lymphocyte populations were identified using forward and side scatter dot plots. Exclusions 

were CD3+ cells and only CD3- lymphocytes were further used to characterise NK cells by 

CD56. CD3-/CD56+ NK cells were sorted into CD56BrightCD16Dim/- and CD56DimCD16+ NK 

cell subsets using CD56 and CD16.TRPM2 and CD38 surface expression was measured on 

CD56BrightCD16Dim/- and CD56DimCD16+ NK cell populations as percentage of parent cells (%). 

 

3.3.5 Statistical Analysis 

Pilot data from this investigation were analysed using SPSS version 24 (IBM Corp, Version 

24, Armonk, NY, USA) and GraphPad Prism, version 7 (GraphPad Software Inc., Version 7, 

La Jolla, CA, USA). Shapiro-Wilk normality tests were conducted to determine the distribution 

of data, in addition to skewness and kurtosis tests to determine data normality. The data was 

not normally distributed, therefore the independent Kruskal Wallis H test was used to 

determine significance in TRPM2 and CD38 surface expression between groups. The Mann–

Whitney U test was used as a post-hoc test to determine the statistical significance between 

groups in TRPM2 parameters on NK cells. Formal corrections for multiple comparisons was 
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not performed. Significance was set at p < 0.05 and the data are presented as mean ± standard 

error of the mean (SEM) unless otherwise stated. 
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3.4 Results 

3.4.1 Participant Demographics and full blood parameters 

A total of eight healthy Australian participants (mean age ± SEM = 27.50 ± 8.08) were included 

for this present studyand there were no significant differences in age and gender between 

healthy participants (Table 4).  

 

Table 4: Demographic results of healthy participants. 

Parameters Healthy participants p value 

Age (years) 27.50 ± 8.08 0.349 

Gender  

Male (n = 4) 

Female (n = 4) 

 

50% 

50% 
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3.4.2. Full blood count parameters of healthy participants 

Full blood count parameters were measured for each healthy participant. All participant results 

were within the specified reference ranges for each parameter. There were no significant 

differences between healthy participants for these reporting parameters (Table 5). 

 

 

Parameters 

Healthy  

Male Participants 

N=4 

 

Healthy 

Female Participants 

N=4 

 

P value 

White Cell count 

(x 109/L) 

5.57 ± 0.41 6.14 ± 0.35 0.310 

Neutrophils 

(x 109/L) 

3.27 ± 0.30 3.76 ± 0.20 0.280 

Lymphocytes 

(x 109/L) 

1.58 ± 0.14 1.55 ± 0.29 0.258 

Monocytes 

(x 109/L) 

0.43 ± 0.03 0.51 ± 0.04 0.314 

Eosinophils 

(x 109/L) 

0.24 ± 0.05 1.15 ± 0.10 0.628 

Basophils 

(x 109/L) 

0.06 ± 0.01 0.08 ± 0.20 0.489 

Platelets 

(x 109/L) 

2.48 ± 0.72 2.32 ± 1.54 0.08 

Haemoglobin 

(x 109/L) 

142.10 ± 3.99 148.56 ± 4.50 0.954 

Red Cell count  

(x 1012/L) 

4.89 ± 0.15 4.90 ± 0.16 0.297 

MCV (x 109/L) 88.10 ± 1.75 83.29 ± 1.81 0.554 

 

Table 5: Full blood count parameters of healthy participants. RBC = red blood cell; WBC = 

white blood cell. Data are represented as mean ± SEM using Mann Whittney U tests.   
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3.4.3 Immunophenotype of TRPM2 and CD38 receptors on NK cell subsets by flow 

cytometry 

CD3-/CD56+ NK cells were sorted into CD56DimCD16+ and CD56BrightCD16Dim/- NK cell 

subsets using CD56 (Pe-Cy7) and CD16 (BV650). Due to no definitive antibody concentration 

for the primary TRPM2 antibody, five antibody controls were performed to determine an 

individualised positive TRPM2 and TRPM2/CD38 gate for each participant (Fig. 17). 
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Fig. 17 Immunophenotype of TRPM2 and CD38 receptors on NK cell subsets by flow cytometry. (Source: Personal collection) (a) Antibody 

controls included an unstained tube (unlabelled NK cells); secondary tube (conjugated secondary antibody FITC);an FMO tube (CD3, CD56, 

CD16 and CD38); a normal rabbit serum tube (CD3, CD56, CD16, CD38 and normal rabbit serum) and a TRPM2 antibody stained tube (CD3, 

CD56, CD16, CD38 and TRPM2 (primary and secondary)) . (B) Normal rabbit serum was used at comparable dilutions as the primary TRPM2 

antibody to measure TRPM2 and TRPM2/CD38 surface expression CD56DimCD16+ (Blue) and CD56BrightCD16Dim/- (pink) NK cell subsets. (C) 

Normalised TRPM2 and TRPM2/CD38 surface expression was calculated by compensating the percentage of fluorescence spill over into the 

B525_50 (TRPM2) and V525_50 (CD38) detectors from the TRPM2 antibody stained tube on both NK subsets. 
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3.4.4 Flow cytometry gating strategy of TRPM2 and CD38 using primary TRPM2 

antibody (1:50) at 2hr/1hr 

NK cells were stained with an FcR blocker for 5min to prevent non-specific antibody binding. 

Subsequently, NK cells were stained with primary antibodies for 2hr or 1hr: CD3, CD56, 

CD16, CD38 and TRPM2. Cells were washed by centrifugation prior to staining with a 

secondary TRPM2 antibody for 1hr or 30min. Following a secondary centrifugation spin, NK 

cells were stained with 7-AAD to assess cell viability. A total of 10,000 cell events was 

acquired per tube using flow cytometry. Surface expression gates for CD3, CD56, CD16 and 

CD38 were previously determined by isotype and FMO controls. Positive surface expression 

gates for TRPM2 were determined by using normal rabbit serum as a positive control, as well 

as an FMO and secondary antibody only control. (Note: only the 1:50 antibody dilution at 

2hr/1hr is shown to demonstrate the gating strategy of TRPM2 and CD38 surface expression 

on NK cells).  
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Fig. 18 Flow cytometry gating strategy of TRPM2 and CD38 using primary TRPM2 

antibody (1:50) at 2hr/1hr. (a) Lymphocyte populations were identified using forward and 

side scatter dot plots. (b) Duration of cell acquirement was measured followed by (c) cell 

viability after 7-AAD staining. (d) CD3+ cells were excluded and only (e) CD3- lymphocytes 

were further used to characterise NK cells by CD56. (f) CD3-/CD56+NK cells were sorted into 

CD56BrightCD16Dim/- and CD56DimCD16/+ NK cell subsets using CD56 and CD16. TRPM2 

surface expression was measured on (g) CD56DimCD16/+ and (h) CD56BrightCD16Dim/- NK cell 

subsets. Dual surface expression of TRPM2 and CD38 was furthermore assessed on (i) 

CD56BrightCD16Dim/- and (j) CD56DimCD16/+ NK cell subsets.  
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a 

3.4.5 TRPM2 surface expression on Natural Killer cell subsets in healthy participants. 

To quantify the surface expression on different NK cell subsets, CD56BrightCD16Dim/- and 

CD56DimCD16+ NK subsets were acquired following CD56 and CD16 antibody staining. On 

CD56DimCD16+ (Fig. 19A, p = 0.0123) and CD56BrightCD16Dim/- (Fig. 19B, p = 0.0211) NK 

subsets, TRPM2 surface expression significantly increased between 1:300 and 1:50 at 2hr/1hr. 

On the CD56DimCD16+subset, TRPM2 surface expression significantly decreased from 1:50 to 

1:5 at 2hr/1hr (Fig. 19B, p = 0.0503). Moreover, a significant increase in TRPM2 surface 

expression was observed between incubation periods within the 1:300 dilution (Fig. 19B, p = 

0.0468). 

 

b 
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Fig. 19 TRPM2 surface expression on natural killer cell subsets in healthy participants. 

TRPM2 surface expression was measured on (a) CD56DimCD16+ and (b) CD56BrightCD16Dim/- 

NK cells by flow cytometry. TRPM2 surface expression was comparatively measured at 

2hr/1hr [black] and 1hr/30min [grey] following 1:300, 1:100, 1:50, 1:10 and 1:5 primary 

TRPM2 antibody dilutions. Representative flow cytometry dot plots of each respective dilution 

are presented in Additional files 4-13 and 17-26: Figures S4-S13 and S17-S26. Bar graphs 

report the means ± SEM. Mann Whittney U test and Kruskal Wallis H test were performed. * 

p < 0.05. 1° primary, TRPM2, Transient Receptor Potential Melastatin 2 
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b 

3.4.6 Dual identification of TRPM2 and CD38 surface expression on Natural Killer cell 

subsets. 

To further explore the co-expression of TRPM2 and CD38, isolated NK cell subsets were 

additionally stained with CD38. On CD56DimCD16+ (Fig. 20A, p = 0.0075) and 

CD56BrightCD16Dim/- (Fig. 20B, p  0.0287) NK cell subsets, TRPM2 and CD38 surface 

expression significantly increased between 1:300 and 1:50 at 2hr/1hr. Additionally, a 

significant increase in TRPM2 and CD38 surface expression was observed between 1:100 and 

1:50 on  CD56BrightCD16Dim/- (Fig. 20B, p = 0.0384) at 2hr/1hr.

a 
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Fig. 20 Dual identification of TRPM2 and CD38 surface expression on natural killer cell 

subsets. TRPM2/CD38 surface expression was measured on (a) CD56DimCD16+ and (b) 

CD56BrightCD16Dim/- NK cells by flow cytometry. TRPM2/CD38 surface expression was 

comparatively measured at 2hr/1hr [black] and 1hr/30min [grey] following 1:300, 1:100, 1:50, 

1:10 and 1:5 primary TRPM2 antibody dilutions. Representative flow cytometry dot plots of 

each respective dilution are presented in Additional files 4-13 and 17-26: Figures S4-S13 and 

S17-S26. Bar graphs report the means ± SEM. Mann Whittney U test and Kruskal Wallis H 

test were performed. * p < 0.05, ** p < 0.01. 1° primary, TRPM2, Transient Receptor Potential 

Melastatin 2 
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3.5 Discussion 

This investigation reports, for the first time, the identification of TRPM2 and CD38 surface 

expression on human NK cell subsets in healthy participants. This paper is also the first to 

develop a methodology that quantifies TRPM2 and CD38 surface expression with an antibody 

that has not been previously applied using flow cytometry. This novel method may have 

significant implications for analysing TRPM2 and CD38 surface expression in vitro and may 

facilitate a better understanding of the role of TRPM2 and CD38 in disease pathology involving 

immune cells such as NK cells.  

 

In order to characterise TRPM2 surface expression, an extracellular TRPM2 antibody was 

preferred to prevent non-specific binding. The predominant clonality available on the market 

is polyclonal intracellular TRPM2 antibodies. Intracellular TRPM2 ion channels were not 

investigated as cell fixation and permeabilisation provides access to intracellular antigens. As 

TRPM2 is also localised on intracellular compartments, such as the endoplasmic reticulum and 

lysosome, cell permeabilisation can enable non-specific binding and activation of these 

intracellular TRPM2 channels, which potentially can mediate a number of downstream 

signalling pathways, such as Ca2+ influx [502]. Thus, a rabbit IgG polyclonal extracellular 

TRPM2 antibody (Thermo Fisher Scientific, USA, OST00112W) was chosen due to its ready 

availability and extracellular binding, specifically to the third extracellular loop of the human 

TRPM2 receptor.  

 

A total of eight healthy Australian participants were age (27.50 ± 8.08) and sex-matched (Table 

4). As this project was the first to use an antibody that has only been used for western blot and 

immunohistochemistry, the recommended dilution series (1:300) by the manufactures’ 

instructions was used as a baseline. With this reference, four additional primary TRPM2 
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antibody dilutions (1:100, 1:50, 1:10 and 1:5) were investigated to determine the optimal 

primary TRPM2 antibody concentration. Additionally, two incubation periods (1hr – primary 

TRPM2 antibody/30min – secondary conjugated TRPM2 antibody) and (2hr/1hr) were tested 

to determine the optimal incubation time for TRPM2 and TRPM2/CD38 surface binding and 

expression. 

 

One limitation of the primary TRPM2 antibody was the absence of a determined antibody 

concentration. According to Thermo Fisher Scientific, “antibody concentrations in ascites 

fluid, culture supernatant and serum are not determined due to various proteins in serum which 

makes it impossible to acquire an accurate concentration of a specific antibody”. Due to the 

absence of a determined antibody concentration, a TRPM2 isotype control could not be 

performed. However, as the primary TRPM2 antibody contains rabbit serum, normal rabbit 

serum (Thermo Fisher Scientific, USA, 01-6101) was used at comparable dilutions as the 

primary TRPM2 antibody. This negative control was used to distinguish any non-specific 

binding, as well as determine an individual positive TRPM2 and TRPM2/CD38 gate for each 

participant (Fig. 16B, C). Additionally, an unstained tube; a secondary tube; and an FMO 

control (Fig. 16A) were performed for each participant to compensate any potential 

fluorescence spill over (Appendices 2-27).  

 

On both NK subsets, a consistent pattern was observed for TRPM2 and dual surface expression 

with CD38. At 2hr/1hr, TRPM2 (Fig. 19A, p = 0.0123 and 19B, p = 0.0211) and TRPM2/CD38 

(Fig. 20A, p = 0.0075 and 20B, p = 0.0287) surface expression significantly increased between 

1:300 and 1:50 at 2hr/1hr. Additionally, a significant increase in TRPM2/CD38 expression was 

also observed on  CD56DimCD16+ NK cells between 1:100 and 1:50 at 2hr/1hr (Fig. 19A, p 

=0.0384). Given TRPM2 surface expression with and without CD38 is consistently higher at 
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1:50 compared with 1:300 on both NK cell subsets, these resultsindicate that 1:50 as the 

optimal antibody concentration to measure TRPM2 and TRPM2/CD38 surface expression on 

NK cells.  

 

The specificity of the primary TRPM2 antibody was investigated by measuring the dual surface 

expression of co-markers, TRPM2 and CD38, on CD56DimCD16+ NK and CD56BrightCD16Dim/- 

NK cells. Given comparable results were observed with (Fig. 20A, p   = 0.0175 and 20B, p = 

0.0287) and without CD38 expression (Fig. 19A, p = 0.0123 and 19B, p = 0.0211), these 

findings validate the specificity of the TRPM2 antibody for accurate and consistent 

measurement of TRPM2 surface expression. 

 

Interestingly, a normal distribution curve was observed on both NK subsets for TRPM2 and 

dual expression with CD38 at 2hr/1hr. Comparatively, receptor surface expression remained 

relatively constant at 1hr/30min on both NK subsets. This observation supported the significant 

decrease in TRPM2 surface expression from 1:50 to 1:5 on CD56DimCD16+ NK cells (Fig. 

19A, p = 0.0503). This significant decrease in TRPM2 and CD38 surface expression identified 

at 1:5 compared with 1:50 was unexpected as normally a non-linear graph is obtained once 

antibody saturation is achieved. As the antibody concentration or dilution increases, this 

increases the likelihood of non-specific binding and background noise, resulting in the high-

dose “hook effect”. The high-dose hook effect occurs in both competitive and double-antibody 

assays, such as the use of primary and secondary antibody staining protocols. This effect is 

caused by excessively high concentrations of analyte which simultaneously saturates both 

capture and detection antibodies [669]. Consequently, this prevents or reduces the formation 

of detectable capture antibodies/analyte/detecting antibody complexes to detect the analyte, 
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which produces a false low result. Therefore, this data  highlights 1:50 as the threshold antibody 

dilution for TRPM2.  

 

In contrast there was a significant increase in TRPM2 surface expression with 1:300 at 

1hr/30min (Fig. 19B, p = 0.0468), but not with dual expression with CD38 (Fig. 20B, p = 

0.1142). This sole result revealed a difference in receptor surface expression between 

incubation periods. As CD56BrightCD16Dim/- NK cells are less abundant than the CD56DimCD16+ 

subset, the percentage of receptor expression increases with limited cells detected. Moreover, 

the percentage of receptor expression increases for rarer channels. Given TRP ion channels are 

relatively scarce, particularly on lymphocytes, a longer incubation time is required to ensure 

optimal binding and subsequent surface expression. Moreover, the consistent pattern with the 

1:50 TRPM2 dilution on both NK subsets justified 2hr/1hr as the optimal incubation period to 

ensure a sufficient timeframe for maximal antibody binding and surface expression.  

 

Despite tested applications for western blot and immunohistochemistry assays, no additional 

studies have published the use of the OST00112W TRPM2 antibody. Future directions include 

the examination of TRPM2 and CD38 channels on additional lymphocytes, as well as 

investigate the manufacturer’s tested applications to further assess antibody specificity.  

 

Conclusion 

This novel methodology is the first to identify and characterise TRPM2 and TRPM2/CD38 

surface expression on human NK cells in healthy participants. This pilot investigation is also 

the first to use a TRPM2 antibody that has not been previously applied in flow cytometry, as 

well as determine the optimal primary TRPM2 antibody dilution and incubation time. This 

method provides an in vitro alternative using flow cytometry to characterise TRPM2 in a rapid, 
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robust and sensitive fashion. This pilot investigation provides insight for possible improvement 

in antibody design to facilitate a more accurate assessment of TRPM2 and CD38 surface 

expression.   
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Appendix 61: Chapter 4 Version with Examiner Comments 

 

4.1 Abstract 

 

Background 

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is hallmarked by a 

significant reduction in natural killer (NK) cell cytotoxicity, a mechanism tightly regulated by 

calcium (Ca2+). Interestingly, interleukin-2 (IL-2) increases NK cell cytotoxicity. Transient 

receptor potential melastatin 2 (TRPM2) ion channels are fundamental for Ca2+ signalling in 

NK cells. This pilot investigation aimed to characterise TRPM2 and CD38 surface expression 

in vitro on NK cells in ME/CFS patients. This investigation furthermore examined the 

pharmaceutical effect of 8-bromoadenosine phosphoribose (8-Br-ADPR) and N6-

Benzoyladenosine-3′,5′-cyclic monophosphate (N6-Bnz-cAMP) on TRPM2 and CD38 surface 

expression and NK cell cytotoxicity between ME/CFS and healthy control (HC) participants. 

 

Methods 

Ten ME/CFS patients (43.45 ± 12.36) and ten HCs (43 ± 12.27) were age and sex-matched. 

Isolated NK cells were labelled with fluorescent antibodies to determine baseline and drug-

treated TRPM2 and CD38 surface expression on NK cell subsets. Following IL-2 stimulation, 

NK cell cytotoxicity was measured following 8-Br-ADPR and N6-Bnz-cAMP drug treatments 

by flow cytometry. 

 

Results 

Baseline TRPM2 and CD38 surface expression was significantly higher on NK cell subsets in 

ME/CFS patients compared with HCs. Post IL-2 stimulation, TRPM2 and CD38 surface 

expression solely decreased on the CD56DimCD16+ subset in the ME/CFS group. 8-Br-ADPR 
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treatment significantly reduced TRPM2 surface expression on the CD56BrightCD16Dim/- subset 

within the ME/CFS group. Baseline cell cytotoxicity was significantly reduced in ME/CFS 

patients, however no changes were observed post drug treatment in either group.  

 

Conclusion 

Overexpression of TRPM2 on NK cells may function as a compensatory mechanism to alert a 

dysregulation in Ca2+ homeostasis to enhance NK cell function in ME/CFS, such as NK cell 

cytotoxicity. As no improvement in NK cell cytotoxicity was observed within the ME/CFS 

group, an impairment in the TRPM2 ion channel may be present in ME/CFS patients, resulting 

in alterations in [Ca2+]i mobilisation and influx, which is fundamental in driving NK cell 

cytotoxicity. Differential expression of TRPM2 between NK cell subtypes may provide 

evidence for their role in the pathomechanism involving NK cell cytotoxicity activity in 

ME/CFS.  
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4.2 Background 

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) is a disabling condition 

characterized by unexplained chronic fatigue that is associated with immune, neurological 

(including autonomic), musculoskeletal, cardiovascular and gastrointestinal symptoms [1, 2]. 

Currently, accurate diagnosis remains challenging in the absence of a clinical or laboratory test. 

Although the aetiology of ME/CFSremains undefined, immunological dysfunction has been 

consistently implicated in this condition. Notably, a significant reduction in natural killer (NK) 

cell cytotoxicity is a consistent feature in ME/CFSpatients compared with healthy control (HC) 

participants [3-6]. 

 

NK cells are granular lymphocytes of the innate immune system, principally responsible for 

recognising and responding to pathogen invasion [7]. NK cells are also essential to combat 

viral and microbial infection, as well as tumour development [7]. NK cells are located in 

peripheral blood, spleen, bone marrow and lymph nodes, and stem from the CD34 

hematopoietic progenitor cell lineage [7]. At least five NK populations have been classified, 

however the two predominant human subsets include CD56DimCD16+ and CD56BrightCD16dim/- 

populations. Approximately 90% of peripheral NK cells are CD56DimCD16+ which are highly 

cytotoxic and kill infected, tumour or ‘missing self’ cells [8]. Comparatively, the 

CD56BrightCD16Dim/- subset are primarily involved in immunosurveillance and cytokine 

production [9]. Interestingly, interlukin-2 (IL-2)-activated NK cells are more lytic to target 

cells than resting NK cells [509-511]. 

 

The IL-2 receptor (IL-2R) is a heterotrimeric protein expressed on a number of immune cells 

that binds and responds to IL-2 [512]. The IL-2R comprises three forms: α (alpha) (also called 

IL-2Rα, CD25), β(beta) (also called IL-2Rβ or CD122) and γ (gamma) (also called IL-2Rγ or 
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CD132). Binding of IL-2 promotes Janus tyrosine Kinase (JAK) 1 and JAK 3 enzyme 

activation, in turn initiating the Mitogen-Activated Protein Kinase (MAPK), phosphoinositide 

3-kinase (PI3K, and the Signal Transducer and Activator of Transcription (STAT) pathways 

[390]. Activation of these pathways enhances NK cell cytotoxic function, known as 

lymphokine-activated killing (LAK). NK cells are the predominant effector cells within LAKs, 

which are mechanistically equivalent to peripheral blood NK cells [391], but possess enhanced 

cytotoxic potential against an extensive spectrum of cell targets [392].  IL-2 has been postulated 

to be possibly involved in the de novo expression of proteins that act between CD38 and the 

lytic machinery in NK cells [509].  

 

Calcium (Ca2+) plays a fundamental role in various cellular mechanisms such as intracellular 

signalling pathways, cell differentiation, cell division, apoptosis and transcriptional events. 

Notably, intracellular Ca2+ is crucial for target cell adhesion, IS formation, granule polarization 

and degranulation, all of which are essential for NK cells to mediate their natural cytotoxicity 

[8, 10]. One fundamental signalling pathway involved in intracellular Ca2+ isthe store-operated 

calcium entry (SOCE) mechanism [216]. Recently, the transient receptor potential (TRP) 

family has emerged as a potential SOCE candidate [216, 217]. 

 

TRP channels are a unique group of ion channels that function as polymodal cell sensors due 

to their extensive sensitivity to physical and chemical stimuli. TRP channel activation follows 

deviations in the cellular environment, including pathogens, temperature, pressure, chemicals, 

oxidation and reduction, toxins, osmolarity and pH [496, 513]. Transient receptor potential 

melastatin 2 (TRPM2) is a homo-tetrameric nonselective cation permeable channel localised 

in the PM and lysosomal compartments [514]. The protein is highly expressed in the brain, 
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immune system, endocrine cells, and endothelia [254]. TRPM2 uniquely possesses dual ion 

channel functionality and enzymatic ADP-ribose (ADPR) hydrolase activity [496].  

 

TRPM2 is primarily activated in a synergistic fashion by low micromolar levels of cytosolic 

ADPR and Ca2+ [514]. At a cellular level, ADPR is predominantly produced by the hydrolysis 

of NAD+ and/or cADPR by glycohydrolases, including the ectoenzyme, CD38 [514]. CD38 

uses NAD+ to generate various Ca2+ mobilizing secondary messengers, such as ADPR, cADPR 

and NAADP [254, 514]. Direct binding to the enzymatic NUDT9-H domain activates and 

opens the channel, subsequently facilitating the permeation of sodium (Na2+), potassium (K+) 

and Ca2+ into the cell and hydrolysis of ADPR to ribose 5-phosphate and AMP [282]. 

Importantly, TRPM2 activation increases intracellular free calcium concentration ([Ca2+]i) 

[284, 285], which can mediate signalling roles in inflammatory and secretory by releasing 

vesicular mediators (i.e. cytokines, neurotransmitters), as well as apoptosis and necrotic cell 

death under oxidative stress [514].  

 

A recent in vivo mouse investigation discovered a novel anti-tumour mechanism in NK cells 

via a ADPR-CD38 synergy with TRPM2 [12]. This investigation highlighted three 

fundamental steps of this synergistic pathway: (1) activation of intracellular CD38 by protein 

kinase A following NK cell recognition of a tumour cell results in ADPR production; (2) ADPR 

targets TRPM2 channels on cytolytic granules, and (3) TRPM2-mediated Ca2+ signalling 

causes cytolytic granule polarisation and degranulation, resulting in anti-tumour activity [12]. 

These results suggest that CD38, ADPR and TRPM2 are key components in mediating Ca2+-

induced anti-tumour activity in NK cells [12]. 
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Pharmacologically, TRPM2 currents can be inhibited by altering the production of TRPM2 

secondary messengers [254]. Pharmacological antagonists reviewed in the literature include: 

8-Br-cADPR (cADPR antagonist) [270], 8-Br-ADPR (ADPR antagonist) [515], nifedipine, 

econazole [311] flufenamic acid [311], imidazole antifungal agents [311], anthranilic acid, N-

(p-amycinnamoyl) [309] and 2-APB [309]. However, majority of these molecules are 

insufficiently potent and do not exhibit high TRPM2 specificity [254].  

 

To date, no potent pharmacological TRPM2 agonists have been reported, however N6-

Benzoyladenosine-3′,5′-cyclic monophosphate (N6-Bnz-cAMP) has been identified as a weak 

TRPM2 agonist through indirect stimulationvia protein kinase A (PKA) production through 

CD38, most likely through phosphorylation [296]. 

 

Characterisation of TRPM2 has predominantly been studied with in vivo models, primarily by 

genetic knockdown [263, 269, 289, 296, 497-499, 501, 508]. Although in vitro investigations 

of TRPM2 have also been examined in T cells, macrophages, SCC9 cells, and HEK293 cells 

[263, 269, 502, 503] there have been no in vitro TRPM2 models studied on human NK cells. 

Given TRPM2 is critical for Ca2+ homeostasis and NK cell cytotoxicity, this is the first in vitro 

investigation to examine NK cell cytotoxicity following TRPM2 modulation with N6-Bnz-

cAMP and 8-Br-ADPR in ME/CFS patients. Secondly, this study aims to characterise TRPM2 

surface expression on NK cell subsets to determine whether differential expression of TRPM2 

plays a role in ME/CFS patients compared with HC.  
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4.3 Methods 

 

4.3.1 Study Participants 

A total of 11 ME/CFS and 11 HC participants were selected for this pilot investigation. Two 

participants (1 HC and 1 ME/CFS) were excluded due to outlier values (Appendices 35-45). 

Participants were sourced from the National Centre of Neuroimmunology and Emerging 

Diseases (NCNED) database for ME/CFS between January and April 2019. Participants were 

excluded if they were pregnant or breastfeeding, or reported a previous history of smoking, 

alcohol abuse or chronic illness (for example, autoimmune diseases, cardiac diseases and 

primary psychological disorders). Participants donated 85ml of whole blood in 

ethylendiaminetetraacetic acid (EDTA) tubes between 8:30am and 10:00am on the Gold Coast, 

Queensland, Australia. Full blood count was performed within 4 hours (hr) of blood collection 

for each participant. All participants provided written consent and the study was approved by 

the Griffith University Human Research Ethics Committee (HREC/15/QGC/63).  

 

4.3.2 Peripheral blood mononuclear cell isolation and natural killer cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by 

centrifugation over a density gradient medium (Ficoll-Paque Premium; GE Healthcare, 

Uppsala, Sweden) to separate granulocytes as previously described [3, 490]. PBMCs were 

stained with trypan blue stain (Invitrogen Life Technologies, Carlsbad, CA, USA) to determine 

total cell count and cell viability and adjusted to a final concentration of 5x107 cells/ml. NK 

cells were isolated from PBMCs using an EasySep Negative Human NK Cell Isolation Kit 

(Stemcell Technologies, Vancouver, BC, Canada). NK cell purity was measured following 

staining with CD56-Pe-Cy7 (0.25µg/5µl) and CD3-APC-H7 (0.5µg/5µl) antibodies (Becton 

Dickinson [BD] Bioscience, Miami, FL, USA) for 20 minutes (min) at room temperature in 

the dark and analysed using a LSR-Fortessa X20 flow cytometer (BD Biosciences, Miami, FL, 
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USA). NK cell purity was 92.46 ± 2.375 for HCs and 93.58 ± 0.9282 for ME/CFS, respectively 

(Appendix 46).  

 

4.3.3 Interleukin-2 stimulation 

NK cells were stimulated with 20IU/ml of recombinant human IL-2 (specific activity 5x106 

IU/mg) per test (Miltenyi Biotech, BG, Germany) and incubated for 24hr at 37oC with5% CO2 

in Roswell Park Memorial Institute medium (RPMI)-1640 (Invitrogen Life Technologies, 

Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen Life 

Technologies, Carlsbad, CA, USA).  

 

4.3.4 Drug Treatment 

IL-2 stimulated NK cells were treated with the following drugs at a final concentration of 

100μM N6-Bnz-cAMP, and 100μM8-Br-ADPR for 30 min at 37oC with 5% CO2 in RPMI-

1640 (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% FBS 

(Invitrogen Life Technologies, Carlsbad, CA, USA)). All drugs were purchased from Bio-

Techne (Tocris Bioscience, Sussex, UK). Labelled cells were washed with 2ml of RPMI-1640 

supplemented with 10% FBS and centrifuged at 250g for 5min. Supernatant was removed prior 

to NK lysis and TRPM2 immunophenotyping. 

 

4.3.5 TRPM2 Immunophenotyping Assay 

Following magnetic NK cell isolation, baseline TRPM2 and CD38 surface expression was 

measured as previously described [516]. NK cells were stained with trypan blue stain 

(Invitrogen Life Technologies, Carlsbad, CA) to determine live cell count and cell viability and 

adjusted to a final concentration of 1.1x106 cells/ml. NK cells were incubated with an Fc 

receptor Blocking reagent (Miltenyi Biotech, Bergisch Gladbach. Germany) for 10 min at 4°C 

prior to antibody staining. NK cells were incubated with primary fluorochrome labelled 
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antibodies (CD3-APC-H7 [0.5µg/5µl], CD56-PeCy7 [0.25µg/5µl], CD16-BV650 

[0.25µg/5µl], and CD38-BV480 [1µg/5µl]) purchased from BD Biosciences), in addition to an 

unconjugated rabbit IgG polyclonal extracellular TRPM2 antibody (1:50) (OST00112W) 

(Thermo Fisher Scientific, Waltham, MA, USA) for 2hr at 4°C in the dark.  

 

Labelled cells were washed with stain buffer (BD Biosciences, Miami, FL, USA) and 

centrifuged at 350g for 5min. Supernatant was removed and cells were incubated with a 

secondary Goat F(ab) Anti-Rabbit IgG H&L FITC (1:500) (ab7050) (Abcam, UK) in 200μl for 

1hr at 4°C in the dark. Cells were washed and stained with 5µl of 7-AAD (BD Bioscience, 

New Jersey, USA) to measure cell viability. Cells were resuspended in 200µl of stain buffer 

(BD Bioscience, Miami, FL, USA) and acquired at 10,000 events using the LSRFortessa X-

20. Furthermore, TRPM2 and CD38 surface expression was measured following drug 

treatment. 

 

Normal rabbit serum (1:50) (01-6101) (Thermo Fisher Scientific, Waltham, MA, USA) was 

used as a negative control to determine an individualised positive TRPM2 gate for each 

participant (Appendix 47). Additionally, an unstained tube (unlabelled NK cells); a secondary 

tube (secondary antibody only); and an FMO (CD56, CD3, CD16 and CD38) control were 

performed for each participant. Normalised TRPM2 and CD38 surface expression was 

calculated by compensating the percentage of fluorescence spill over into the B525/50 

(TRPM2) and V525/50 (CD38) as outlined below for TRPM2: 

𝑇𝑅𝑃𝑀2 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 𝑇𝑅𝑃𝑀2 𝑆𝑡𝑎𝑖𝑛𝑒𝑑 𝑡𝑢𝑏𝑒 (𝑝𝑎𝑟𝑒𝑛𝑡 %) − 𝑁𝑜𝑟𝑚𝑎𝑙 𝑅𝑎𝑏𝑏𝑖𝑡 𝑆𝑒𝑟𝑢𝑚 (𝑝𝑎𝑟𝑒𝑛𝑡 %) 
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4.3.6 Natural killer cell cytotoxicity assay 

NK cytotoxic activity was conducted as previously described [474, 483, 490]. NK cells were 

labelled with Paul Karl Horan-26 (PKH-26) (3.5µl/test) Sigma-Aldrich, St. Louis. MO, USA) 

for 5min (and incubated with K562 cells for 4hr at 37oC with 5% CO2 in RPMI-1640 

supplemented with 10% FBS. The concentration of NK cells and K562 cells was adjusted to 

5x105 cells/ml and 1x106cells/ml, respectively. During incubation, cells were combined at 

effector target (E:T) ratios of 25:1, 12.5:1 and 6.25:1 in addition to control samples (only 25:1 

NK lysis ratio shown). Control and IL-2 treated cells were stained using Annexin V (2.5µl/test) 

(BD Bioscience, Miami, FL, USA) and 7-AAD (2.5µl/test) (BD Bioscience, Miami, FL, USA) 

to determine apoptosis using flow cytometry analysis recording 10,000 events. E:T ratio of 

25:1, 12.5:1, 6.25:1 (only 25:1 NK lysis ratio shown) and control were used to assess cytotoxic 

activity. NK cytotoxic activity was calculated as percent specific death of the K562 cells for 

the three E:T ratios as previously described [474, 483, 490] and outlined below:  

𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =  
(𝑒𝑎𝑟𝑙𝑦 𝑠𝑡𝑎𝑔𝑒 𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 + 𝑙𝑎𝑡𝑒 𝑠𝑡𝑎𝑔𝑒 𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 + 𝑑𝑒𝑎𝑑 𝐾562 𝑐𝑒𝑙𝑙𝑠)

𝐴𝑙𝑙 𝐾562 𝐶𝑒𝑙𝑙𝑠
× 100 

 

4.3.7 LSR Fortessa X-20 flow cytometry analysis 

Lymphocyte populations were identified using forward and side scatter dot plots. Exclusions 

were CD3+ cells and only CD3- lymphocytes were further used to characterise NK cell subset 

populations using CD56 and CD16. NK cell subsets were characterised using the surface 

expression of CD56BrightCD16Dim/-NK cells and CD56DimCD16Bright/+NK cells. TRPM2 and 

CD38 surface expression was measured as percentage of parent cells (%) and NK cytotoxicity 

was measured as percentage of K562 cell death (%).
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4.3.8 Statistical analysis 

Pilot data from this investigation were analysed using SPSS version 24 (IBM Corp, Version 

24, Armonk, NY, USA) and GraphPad Prism, version 7 (GraphPad Software Inc.,Version 7, 

La Jolla, CA, USA). Shapiro-Wilk normality tests were conducted to determine the distribution 

of data, in addition to skewness and kurtosis tests to determine data normality. The independent 

Mann–Whitney U test was performed to determine the statistical significance between and 

within groups in TRPM2 parameters on NK cells. Spearman’s correlation was used to measure 

correlations between NK cell cytotoxicity and TRPM2/CD38 surface expression in HC and 

ME/CFS patients. Significance was set at P < 0.05 and the data are presented as mean ± SEM 

unless otherwise stated. 
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4.4 Results 

 

4.4.1 Participant demographics and full blood count parameters 

A total of 20 participants (10 HC and 10 ME/CFS patients) were included for this present study 

and no significant differences in age and gender were reported between groups (Table 6). 

Additionally, ME/CFS patients reported greater impairment compared with HCs in all Short-

Form Health Survey (SF-36) subscales (lower score indicate greater impairment; P < 0.001), 

with the exception of emotional wellbeing. Full blood count parameters were measured for 

each participant. All participant results were within the specified reference ranges for each 

parameter and there were no significant differences between groups for these reporting 

parameters (Table 6). 

 

 

 

 

 

  

 



 

497 

 

Category Item HC ME/CFS p value 

 

 

General 

demographics 

Age (years) 43.10 ± 4.089 43.50 ± 4.126 0.989 

Gender 

Male (%, n) 

Female (%, n) 

   

>0.999 
(40%, 4) (40%, 4) 

(60%, 6) (60%, 6) 

BMI (kg/m2) 23.41 ± 0.881 25.21 ± 0.937 0.120 

 

WHODAS 1.382 ± 0.518 38.73 ± 5.504 <0.0001*** 

 

 

Illness demographics 

(SF-36) 

Pain (%) 85.91 ± 5.026 28.18 ± 7.971 <0.0001*** 

Physical Functioning (%) 98.64 ± 0.975 35.45 ± 6.085 <0.0001*** 

Role Physical (%) 97.15 ± 1.547 13.08 ± 5.686 <0.0001*** 

General Health (%) 74.99 ± 4.171 30.67 ± 3.988 <0.0001*** 

Social Functioning (%) 95.45 ± 3.049 28.41 ± 7.922 <0.0001*** 

Emotional Wellbeing (%) 94.45 ± 3.049 74.02 ± 9.277 0.069 

 

 

 

 

 

Serology report 

WBC 5.945 ± 0.371 6.909 ± 0.539 0.223 

Lymphocytes 1.705 ± 0.127 1.947 ± 0.106 0.223 

Neutrophils 3.575 ± 0.288 4.241 ± 0.501 0.519 

Monocytes 0.466 ± 0.051 0.502 ± 0.051 0.467 

Eosinophils 0.150 ± 0.031 0.130 ± 0.021 0.935 

Basophils 0.046 ± 0.005 0.048 ± 0.006 0.955 

Platelets 252.8 ± 24.12 246.8 ± 9.213 0.797 

RBC 4.665 ± 0.102 4.808 ± 0.165 0.835 

Haematocrit 0.416 ± 0.009 0.428 ± 0.013 0.618 

Haemoglobin 136.2 ± 3.261 142.9 ± 4.089 0.339 

 

Table 6: Participants’ demographic and serology results. HC = healthy controls; ME/CFS 

= myalgic encephalomyelitis/chronic fatigue syndrome; BMI = body mass index; RBC = red 

blood cell; SF-36 = short-form health survey; WBC = white blood cell; WHODAS = world 

health organisation disability assessment schedule. Data are represented as mean ± SEM using 

Mann Whittney U tests.  ***(p<0.0001) 
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4.4.2 TRPM2 and CD38 surface expression on CD56BrightCD16Dim/- and CD56DimCD16+ 

NK cell subsets between groups post IL-2 stimulation. 

At baseline, TRPM2 surface expression was significantly higher in the ME/CFS group 

compared to HCs on CD56BrightCD16Dim/- (Figure 21A) and CD56DimCD16+ NK cells (Figure 

21B). A consistent finding was found at dual expression with CD38 on both NK cell subsets 

(Figure 21C,D). Post IL-2 stimulation, TRPM2 with and without CD38 significantly decreased 

on the CD56DimCD16+ subsetwithin the ME/CFS group (Figure 21B,D).No significant 

differences in TRPM2and CD38 surface expression were found within the HC group pre and 

post IL-2 stimulation in either NK cell subset.  
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Fig. 21 Baseline TRPM2 and CD38 surface expression on natural killer cell subsets in 

ME/CFS and HC participants.TRPM2 surface expression was measured on 

CD56BrightCD16Dim/- (A) and CD56DimCD16+(B) NK cell subsets by flow cytometry in HC 

[grey] and ME/CFS [black] patients at baseline and post IL-2 stimulation. Dual surface 

expression with CD38 was also measured on both NK cell subsets (C,D). IL-2, Interleukin-2, 

TRPM2, Transient Receptor Potential Melastatin 2. Data are represented as mean ± SEM using 

Mann Whittney U tests. *(p < 0.05), **(p < 0.01)  
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4.4.3 CD38 surface expression on CD56BrightCD16Dim/- and CD56DimCD16+ NK cell 

subsets between groups post IL-2 stimulation. 

No significant difference in CD38 surface expression was found between groups or within 

either NK cell subset pre and post IL-2 stimulation (Fig. 22A,B). No significant changes in 

CD38 surface expression was observed post drug treatment between or within groups on either 

NK cell subset (Fig. 22C,D).   
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Fig. 22 CD38 surface expression on CD56BrightCD16Dim/- and CD56DimCD16+ NK cell 

subsets between groups post IL-2 stimulation. No significant difference in CD38 surface 

expression was found between groups or within either NK cell subset pre and post IL-2 

stimulation (Fig. 22A,B). No significant changes in CD38 surface expression was observed 

post drug treatment between or within groups on either NK cell subset (Fig. 22C,D). CD38 

surface expression alone was measured at baseline, IL-2, as well as post TRPM2 drug 

treatments. All drug conditions contained IL-2 and NK cells were treated with drugs for 24hr. 

Drug treatment conditions included:  (a) 8-Br-ADPR (100µM), (b) N6-Bnz-cAMP (100µM), 

and (c) 8-Br-ADPR (100µM) and N6-Bnz-cAMP (100µM) drug treatments. IL-2, Interleukin-

2. Data are represented as mean ± SEM using Mann Whittney U tests.  

   

4.4.4 Natural killer cell cytotoxicity after treatment with 8-Br-ADPR and N6-Bnz-

cAMP between groups. 

At baseline, a significant increase in NK cell cytotoxicity was observed in HC participants 

compared with ME/CFS patients. Within the HC group, NK cell lysis decreased post IL-2 

stimulation. This observation was not found within the ME/CFS group. No significant 

difference in NK cell cytotoxicity was observed between groups after drug treatments.  
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Fig. 23 Natural killer cell cytotoxicity (25:1) pre and post drug treatment in ME/CFS and 

HC participants. NK cell cytotoxicity was measured at baseline and after IL-2 stimulation 

between HC participants [grey] and ME/CFS patients [black]. All drug conditions contained 

IL-2 and NK cells were treated with drugs for 24hr. Treated NK cell cytotoxicity was 

furthermore measured following (a) 8-Br-ADPR (100µM), (b) N6-Bnz-cAMP (100µM) and 

(c) 8-Br-ADPR (100µM) and N6-Bnz-cAMP (100µM) drug treatments. IL-2, Interleukin-2. 

Data are represented as mean ± SEM using Mann Whittney U tests.  **(p < 0.01) 
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4.4.5 Pharmacological effect of 8-Br-ADPR and N6-Bnz-cAMP drug treatment on 

TRPM2 and CD38 surface expression on NK cell subsets. 

On CD56BrightCD15Dim/- NK cells (Fig. 24A), TRPM2 surface expression significantly 

decreased following treatment with 8-Br-ADPR within the ME/CFS group. No significant 

difference was observed on the CD56DimCD16+ NK cell subset for TRPM2 surface expression 

between and within groups (Fig. 24B). Moreover, no significant differences between or within 

groups were found on the CD56BrightCD15Dim/- (Fig. 24C) and CD56DimCD16+ (Fig. 24D) NK 

cell subsets for dual expression with TRPM2.  
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Fig. 24 TRPM2 and CD38 surface expression on natural killer cell subsets in ME/CFS 

and HC participants after drug treatment.TRPM2 surface expression was measured on 

CD56BrightCD16Dim/- (A) and CD56DimCD16+(B) NK cell subsets by flow cytometry in HC 

[grey] and ME/CFS [black] patients. Dual expression with CD38 was also measured on both 

NK cell subsets (C,D). All drug conditions contained IL-2 and NK cells were treated with drugs 

for 24hr.  Drug treatment conditions included: (a) 8-Br-ADPR (100µM), (b) N6-Bnz-cAMP 

(100µM) and (c) 8-Br-ADPR (100µM) and N6-Bnz-cAMP (100µM). IL-2, Interleukin-2, 

TRPM2, Transient Receptor Potential Melastatin 2. Data are represented as mean ± SEM using 

Mann Whittney U tests. *(p < 0.05) 
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4.5 Discussion 

 

We have previously determined an optimal in vitro methodology to phenotype TRPM2 and 

CD38 surface expression on human NK cell subsets from HC participants using flow cytometry 

[516].  This current investigation is the first in vitro study to characterise TRPM2 and CD38 

surface expression on peripheral NK cell subsets from ME/CFS patients. This is also the first 

study to examine the pharmacological effect of 8-Br-ADPR and N6-Bnz-cAMP drug treatments 

on TRPM2 and CD38 surface expression, as well as NK cell cytotoxicity in ME/CFS patients. 

 

At baseline, TRPM2 surface expression was significantly higher in ME/CFS patients compared 

with HCs on CD56BrightCD16Dim/- and (Fig. 21A) and CD56DimCD16+ NK cells (Fig. 21B). 

These findings were also found at dual expression with CD38 on both NK cell subsets (Fig. 

21C,D). To determine whether TRPM2 and/or CD38 was differentially expressed between 

groups, CD38 surface expression was measured alone (Figure 22). CD38 surface expression 

alone was reportedly higher in both groups (99%) on both NK cell subsets (Fig. 22A,B), 

howeverCD38 surface expression decreased to 22% (ME/CFS) and 6% (HC) on both subsets 

(Fig. 21C,D) when compared with dual expression with TRPM2,. This difference with co-

expression is reflective of CD38’s additional functions, independent of TRPM2, such as cell 

adhesion, signal transduction and Ca2+ signalling. However, as CD38 surface expression did 

not differ between groups, our results highlight an overexpression of the TRPM2 ion channel 

within the ME/CFS group. In comparison to the reductions in TRPM3 surface expression 

reported in our previous findings [14, 483], we postulate that this overexpression in TRPM2 

may function as a compensatory mechanism to alert a dysregulation in Ca2+ homeostasis within 

the NK cell. 
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Ca2+ plays a fundamental role in intracellular signalling pathways, cell differentiation and cell 

division, apoptosis and transcriptional events [22–24]. Upon stimulation, Ca2+ permeable TRP 

channels, such as TRPM2, generate changes in [Ca2+]i, by acting as Ca2+ gatekeepers via the 

PM. Notably, [Ca2+]iis important to sensitise TRPM2 for activation by ADPR resulting in a 

positive feedback loop and Ca2+ entry [275, 295].Changes in channel stoichiometry and 

assembly can induce significant dysregulations in Ca2+ mobilization [517, 518]. Thus, Ca2+ 

homeostasis requires a tight and meticulous regulation for efficient receptor functionality. An 

important Ca2+-dependent mechanism regulated by TRPM2 in NK cells is cytotoxic function.  

 

Although the underlying aetiology of ME/CFS remains unknown; a significant reduction in 

NK cell cytotoxicity is a consistent laboratory finding in ME/CFS patients compared with HCs 

[3-6], which was confirmed in this present study (Fig. 23). In the ME/CFS group, an 

improvement in NK cell function was expected in correlation to the overexpression of TRPM2 

as a compensatory mechanism. However, as baseline NK cell cytotoxicity was significantly 

reduced in ME/CFS patients compared with HCs, these results may suggest an impaired and/or 

faulty TRPM2 ion channel within the ME/CFS group. An impairment in the TRPM2 ion 

channel function may prevent thepermeabilization and influx of Ca2+ within the NK cell; 

resulting in a subsequent reduction in Ca2+ modulation and [Ca2+]i, thus leading to impaired 

Ca2+ -dependent mechanisms, including NK cell cytotoxicity.   

 

Following IL-2 stimulation, NK cell cytotoxicity significantly decreased within the HC group 

(Fig. 23). This was an unexpected outcome as previous investigations have reported 

enhancements in NK cell cytotoxicity following IL-2 stimulation [509-511]. However, an in 

vivo mouse study discovered that IL-2 rapidly lowers the activation threshold of NK cells to 
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adhere and engage with their targets [511]. Moreover, NK cell responses did not augment post 

IL-2 in the presence of inhibitory receptor signalling, suggesting potential interactions of the 

IL-2R with integrin or activating-receptor signalling pathways [511]. An additional rationale 

could reflect the limited culture time period (24hr), as most NK cell cultures range between 1-

2 weeks [519-523]. However, as fresh human peripheral NK cells were used, a longer culture 

time period was not preferential as NK cell purity significantly decreases to 40-50% [524]. 

Conversely, no change in NK cell cytotoxicity was observed post IL-2 stimulation within the 

ME/CFS group (Fig. 23), which reinforces a significant impairment in the TRPM2 ion channel. 

 

Interestingly, TRPM2 and CD38 surface expression significantly decreased after IL-2 

stimulation in ME/CFS patients (Fig. 21). However, this finding was only observed on the 

CD56DimCD16+ NK cell subset within the ME/CFS group (Fig. 21B,D). A possible rationale 

may involve downregulation the IL-2Rα on the CD56DimCD16+ subset, which has been 

suggested to reduce the ability for efficient CD56DimCD16+ NK cell activation and restoration 

of proliferative capability in response to IL-2 [509].  

 

Thus, a negative feedback mechanism, involving Ca2+, may be present between the IL-2Rα and 

TRPM2 and CD38 on CD56DimCD16+ NK cells in response to IL-2 as it has been proposed 

that IL-2 may induce the de novo expression of proteins that act between CD38 and the lytic 

machinery in NK cells [509]. The MAPK signalling pathway may be a potential candidate, as 

this pathway is activated by both IL-2 and major histocompatibility complex-1 receptor [391, 

525], and may mimic mediation of the Ca2+-dependent steps of NK cytotoxicity. Importantly, 

we have previously shown a significant change in the MAPK Ca2+ dependent pathways for NK 

lysis in ME/CFS patients [474, 483]. 
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Pharmacologically, TRPM2 currents can be inhibited by altering the production of TRPM2 

secondary messengers, such as ADPR [254]. A former in vivo investigation evidenced  8-Br-

ADPR as the sole secondary messenger to antagonise TRPM2 by blocking sustained tumour-

induced Ca2+ signals and degranulation by western blot and confocal microscopy [12]. 

 

Within our ME/CFS group, TRPM2 surface expression significantly decreased following 8-

Br-ADPR treatment (ADPR antagonist) on CD56BrightCD16Dim/- NK cells (Fig. 24A). 

Therefore, TRPM2 surface expression can be antagonised, but not effectively stimulated 

following agonists, such as N6-Bnz-cAMP (Fig. 24). Interestingly, this result differed with our 

previous TRPM3 surface expression findings following drug treatment from ME/CFS patients 

[14, 483]. Following 2-APB treatment (non-selective TRPM inhibitor), TRPM3 surface 

expression remained unchanged on both NK cell subsets. Conversely, pregnenolone sulfate 

(TRPM3 agonist) treatment significantly increased TRPM3 surface expression on both NK cell 

subsets. Together, these findings reinforce the importance of Ca2+ for efficient TRP channel 

activity and highlight a consistent Ca2+ signalling dysregulation caused by impairments in 

TRPM ion channel expression and activity in ME/CFS patients. Moreover, as 8-Br-ADPR was 

administrated with IL-2, the selective diminishment of the TRPM2 ion channel may be due to 

the upregulation of the IL-2Rα on the CD56BrightCD16Dim/- subset.  

 

Comparatively, no changes in NK cell cytotoxicity were observed in either group following 8-

Br-ADPR and N6-Bnz-cAMP treatment (Fig. 23). These results may reflect the limited 

availability of specific pharmacological drugs to modulate TRPM2 ion channels. Although an 

extensive list of pharmacological agents have been reviewed in the literature, including: 8-Br-

ADPR,  majority of these molecules are insufficiently potent and do not exhibit high TRPM2 
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specificity [254], which may explain the absent changes in NK cell cytotoxicity following drug 

treatment in both groups (Figure 22).  

 

An alternative rationale may involve different TRPM2 splice variants in ME/CFS patients. 

Within the literature, three primary TRPM2 isoforms have been established: SSF-TRPM2, 

TRPM2-ΔC and TRPM2-ΔN [272, 503]. Although the full-length TRPM2 can be activated by 

ADPR, NAD+ and H2O2, TRPM2 spliced isoforms cannot be significantly stimulated by these 

same activators [274, 526, 527]. Interestingly, Du et al., established that 10µM [Ca2+]i can 

activate TRPM2-N, TRPM2-C, and TRPM2-N/Cspliced isoforms in a concentration-

dependent manner. These results suggest that [Ca2+]i may serve as an alternative in vivo 

activator of both full and spliced isoforms of TRPM2, thus conferring their physiological 

functions [273]. Whether spliced isoforms can form functional channels remains to be 

determined [274, 526, 527]. 

 

Our results are considered preliminary due to our small sample size. Resultantly, our significant 

findings warrant further investigation with a larger cohort as a key future direction. 

Importantly, a significant limitation within ME/CFS research is the absence of an in vivo model 

and/or cell line to represent this multifactorial disorder. Conseqently, current in vitro 

methodologies are restricted to studying isolated cells from criteria-based ME/CFS patients. 

One method to target specific immunological pathways from patient cells is through 

pharmocological modulation. However, if the mechanism of action of these drugs is unknown 

or non-specific, severe limitations arise in the ability to analyse accurate and reliable data. 

Therefore, a vital future direction is the development of a pharmacotherapeutic drugs with high 

efficiacy and specificity to TRPM2. Access to these agents will enable the use of more 

sophisticated applications such as whole cell electrophysiology using patch clamp techniques. 
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Genetic methodologies are an additional future direction to understand the role of TRPM2 in 

Ca2+ signalling and NK cell function.  

 

Conclusion 

This pilot study is the first to identify and characterise TRPM2 and CD38 surface expression 

on human NK cell subsets in vitro from ME/CFS patients. This investigation is also the first to 

examine the effects of IL-2, 8-Br-ADPR and N6-Bnz-cAMP drug treatment on TRPM2 and 

CD38 surface expression, as well as NK cell cytotoxicity. These new findings revealed a 

significant overexpression of TRPM2 on NK cells in ME/CFS patients. An overexpression in 

TRPM2 may function as a compensatory mechanism to alert a dysregulation in Ca2+ 

homeostasis and improve NK cell function. However, as baseline NK cell cytotoxicity was 

significantly reduced in ME/CFS patients compared with HCs, an impairment in the TRPM2 

ion channel may result in alterations in [Ca2+]i, which is fundamental in driving NK cell 

cytotoxicity.  

 

Differential expression of TRPM2 between NK cell subtypes may provide evidence for their 

role in the pathomechanism involving NK cell cytotoxicity activity in ME/CFS. The clinical 

potential of these results to develop a biological marker and drug interventions is yet to be 

determined. 
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