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ABSTRACT  

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

disorder associated with disabling and unremitting fatigue, flu-like symptoms, muscle 

and joint pain, post-exertional malaise and cognitive impairments. CFS/ME is a 

heterogeneous illness and the cause of CFS/ME is currently unknown. Consequently, 

there is no biological marker to diagnose the illness, and case definitions are used to 

identify CFS/ME patients. CFS/ME is a multi-system disorder that has been associated 

with impairments in the functions of the endocrine, immune, central and autonomic 

nervous systems. Evidence for chronic immune dysfunction in CFS/ME has been 

reported by several groups, where significantly reduced Natural Killer (NK) cell 

cytotoxic activity has been the most predominant and consistent finding. NK cells 

consist of CD56brightCD16dim/- NK cells which produce immunoregulatory cytokines, 

and CD56dimCD16+ NK cells which induce cytotoxic lysis of target cells infected by 

viruses, bacteria and parasites, or cells that have been malignantly transformed. The 

granule secretory pathway mediates NK cell cytotoxic activity and includes contact, 

adhesion, activation, granule polarisation and degranulation. Cytotoxic lysis of target 

cells is predominantly induced by the granule secretory pathway and, as such, has been 

associated with the cytotoxic dysfunction reported in CFS/ME patients. The aim of this 

thesis was to investigate cellular and genetic components required for NK cell cytotoxic 

activity to identify a potential mechanism of reduced cytotoxic activity in CFS/ME 

patients. A pilot study was also conducted to determine if mechanisms of reduced NK 

cell cytotoxic activity are similar or different to other chronic conditions. Multiple 

Sclerosis (MS) patients also present with reduced NK cell cytotoxic activity and 

persistent fatigue. Therefore, NK cell cytotoxic mechanisms were also compared 

between CFS/ME and MS patients.  
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CFS/ME patients meeting the Fukuda definition and non-fatigued controls (NFC) were 

included in this study. Participants donated whole blood samples, and flow cytometric 

protocols were employed to examine CD56dimCD16+ NK cell and CD56brightCD16dim/- 

NK cell surface expression of adhesion molecules (CD18, CD11a, CD11b, CD11c and 

CD2); activating and inhibitory receptors (2B4, NKp30, NKp46, NKp80, and killer cell 

immunoglobulin-like receptors [KIRs]); and CD57 cell maturation.  Intracellular 

signalling molecules were also measured in CD56dimCD16+ NK cells and 

CD56brightCD16dim/- NK cells. These included p38; mitogen-activated protein kinase 

kinase (MEK1/2); extracellular signal-regulated kinase (ERK1/2); protein kinase C 

(PKC)-α; c-Jun N-terminal kinase (JNK); nuclear factor kappa beta (NF-κβ); inhibitory 

kappa beta (Iκβ); and signal transducer and activator of transcription (Stat)-3. 

Degranulation (CD107a and CD107b); lytic proteins (perforin, granzyme A and 

granzyme B); cytokine production (interferon-gamma [IFN-γ], tumour necrosis factor 

[TNF-α] and granulocyte-macrophage colony-stimulating factor [GM-CSF]) were also 

measured in CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells from CFS/ME 

patients and NFC. NK cell cytotoxic activity was measured, and compared between 

CFS/ME patients and NFC. For the pilot study comparing CFS/ME and MS patients,  

CD56dimCD16+ NK cell and CD56brightCD16dim/- NK cell surface expression of adhesion 

molecules (CD18, CD11a, CD11b, CD11c and CD2); receptors (2B4, NKp30, NKp46, 

NKp80, KIRs); CD57; and lytic proteins were examined. KIR gene content, haplotypes 

and allelic assignments for CFS/ME patients and NFC were also assessed by isolating 

NK cells and extracting deoxyribonucleic acid (DNA) for genotyping on an Illumina 

MiSeq platform.  

 

Surface expression of the integrin adhesion molecule CD18/CD11c on CD56dimCD16+ 

NK cells from CFS/ME patients was significantly reduced compared with NFC 
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(p<0.01). After stimulation, the intracellular signalling molecule ERK1/2 was 

significantly reduced in CD56dimCD16+ NK cells from CFS/ME patients (p<0.05). In 

CD56brightCD16dim/- NK cells, p38 and MEK1/2 were significantly increased (p<0.05) 

after stimulation in CFS/ME patients compared with NFC. In CFS/ME patients, co-

expression of CD57 and perforin was significantly increased on CD56dimCD16+ NK 

cells compared with MS and NFC. In the MS cohort, KIR2DL5 was significantly 

increased on CD56brightCD16+/- NK cells and expression of CD94 was significantly 

increased on CD56dimCD16+ NK cells in comparison to the controls. Examination of the 

KIR gene profile revealed a significantly lower frequency (p<0.05) of the telomeric A/B 

motif was associated with CFS/ME patients compared with NFC.  

 

In conclusion, this is the first study to extensively investigate NK cells in CFS/ME 

patients and report significant differences in intracellular signalling molecules and KIR 

genotypes. Reduced CD18/CD11c and ERK1/2 in CD56dimCD16+ NK cells may 

interfere with granule polarisation required for cytotoxic activity, whilst increased p38 

and MEK1/2 may affect cytokine production in CD56brightCD16dim/- NK cells. In 

CFS/ME patients, reduced CD56dimCD16+ NK cell cytotoxic activity in conjunction 

with enhanced cytokine production in CD56brightCD16dim/- NK cells may be a reflection 

of a compensatory mechanism. The inability of CD56dimCD16+ NK cells to induce 

cytotoxic lysis of target cells may facilitate non-cytotoxic removal of target cells 

through increased cytokine production. However, enhanced cytokine production may in 

turn exacerbate CFS/ME symptoms and contribute to the pathogenesis of CFS/ME. 

Comparison of cytotoxic NK cell mechanisms in the pilot study with CFS/ME and MS 

patients identified that reduced NK cell cytotoxic activity may be due to different 

mechanisms associated with the pathogenesis of each condition.  
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SET: endoplasmic reticulum associated complex 

SLP-76: SH2 domain-containing Leukocyte Protein of 76kDa 

SNP: Single nucleotide polymorphism 

SPSS: Statistical Package for the Social Sciences  

STAT: signal transducer and activator of transcription 

T: thymine  

TCR: T cell receptor  

TGF-β: transforming growth factor beta  

Th: T helper 

TNF: tumour necrosis factor 

Tregs: T regulatory cells 

Trex1: 3′ repair exonuclease 

US: unstimulated 

V: violet 

WAVE3: Wiskott-Aldrich syndrome protein family verprolin homologous 3 
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1.1 Chronic Fatigue Syndrome/ Myalgic Encephalomyelitis 

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

disorder associated with disabling, unremitting fatigue which persists for at least six 

months and does not improve with rest [1, 2]. Children, adolescents and adults may 

suffer from CFS/ME, however it predominantly affects young adults between the ages 

of 20 and 40 years [1, 3]. According to clinical assessments, the prevalence of CFS/ME 

ranges from 0.17 - 2.07 % with a higher female to male ratio of 6:1 [3-5].  

 

CFS/ME patients also suffer from a myriad of non-specific flu-like symptoms with 

varied severity presentation [6, 7]. CFS/ME patients may present with symptoms 

including headaches, recurrent sore throat, tender lymph nodes, low-grade fever, muscle 

pain, joint pain, sleep disturbances, non-refreshing sleep and post-exertional malaise [1, 

7, 8]. Patients may also report cognitive problems including significant impairments in 

memory and concentration [1, 7, 8]. For sufferers of CFS/ME, the variety of symptoms, 

and their severity, may also fluctuate on a daily or weekly basis [6, 7].  

 

The combination of fatigue and flu-like symptoms suffered by CFS/ME patients results 

in significant limitations to their daily activity and impairs their ability to care for 

themselves and perform daily household chores [6, 7]. Consequently, this leads to 

extensive reductions in personal, social, educational, occupational and economic status 

[6, 7]. As CFS/ME has a significant impact on patients’ quality of life, research 

priorities include identifying the pathogenesis of the disorder, developing a definitive 

diagnostic test and establishing effective treatment programs for patients [7].  
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1.1.1 Diagnosis of CFS/ME 

Diagnosis of CFS/ME is complex, as it is a heterogeneous illness, and the cause of 

CFS/ME is currently unknown [2, 4, 6]. There is no biological marker for the illness 

and case definitions are used to identify CFS/ME patients for the purpose of clinical and 

epidemiological research [1, 8-11]. Since 1988 to present, nine case definitions have 

been developed to identify CFS/ME according to patient symptoms, degree of fatigue 

and impairments in physical function [1, 9-12]. These definitions include the 1988 

Holmes [10], Australian [11], Ho-Yen [13], Oxford [14], 1994 Fukuda [1], 2005 

Centers for Disease Control and Prevention Empirical Definition [15], Canadian 

Consensus Criteria [16], Epidemiological Case Definition [17] and International 

Consensus Criteria (ICC) [9]. Each definition varies in the selection criteria for the 

symptoms, illness onset and duration of fatigue suffered [12]. More recently, an 

additional case definition has been proposed by the Institute of Medicine [8]. However, 

this definition remains to be confirmed by the National Institutes of Health and the 

Centers for Disease Control and Prevention. For the purpose of this investigation, 

CFS/ME patients were classified according to the Fukuda definition [1].  

 

1.1.2 Fukuda CFS/ME case definition  

In order to meet the Fukuda definition, CFS/ME patients must present with debilitating 

fatigue that is persistent for at least six months [1]. The fatigue must (a) be unexplained, 

(b) not substantially alleviated by rest, (c) not be the result of ongoing exertion and (d) 

result in significant reductions in personal, social, educational and occupational 

activities [1]. In addition, CFS/ME patients must also concurrently present with a 

minimum of four flu-like symptoms, including headache, sore throat, tender lymph 

nodes, muscle pain, joint pain, non-refreshing sleep, post-exertional malaise and 

impairments in memory and concentration [1]. Patients presenting with other disease 



CHAPTER 1 – Introduction 

	 	 	 Page | 4 
	

processes that may explain some of their CFS/ME-like symptoms — including iron 

deficiency, hypo- or hyper-thyroidism, diabetes, cancer, psychosis, epilepsy, cardiac 

disorders, sleep disorders, neurological disorders or immune disorders — do not meet 

the Fukuda definition and are excluded [1].    	 	

 

1.1.3 Immune system in CFS/ME patients  

The immune system is a complex network of cells and soluble proteins. Host immunity 

is mediated by innate and adaptive immune cells, which recognise and respond to a 

wide variety of insults from pathogens or malignant transformations [18, 19]. Innate 

immune cells mediate a non-specific response whilst adaptive immune cells produce a 

specific response [19]. Integration of the response from innate and adaptive immune 

cells is mediated by cytokines, and perturbations in any of the immune processes may 

adversely affect the ability of the immune system to resolve the insult [20].   

 

Innate and adaptive immune cell dysfunctions have been reported in CFS/ME patients 

[4, 21]. Aberrant reports of innate immune cells include altered numbers and phenotype 

distribution of Natural Killer (NK) cells, increased neutrophil apoptosis and reduced 

neutrophil respiratory burst [4, 22-26]. Irregular adaptive immune responses in CFS/ME 

include altered pro-inflammatory and anti-inflammatory cytokine production from T 

helper (Th) cells, significant increases in cluster of differentiation (CD)4+CD25+ T cells, 

increased CD4+CD25+FOXP3+ T regulatory cells (Tregs) and reduced CD8+ T cell 

cytotoxic activity [22-24, 26-28]. The heterogenous nature of CFS/ME and the 

identification of CFS/ME patients with different classification criteria may also 

contribute to the inconsistent results. Whilst reports on innate and adaptive immune 

cells are equivocal, one consistent finding in CFS/ME patients is reduced NK cell 

cytotoxic activity [6, 22-24, 26].  
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Deficiencies in NK cell cytotoxic activity may contribute to the pathogenesis of 

CFS/ME. NK cells are lymphocytes of the innate immune system, which facilitate 

removal of target cells after infection or malignant transformation. NK cells provide 

host immunity by (a) inducing cytotoxic lysis of target cells and (b) producing 

immunoregulatory cytokines [29-31]. The synergistic effector functions of NK cell 

cytotoxic activity and cytokine production are required for the efficient clearance of 

target cells [32, 33]. For example, NK cells protect against viral infection by inducing 

cytotoxic lysis of infected target cells and producing cytokines to control viral 

replication. Deficient NK cell function is associated with a number of diseases including 

Multiple Sclerosis (MS), familial haemophagocytic lymphohistiocytosis, frequently 

recurring herpes simplex virus, Chediak-Higashi Syndrome, arthritis and sarcoidosis 

[30, 34]. In CFS/ME patients, the inability of NK cells to induce cytotoxic lysis of 

target cells may initiate an elevated inflammatory response. In an attempt to clear the 

pathogen, NK cell cytokine production may activate Th cytokine production, which 

may exacerbate CFS/ME symptoms including fatigue, cognitive dysfunction, 

headaches, flu-like symptoms and malaise.  

 

Despite previous investigations in NK cells from CFS/ME patients, the mechanism 

responsible for reduced NK cell cytotoxic activity in CFS/ME patients is still elusive. 

As NK cells remove target cells and produce cytokines to regulate the immune 

response, it is important to identify the mechanism of reduced NK cell cytotoxic activity 

in CFS/ME patients. This research investigated cellular and genetic components 

required for NK cell cytotoxic activity to determine the potential contribution of NK 

cells to the pathomechanism of CFS/ME. The following sections review cytotoxic and 

cytokine effector functions of NK cells. Research on NK cells in CFS/ME patients is 

also presented.  
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1.2 NK Cells  

NK cells develop in the bone marrow from hematopoietic progenitor CD34+ cells [35]. 

In the bone marrow micro-environment, growth factors, cytokines and stromal cells 

regulate the development of haematopoietic stem cells to NK cell precursors and mature 

NK cells [36-38]. Functional NK cells leave the bone marrow and comprise 10 - 15% of 

circulating lymphocytes in the peripheral blood [29, 39, 30]. During NK cell 

development, differences in the density expression of neutral cell adhesion molecule 

CD56 and the low-affinity Fc gamma receptor CD16 result in the division of NK cells 

into two predominant phenotypes, each with functionally distinct properties and roles in 

the immune response (Table 1) [40, 41].  

 

Table 1: NK cell phenotypes and functions [36]. 

Name Phenotype Density Expression of CD56 Function 

Dim NK cells CD56dimCD16+ Low surface expression Cytotoxic activity 

Bright NK cells CD56brightCD16dim/- High surface expression Cytokine production 

 

1.2.1 NK cell phenotypes  

NK cells provide host immunity by inducing cytotoxic lysis of target cells and 

producing immunoregulatory cytokines [29-31]. Approximately 90% of human NK 

cells circulating in the peripheral blood are CD56dimCD16+ NK cells which induce 

cytotoxic lysis of target cells infected with viruses, bacteria, or cells which have been 

malignantly transformed [41]. CD56brightCD16dim/- NK cells are predominantly 

responsible for producing large quantities of cytokines such as interferon gamma (IFN-

γ) which regulate and enhance the function of dendritic cells (DC) and T cells [29, 30, 

33]. 
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Increases, decreases and no differences in CD56dimCD16+ and CD56brightCD16dim/- NK 

cell phenotypes from CFS/ME patients have been reported [24, 42, 43]. As equivocal 

phenotype results have been observed, CFS/ME patients may present with normal 

phenotype numbers which have dysfunctional cytotoxic or cytokine effector functions. 

A similar mechanism is observed in familial haemophagocytic lymphohistiocytosis 

patients who present with normal numbers of NK cells but have reduced NK cell 

cytotoxic activity due to perforin deficiency [44, 45]. This finding highlights the 

importance of conducting functional assays in combination with phenotype evaluations 

in CFS/ME patients. 

  

1.2.2 Cytotoxic activity   

CD56dimCD16+ NK cells elicit cytotoxic activity by the granule secretory pathway or 

the death receptor pathway of apoptosis [46]. The granule secretory pathway is the 

predominant pathway utilised by NK cells to lyse target cells and as such, has been 

associated with the cytotoxic dysfunction reported in CFS/ME patients [22, 23, 47]. 

Recruitment of NK cells from the peripheral blood to the site of infection or malignant 

growth occurs by the expression of chemokine receptors including CXCR1 and 

CX3CR1 on CD56dimCD16+ NK cells [48]. 

 

NK cells express a vast array of surface receptors, which regulate cytotoxic activity 

without prior sensitisation [49, 50]. Activating and inhibiting receptors are encoded in 

NK cell germ line genes with variable and conserved sequences [51, 52]. Ligation of 

NK cell receptors with normal, healthy cells inhibit NK cell effector function, whilst 

receptor ligation with target cells affected by infection, malignancy or stress activate 

NK cells [51, 52]. 
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1.2.3 Inhibitory receptors  

Inhibitory receptors stringently control NK cells to protect against NK cell derived 

autoimmunity by recognising and binding major histocompatibility complex (MHC) 

class I [53]. NK cell inhibitory receptors express a diverse range of extracellular 

domains and are divided into two families [54]. The immunoglobulin superfamily 

consists of the leukocyte Ig-like receptor (LIR) 1 and the killer cell immunoglobulin-

like receptors (KIR)3DL3, 2DL2, 2DL3, 2DL5B, 2DL1, 2DL4, 3DL1, 2DL5A and 

3DL2 (Figure 1) [52, 54]. The C-type lectin domain family includes NKG2A/CD94 

inhibitory receptor [52, 55].  

 

Figure 1: NK cell inhibitory receptors. NK cells express a myriad of inhibitory 

receptors which protect against NK cell derived autoimmunity [53]. Inhibitory receptors 

recognise and bind to MHC class I molecules on target cells which inhibit NK cell 

activation through ITIM phosphorylation [54]. 

	

The cytoplasmic tails of the inhibitory receptors share a common signalling motif which 

consists of one or more immunoreceptor tyrosine-based inhibitory motifs (ITIM) [53, 

56]. Ligation of the inhibitory receptors recruits tyrosine phosphatases to the ITIM and  
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immune synapse (IS) formed between the NK cell and the potential target cell [53]. At 

the IS, the tyrosine phosphatases dephosphorylate the protein substrates required for the 

tyrosine kinases on the activating receptors [53, 54]. Subsequently, NK cell activation is 

inhibited and the conjugate formed with the target cell is terminated [57].   

 

1.2.4 Adhesion molecules and activating receptors  

Adhesion molecules and activating receptors on the surface of NK cells recognise and 

adhere to target cells [53]. Invading pathogens have evolved strategies to avoid 

recognition by adaptive immune cells through down-regulating MHC class I expression, 

preventing antigen presentation to cytotoxic T cells [58]. However, NK cells are unique 

as activating receptors recognise and adhere to target cells with reduced or absent MHC 

class I expression [58]. NK cells express a number of adhesion molecules and activating 

receptors as synergistic stimulation and integration of more than one signal is required 

to overcome the activation threshold set by the inhibitory receptors [32, 59].  

 

Integrin adhesion molecules expressed on NK cells facilitate (a) migration through 

peripheral circulation and (b) formation of a tight and stable conjugate with the target 

cell (Figure 2) [51, 60]. The lymphocyte function-associated antigen (CD18/LFA-1) is 

an integrin adhesion molecule expressed on the surface of NK cells [51]. CD18 

associates with CD11a, CD11b and CD11c subunits to form functional β2-integrin 

adhesion molecules [51]. In comparison to other lymphocytes, NK cells have a high 

density expression of CD11b [51, 60]. Target cell ligation of adhesion molecules 

initiates one of the earliest signals activating the actin cytoskeleton of NK cells [51]. In 

the absence of target cells binding to CD18, NK cell cytotoxic activity is significantly 

reduced as observed in CD18-deficient leukocyte adhesion deficiency patients [51].  
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Figure 2: NK cell activating receptors. Adhesion molecules and activating receptors on 

NK cells recognise and bind to target cells with reduced or absent expression of MHC 

class I molecules [53]. ITAMs and ITSMs on the cytoplasmic tails of adhesion 

molecules and activating receptors initiate intracellular signalling cascades to activate 

NK cell cytotoxic activity or cytokine production [53]. 

	

NKG2C, NKG2D, NKG2E, KIRs (2DS2, 2DS3/2DS5C, 3DS1, 2DS3/2DS5T, 2DS1, 

2DS4), CD16 and the natural cytotoxicity receptors (NCR) NKp30, NKp44, NKp46 and 

NKp80 are activating receptors expressed on NK cells (Figure 2) [53, 56]. Resting and 

activated NK cells exclusively express NKp30, NKp46 and NKp80 whilst NKp44 is 

expressed only on activated NK cells [55]. Target cell ligation of the activating 

receptors initiates signal transductions through the receptor cytoplasmic tails, which 

contain immunoreceptor tyrosine-based activation motifs (ITAM) [53, 56].  

 

Signalling lymphocytic activation molecules (SLAM) are a unique set of activating 

receptors expressed on human NK cells. These receptors belong to the immunoglobulin 
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superfamily and include CD2-like receptor-activating cytotoxic cells (CRACC), 2B4 

(CD244) and CD150 (Figure 2) [61, 62]. Target cell ligation of the SLAM receptors 

transduce activation signals through the immunoreceptor tyrosine-based switch motifs 

(ITSM) [61].  

 

Activation of NK cell cytotoxic activity is dependent on adhesion to target cells and 

receptor stimulation [34, 63, 64]. Deficiencies in adhesion molecules or receptors may 

contribute to reduced NK cell cytotoxic activity in CFS/ME patients. One previous 

study has investigated adhesion molecules and a significant increase of CD18+CD11c- 

on CD56dimCD16- NK cells from CFS/ME patients was reported [65]. However, the 

CFS/ME patients were bedridden and severely affected. Severe cohorts of CFS/ME 

patients have been identified to present different immune perturbations compared to 

moderate CFS/ME patients [65]. For example, significant differences were reported in 

CD56dimCD16- NK cell expression of CD2, CD18/CD2 and SLAM between moderate 

and severe CFS/ME patients [65]. However, these parameters were not significantly 

different when compared to non-fatigued controls (NFC).  

 

The NCRs NKp30, NKp44 and NKp46 have been investigated and a higher expression 

of NKp46 was reported on CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells 

from CFS/ME patients [66]. Conversely, significant reductions in NKp46 on 

CD56brightCD16dim/- NK cells from CFS/ME patients have also been reported [65]. The 

Fukuda definition was used to identify CFS/ME patients in both studies, however the 

significant reduction of NKp46 on CD56brightCD16dim/- NK cells was reported in 

bedridden severe CFS/ME patients [65, 66]. These contrasting findings further suggest 

that NK cell dysfunction may play an important role in the immune pathogenesis of 

CFS/ME.  



CHAPTER 1 – Introduction 

	 	 	 Page | 12 
	

KIR receptors have also been investigated as a potential cause of reduced NK cell 

cytotoxic activity in CFS/ME patients [63, 64]. KIR analysis in one study found that 

CFS/ME patients had a significant increase in the inhibitory KIR3DL1 [64]. In CFS/ME 

patients, increased inhibitory signals from KIR3DL1 may set a higher activation 

threshold. As a consequence, important activating signals for NK cell cytotoxic activity 

may be masked [51]. Additional significant differences have also been reported in 

inhibitory KIR2DL1/DS1, CD94 and KIR2DL2/DL3 from moderate and severe 

CFS/ME patients [67]. Similar to the differences reported for adhesion molecules and 

NCRs, NK cell dysfunction may contribute to the immune pathogenesis of CFS/ME. 

Whilst differences in adhesion molecules, NCRs and KIRs have been reported in 

CFS/ME patients, further research is required to determine if impairments on the NK 

cell surface may affect NK cell intracellular signalling required for cytotoxic activity 

and cytokine production. As adhesion molecules initiate some of the earliest signals to 

activate NK cells, impairments on the cell surface may compromise NK cell effector 

function in CFS/ME patients.  

 

1.2.5 MAPK intracellular signalling  

Activation signals are propagated through mitogen-activated protein kinase (MAPK)  

phosphorylation cascade to specific intracellular targets required for cytotoxic activity 

[68]. The cytoplasmic tails of adhesion molecules and activating receptors recruit the 

Src family of kinases to phosphorylate ITAMs or ITSMs [69-72]. 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 to 

propagate intracellular signals down the MAPK cascade [72]. Downstream activation of 

MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK/MEK1/2) and extracellular 

signal-regulated kinase (ERK)1/2 are required to direct polarisation of the cytotoxic 
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secretory granules [73, 74]. Intracellular signalling through the MAPK pathway is 

critical for NK cell cytotoxic activity as MAPK inhibition is associated with reduced 

NK cell cytotoxic activity [75]. Importantly, MAPK intracellular signalling molecules 

remain to be investigated in CFS/ME patients. Measurement of MAPK signalling 

molecules in NK cells CFS/ME patients may help to determine if activation signals 

received from the cell surface are integrated into intracellular signalling cascades. This 

is important as the signalling cascades are required to direct polarisation of the secretory 

granules for NK cell cytotoxic activity.    
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Figure 3: NK cell MAPK intracellular signalling pathways for NK cytotoxic activity and cytokine production. After target cell ligation, ITAM or 

ITSM activation initiates phosphorylation of proximal signalling molecules Lck, Zap70, LAT and SLP-76 [72]. This initiates a phosphorylation 

signalling cascade propagated through signalling molecules including PLC-γ, DAG and PKC [76]. Downstream activation of ERK1/2 directs 

polarisation of the secretory granules for cytotoxic activity [77]. Phosphorylation of p38 and MEK1/2 regulates cytokine production through 

transcriptional and translational modifications [78, 79].  
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1.2.6 Secretory granules 

Cytotoxic NK cells contain high numbers of secretory granules, which store and release 

lytic proteins including perforin, granzyme A and granyzme B [80, 81]. Cytotoxic 

granules constitutively express lytic proteins, which allows for a rapid response to 

remove target cells after activation [82]. Within the cytotoxic granule, the lytic proteins 

form a dense core that is surrounded by a lipid bilayer [83]. The internal side of the 

bilayer contains lysosomal associated membrane glycoproteins (LAMPs) including 

LAMP-1 (CD107a), which is most abundant in NK cells, LAMP-2 (CD107b) and 

LAMP-3 (CD63) [83, 84]. The LAMPs are highly glycosylated membrane proteins 

which are thought to protect the extracellular membrane of the NK cell upon release of 

the lytic granules into the IS [85]. 

 

1.2.7 Degranulation    

Exocytosis of the lytic proteins occurs by degranulation, which is regulated through 

MAPK phosphorylation [75]. Activation of ERK1/2 facilitates polarisation of cytotoxic 

granules towards the microtubule organising centre (MTOC) (Figure 3) [73, 74]. MAPK 

intracellular signals activate reorganisation and polarisation of the actin cytoskeleton, 

which facilitates movement of the cytotoxic granules along the MTOC microtubules 

towards the IS [73, 74]. At the IS, the cytotoxic granules fuse with the NK cell plasma 

membrane, exposing the LAMP transmembrane components and releasing perforin, 

granzyme A and granzyme B into the IS [86]. Reduced degranulation after hepatitis C 

infection is associated with reduced cytotoxic function which highlights the importance 

of degranulation to facilitate lysis of target cells [86, 87]. In CFS/ME patients, one study 

has reported a significant increase in NK cell degranulation and further investigations 

are required to validate this result [88].   
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1.2.8 Lytic proteins     

Perforin molecules assemble on the target cell to form a pore which facilitates the 

delivery of granzyme B and granzyme A into the target cell [46]. Inside the target cell, 

granyzme B and granyzme A induce target cell apoptosis through caspase dependent or 

caspase independent pathways [46, 80, 89, 90].  

 

Granyzme B induces target cell apoptosis via two mechanisms [81]. In the first 

mechanism, granzyme B activates caspase-3 which initiates a caspase signalling 

cascade (Figure 4) [82]. This sequence of signalling events results in the release of 

caspase activated deoxyribonuclease (DNase), which fragments the double stranded 

deoxyribonucleic acid (DNA), leading to cell apoptosis [46]. The second apoptotic 

pathway induced by granzyme B is kinetically slower to activate as it involves the 

mitochondrial pathway of apoptosis [82]. After entry into the target cytosol, granzyme 

B transforms the pro-apoptotic protein BH3 interacting-domain (BID) to a truncated 

form, tBID (Figure 4) [81]. tBID translocates to the outer mitochondrial membrane 

where it induces the oligomerisation of Bcl-2–associated X protein (BAX) and Bcl-2 

homologous antagonist killer (BAK), two more pro-apoptotic proteins [82]. Activation 

of BAX and BAK results in mitochrondrial permeabilisation which leads to the release 

of cytochrome C, a mitochondrial intermembrane space protein [46]. Cytochrome C in 

the cytosol induces the formation of an apoptosome which contains a caspase recruiting 

domain and activates the caspase cascade for apoptosis [82].  
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Figure 4: Granzyme B pathway of apoptosis in target cells [82]. Perforin molecules 

assemble as a pore on the surface of the target cell to facilitate the entry of granzyme B 

[46]. Inside the target cell, granzyme B induces apoptosis through caspase dependent or 

caspase independent pathways by activating DNase, which fragments double stranded 

DNA [46].   

	
Granzyme A induces target cell apoptosis independent of caspase activation [81]. In the 

cytosol of the target cell, granzyme A promotes the depolarisation of the inner 

mitochondrial membrane (Figure 5) [46]. Depolarisation damages the membrane and 

leads to an increased production of ROS, which facilitates the translocation of an 

endoplasmic reticulum associated complex (SET) from the endoplasmic reticulum (ER) 

to the nucleus [81, 82]. The SET complex contains three substrates which are targeted 

by granzyme A for proteolysis [46]. Degradation of the SET complex leads to the 

activation of nonmetastatic protein 23 homolog 1 (NM23-H1), a DNase that causes 
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single stranded nicks in the DNA [82]. The DNase works in combination with 3′ repair 

exonuclease (Trex1), which prevents DNA repair by blocking the ends from reannealing 

[82]. Therefore, activation of NM23-H1 and Trex1 lead to cell death by degrading the 

single strands of DNA [46]. 

 

Figure 5: Granzyme A pathway of apoptosis in target cells. Granzyme A induces 

caspase independent pathway of apoptosis [81]. Inside the target cell, granzyme A 

depolarises the mitochondria to increase production of ROS to translocate SET into the 

nucleus. SET activates NM23-H1 Trex1which degrades single strands of DNA [81, 82].  

 

Knockout mouse experiments have confirmed that reduced or dysfunctional perforin 

decreases NK cell cytotoxic activity as the apoptotic inducing granzymes cannot be 

delivered into the target cell [91-93]. Similarly, granzyme B is required for rapid and 

effective target cell lysis. Knockout mouse experiments have demonstrated that 
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granzyme B deficiencies result in delayed DNA fragmentation and the persistence of 

viral infections [94, 95]. NK cell lytic proteins and gene expression of lytic proteins 

have been investigated in CFS/ME patients [23, 26, 47]. Significant decreases in 

perforin and granzyme B have been reported from intracellular staining investigations in 

CFS/ME patients [47, 88]. Gene expression studies have also reported significant 

increases and decreases in perforin and decreases in granzyme A and granzyme B 

expression [24, 96]. Whilst inconsistent results have been reported, lytic proteins are 

important for inducing target cell apoptosis. Deficient lytic proteins may contribute to 

reduced NK cell cytotoxic activity in CFS/ME patients and further investigations into 

intracellular levels of lytic proteins may assist validation of previous results.  

 

1.2.9 Cytokine production   

CD56brightCD16dim/- NK cells predominantly produce cytokines — including IFN-γ, 

tumour necrosis factor (TNF)-α, TNF-β, granulocyte-macrophage colony-stimulating 

factor (GM-CSF), interleukin (IL)-10 and IL-13 — which are immunoregulatory 

cytokines [33]. Production of IFN-γ is important as it regulates CD56dimCD16+ NK cell 

cytotoxic activity [97]. IFN-γ is produced by stimulation from direct cross-linking of the 

activating receptors (CD16 or NKG2D) and IL-12 on CD56brightCD16dim/- NK cells [32]. 

NK cells constitutively express receptors for IL-12 which is produced by monocytes 

[29, 98]. Additional cytokine receptors expressed on NK cells which also activate IFN-γ 

gene transcripts include IL-1, IL-2, IL-10, IL-12, IL-15 and IL-18 [29, 32, 40]. After 

stimulation with inflammatory cytokines produced by monocytes, macrophages and/or 

DCs, MAPK phosphorylation of MEK1/2 and p38 regulates cytokine production 

through transcriptional and translational modifications [68, 78, 79, 99]. In addition to 

regulating NK cell cytotoxic activity, IFN-γ production also enhances communication 
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between innate and adaptive immune cells, activates the Th 1 immune response and has 

anti-proliferative effects on viral and malignant transformed cells [40].  

 

Although previous studies have investigated the cytokine profiles of CFS/ME patients, a 

limited number of studies have measured NK cell intracellular production of cytokines. 

One study has reported significantly increased production of IFN-γ in NK cells from 

CFS/ME patients [88].  Dysregulated intracellular signalling through MAPK has been 

suggested as a contributing factor in the pathology of disease processes relating to 

leukaemia, diabetes, Alzheimer’s and Parkinson’s disease, atherosclerosis, arthritis and 

airway inflammation [100-106]. In CFS/ME patients, dysregulated MAPK intracellular 

signalling remains to be investigated as a potential factor contributing to increased IFN-

γ in NK cells from CFS/ME patients.  

 

1.2.10 KIR gene content 

KIRs are one major family of receptors expressed on the surface of NK cells which 

regulate NK cell cytotoxic activity and cytokine production [53, 107]. Sixteen KIRs 

located on human chromosome 19q13.4 in the leukocyte receptor cluster (LRC) encode 

for activating and inhibitory KIR surface receptors [108]. KIR gene content between 

individuals is highly variable due to (a) inherited differences in the presence of each 

KIR and (b) allelic polymorphisms [109, 110]. Within the KIR locus, nine genes encode 

inhibitory receptors (KIR3DL3, KIR2DL2, KIR2DL3, KIR2DL5B, KIR2DL1, KIR2DL4, 

KIR3DL1, KIR2DL5A and KIR3DL1), six encode activating receptors (KIR2DS2, 

KIR2DS3/2DS5C, KIR3DS1, KIR2DS3/2DS5T, KIR2DS4 and KIR2DS1) and the 

remaining two are pseudogenes (KIR2DP1, KIR3DP1) with unknown functions [108, 

111]. The distribution of KIR on the locus can also be divided in to centromeric and 
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telomeric motifs according to the framework genes KIR3DL3, 3DP1, 2DL4 and 3DL2 

(Table ) [112]. 

 

Different KIR genotypes have been identified and the presence or absence of specific 

KIRs can lead to further classification as haplotypes A or B [108]. Haplotype A 

predominantly consists of inhibitory genes including KIR2DL3 and KIR3DL1 and the 

activating KIR2DS4 [108]. KIR haplotypes that do not contain the exact copy of 

haplotype A genes are classified as haplotype B (Table ) [108]. Due to the 

predominance of inhibitory genes in haplotype A and activating genes in haplotype B, a 

distinct role of KIR haplotypes governing NK cell effector functions has been proposed 

[113]. KIR haplotypes are known to regulate NK cell activity, as association studies 

have suggested haplotype A provides more effective immunity for the clearance of viral 

infections, including hepatitis C and Ebola compared with haplotype B [114-116].  

 

KIRs can also be highly polymorphic generating functional heterogeneity among alleles 

[117]. Allelic polymorphism caused by insertions, deletions, substitutions or single 

nucleotide polymorphisms may also contribute to the regulation of NK cytotoxic 

activity [118-122]. For example, the inhibitory capacity and surface expression of 

KIR2DL1 is higher in alleles that have arginine at position 245 compared to other 

alleles, which have cysteine at the same position [123]. A number of functional 

differences in KIR receptor alleles have been associated with human autoimmune 

diseases, infectious diseases and inflammatory disorders [117, 123, 124].   
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Table 2: KIR genotypes and KIR distribution on centromeric and telomeric motifs [112]. Homozygous A/A genotypes are identified by the presence of 

only haplotype A genes KIR2DL3, KIR3DL1 and KIR2DS4 [125]. B/B genotypes do not contain any haplotype A genes and A/B heterozygous 

genotypes contain a mixture of both haplotype A and haplotype B KIR [125]. Red text identifies inhibitory KIR whilst green text identifies activating 

KIR. Black boxes indicate the framework genes. KIR3DL3 and 3DP1 mark the centromeric motif and 2DL4 and 3DL2 mark the telomeric motif. An x 

indicates KIR absence.  

 

 

 

 

 

 

 

  Centromeric motif   Telomeric motif  
Genotype 3DL3 2DS2 2DL2 2DL3 2DL5B 2DS3/2DS5 2DP1 2DL1 3DP1 2DL4 3DL1 3DS1 2DL5A 2DS3/2DS5 2DS1 2DS4 3DL2 

A/A 3DL3 x x 2DL3 x x 2DP1 2DL1 3DP1 2DL4 3DL1 x x x x 2DS4 3DL2 
B/B 3DL3 2DS2 2DL2 x 2DL5B 2DS3/2DS5 2DP1 2DL1 3DP1 2DL4 x 3DS1 2DL5A 2DS3/2DS5 2DS1 x 3DL2 
A/B 3DL3 2DS2 2DL2 2DL3 2DL5B 2DS3/2DS5 2DP1 2DL1 3DP1 2DL4 3DL1 3DS1 2DL5A 2DS3/2DS5 2DS1 2DS4 3DL2 
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One study has investigated the presence and absence of KIR in CFS/ME patients and 

increased frequencies of KIR3DS1 was reported [63]. KIR3DS1 encodes an activating 

receptor and it was also reported that a significant portion of the KIR3DS1 receptors in 

CFS/ME patients were missing the binding motif for the human leukocyte antigen 

(HLA)-Bw4lle80 [63]. KIR3DS1 has been identified as providing host protection 

against HIV infected cells which express the HLA-Bw4lle80 [126]. Therefore, loss of 

the KIR3DS1 binding motif may prevent activation of NK cell cytotoxic activity and 

hinder the clearance of target cells in CFS/ME patients [126]. As KIR genotypes, 

haplotypes and allelic polymorphisms contribute to the regulation of NK cell cytotoxic 

activity, further investigations are required in CFS/ME patients.  

 

Despite the number of studies which have investigated NK cell phenotypes, receptors, 

lytic proteins and KIR in CFS/ME patients, the mechanism of reduced NK cell cytotoxic 

activity remains to be determined [6, 22-24, 28, 47, 63]. The results reported from NK 

cell studies in CFS/ME patients are often equivocal and investigate one of the numerous 

components required for NK cell cytotoxic activity. Activation of NK cell cytotoxic 

activity is a regulated process that consists of a number of ordered and sequential steps 

including contact and adhesion, activation, granule polarisation and degranulation [30, 

51, 53, 57, 86, 127]. Importantly, MAPK intracellular signalling, which is critical for 

activation of NK cell cytotoxic activity and cytokine production, has not been 

investigated in CFS/ME patients. Variations in KIR haplotypes and allelic 

polymorphism also remain to be investigated. Therefore, the present study was designed 

to investigate cellular and genetic mechanisms required for NK cell cytotoxic activity in 

CFS/ME patients.  
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In addition to investigating the potential role of NK cells in the pathogenesis of 

CFS/ME, it is also important to compare the results with other chronic diseases that also 

present with reduced NK cell cytotoxic activity and persistent fatigue. In MS patients, 

dysfunction of the immune system has been associated with the disease pathogenesis 

[128]. MS patients present with reduced NK cell cytotoxic activity and approximately 

65-95% of patients present with unremitting fatigue [129-132]. Investigations into the 

mechanisms required for NK cell cytotoxic activity have not been compared between 

CFS/ME patients and MS patients. In this investigation, a pilot study compared 

mechanisms of NK cell cytotoxic activity to determine if reduced NK cell cytotoxic 

activity may be attributed to similar or different mechanisms in NK cells between 

CFS/ME patients and MS patients [133].  
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2.0 Project Outline  

Four studies were designed to investigate cellular and genetic mechanisms required for 

NK cell cytotoxic activity and cytokine production in CFS/ME patients. In the first 

study, adhesion molecules and activating and inhibitory receptors were characterised on 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells from CFS/ME patients and 

NFC. In the second study, MAPK intracellular signalling molecules, lytic proteins, 

degranulation, cytotoxic activity and cytokine production were investigated in 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells from CFS/ME patients and 

NFC. In the third study, adhesion molecules, activating and inhibitory receptors and 

lytic proteins were investigated and compared between the cohorts of CFS/ME patients, 

MS patients and NFC. KIR gene content, including haplotypes and allelic 

polymorphisms, were investigated in CFS/ME patients and NFC in the fourth study. 

The following sections present aims, hypotheses, project significance and the methods 

for participant recruitment and classification. Further information about the specific 

methods employed for each individual study is outlined within the methods section of 

each study.  

	

2.1 Aims and hypotheses 

The aims and null hypotheses (H0) of the studies were to:  

1. Determine surface expression of adhesion molecules CD18, CD11a, CD11b, 

CD11c and CD2 on CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells 

from CFS/ME patients and NFC.  

H0: No significant differences will be observed between the expression 

of the adhesion molecules CD18, CD11a, CD11b, CD11c and CD2 on 

NK cell phenotypes from CFS/ME patients and NFC.  
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2. Determine surface expression of the SLAM receptor 2B4 and the NCRs NKp30, 

NKp46 and NKp80 on CD56dimCD16+ NK cells and CD56brightCD16dim/- NK 

cells from CFS/ME patients and NFC. 

H0: No significant differences will be observed between the expression 

of 2B4, NKp30, NKp46 and NKp80 on NK cell phenotypes from 

CFS/ME patients and NFC.  

3. Determine surface expression of KIR receptors including KIR3DL1/DL2, 

KIR2DL5, KIR2DS4, NKG2D, KIR3DL1, KIR2DL1, KIR2DL2/DL3 and 

KIR2DL1/DS1 on CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells 

from CFS/ME patients and NFC. 

H0: No significant differences will be observed between the expression 

of KIRs on NK cell phenotypes from CFS/ME patients and NFC.  

4. Determine surface expression of the maturation cell marker CD57 on 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells from CFS/ME 

patients and NFC. 

H0: No significant difference will be observed between the expression of 

CD57 on NK cell phenotypes from CFS/ME patients and NFC.  

5. Determine phosphorylation of intracellular signalling molecules including p38, 

MEK1/2, ERK1/2, protein kinase C (PKC)-α, c-Jun N-terminal kinase (JNK), 

nuclear factor kappa beta (NF-κβ), inhibitory kappa beta (Iκβ) and signal 

transducer and activator of transcription (Stat)-3 in unstimulated and stimulated 

samples of CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells from 

CFS/ME patients and NFC. 

H0: No significant differences will be observed between intracellular 

signalling molecules in NK cell phenotypes from CFS/ME patients and 

NFC.  
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6. Measure CD107a and CD107b as a marker for degranulation on CD56dimCD16+ 

NK cells and CD56brightCD16dim/- NK cells from CFS/ME patients and NFC. 

H0: No significant differences will be observed between CD107a and 

CD107b on NK cell phenotypes from CFS/ME patients and NFC. 

7. Measure intracellular expression of perforin, granzyme A and granzyme B in 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells from CFS/ME 

patients and NFC. 

H0: No significant differences will be observed in the intracellular 

expression of perforin, granzyme A and granzyme B in NK cell 

phenotypes from CFS/ME patients and NFC. 

8. Measure NK cell cytotoxic activity in CFS/ME patients and NFC.  

H0: No significant difference will be observed in NK cell cytotoxic 

activity between CFS/ME patients and NFC. 

9. Measure intracellular production of the cytokines IFN-γ, TNF-α and GM-CSF in 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells from CFS/ME 

patients and NFC. 

H0: No significant difference will be observed between intracellular cytokine 

production in NK cell phenotypes from CFS/ME patients and NFC.  

10. Measure and compare in CFS/ME patients, MS patients and NFC NK cell 

adhesion molecules (CD18, CD11a, CD11b, CD11c and CD2) and surface 

receptors (2B4, NCRs, KIRs and CD57) on CD56dimCD16+ NK cells and 

CD56brightCD16dim/- NK cells.  

H0: No significant differences will be observed between the expression 

of the adhesion molecules and receptors on NK cell phenotypes from 

CFS/ME patients and NFC.  
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11. Measure intracellular expression of perforin, granzyme A and granzyme B in 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells to compare between 

CFS/ME patients, MS patients and NFC. 

H0: No significant differences will be observed in the intracellular 

expression of perforin, granzyme A and granzyme B in NK cell phenotypes 

from CFS/ME patients, MS patients and NFC. 

12. Determine KIR haplotypes and allelic polymorphisms in CFS/ME patients and 

NFC.  

H0: No significant differences will be observed in KIR haplotypes and 

allelic polymorphisms between CFS/ME patients and NFC. 

 

2.2 Significance  

Investigation of cellular and genetic mechanisms required for NK cell cytotoxic activity 

were performed in this study. Collectively, this study is the first to measure multiple 

mechanisms in NK cells from CFS/ME patients to determine if deficiencies on the cell 

surface may affect downstream effector functions required for NK cell cytotoxic 

activity and cytokine production. This study is also the first to investigate MAPK 

intracellular signalling molecules, KIR haplotypes and allelic polymorphism in CFS/ME 

patients. The results from this research propose that a combination of impairments in 

CD18/CD11c and ERK1/2 in CD56dimCD16+ NK cells may contribute to reduced NK 

cell cytotoxic activity in CFS/ME patients. In addition, dysregulated intracellular 

signalling through p38 and MEK1/2 in CD56brightCD16dim/- NK cells may contribute to 

abnormal cytokine production in CFS/ME patients which may exacerbate symptom 

presentation. This research is also the first to compare and report that deficiencies in NK 

cell cytotoxic function in CFS/ME patients and MS patients may be attributed to 

different mechanisms in the cytotoxic activity pathway. The research from this thesis 
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presents a potential mechanism of reduced NK cell cytotoxic activity, increasing 

knowledge on the potential contribution of NK cells to the pathomechanism of 

CFS/ME. The NK cell results may also serve as a basis for future investigations into the 

translation of diagnostic markers for detecting CFS/ME. 

	

2.3 Methods  

2.3.1 Participant recruitment    

CFS/ME patients and NFC between the ages of 25 and 65 years were recruited from a 

database at the National Centre for Neuroimmunology and Emerging diseases, Menzies 

Health Institute Queensland, Griffith University. CFS/ME patients were recruited from 

a cohort of patients who previously reported with reduced NK cell cytotoxic activity 

[88]. All participants were from South-East Queensland and Northern New South Wales 

and travelled to pathology departments at the Tweed Hospital, Logan Hospital, Royal 

Brisbane and Women’s Hospital or Griffith University Health Clinic to donate a blood 

sample.  

 

2.3.2 CFS/ME patient classification     

CFS/ME patients for study 1 (NK cell adhesion molecules and receptors), study 2 (NK 

intracellular signalling) and study 4 (KIR profile) CFS/ME patients were identified 

according to the Fukuda definition [1]. All participants completed an online 

questionnaire based on the fatigue and symptom presentation to determine suitability for 

study inclusion (Appendix 1).  

 

2.3.3 CFS/ME and MS study  

The purpose of comparing CFS/ME patients and MS patients was to determine if 

mechanisms which may contribute to reduced NK cell cytotoxic activity are similar or 



CHAPTER 2 – Project Outline	

	 	 	 Page | 32 
	

different between two chronic diseases with persistent fatigue. An additional similarity 

between CFS/ME patients and MS patients is a higher prevalence of females are 

affected by each respective condition. The female to male ratio for CFS/ME patients has 

been reported to be as high as 6:1 for CFS/ME patients and 2.3-3.5 females to every 1 

male for MS patients [4, 134, 135]. Therefore, for this study only female CFS/ME and 

MS patients were included.  

 

As differences in the selection criteria for identifying CFS/ME patients may also 

contribute to previous equivocal NK cell results from CFS/ME patients, this study 

employed the ICC to identify CFS/ME patients. The ICC was developed in 2011 and 

included revision of CFS/ME symptoms into categories including (a) neurological 

impairments, (b) immune, gastro-intestinal or genito-urinary impairment and (c) energy 

metabolism or transport impairments. All ICC CFS/ME patients meet the Fukuda 

definition but not all Fukuda CFS/ME patients meet the ICC. As such, the ICC is 

considered to be more stringent for the selection of CFS/ME patients. Selection of ICC 

CFS/ME patients may help investigate if NK cell cytotoxic mechanisms are different 

between Fukuda and ICC CFS/ME patients. The questionnaire employed to identify 

CFS/ME patients was developed to identify both Fukuda and ICC CFS/ME patients 

(Appendix 1). The female MS patients included met the revised McDonald criteria and 

were assessed according to the MS severity score courtesy of Professor Simon Broadley 

[136]. Blood samples were collected from the MS patients at the Gold Coast University 

Hospital.    
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CHAPTER 3 – Study 1: NK cell adhesion molecules and receptors in 

CFS/ME patients 
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3.1 Abstract  

Introduction: NK cells consist of two predominant phenotypes. CD56brightCD16dim/- 

NK cells produce cytokines, and CD56dimCD16+ NK cells elicit cytotoxic activity to 

facilitate the removal of target cells infected with viruses, bacteria, parasites or 

malignantly transformed cells.  Adhesion molecules and receptors govern NK cell 

cytotoxic activity by recognising and binding target cells after infection or malignant 

transformation. Aberrant functions of adhesion molecules and receptors have been 

identified to contribute to NK cell functional deficiencies. Decreased NK cell cytotoxic 

activity is a consistent finding in CFS/ME patients and the aim of this study was to 

determine if adhesion molecules or receptors may contribute to reduced NK cell 

cytotoxic activity in CFS/ME patients. 

 

Methods: NK cells were enriched from peripheral blood samples, and flow cytometric 

protocols were used to measure NK cell adhesion molecules (CD18, CD11a, CD11b, 

CD11c and CD2), NCRs (NKp30, NKp46 and NKp80), 2B4, CD94, NKG2D and KIRs 

(KIR3DL1/3DL2, KIR2DL5, KIR2DS4, KIR3DL1, KIR2DL1, KIR2DL2/2DL3 and 

KIR2DL1/2DS1) on CD56brightCD16dim/- and CD56dimCD16+ NK cells from CFS/ME 

patients and NFC.  

 

Results: A total of 29 CFS/ME patients and 22 NFC were included in this study. 

CD18/CD11c integrin adhesion molecule was significantly decreased (**p<0.01) on 

CD56dimCD16+ NK cells from CFS/ME patients when compared with NFC. No 

significant differences were observed in NCR, 2B4, CD94, NKG2D and KIR 

expression on CD56brightCD16dim/- and CD56dimCD16+ NK cells between CFS/ME 

patients and NFC.  
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Conclusion: CD18/CD11c mediates target cell adhesion and primes NK cells for 

activation; in CFS/ME patients, decreased expression may contribute to reduced NK 

cell cytotoxic activity.  

 

3.2 Introduction  

NK cells are effector cells of the innate immune system, which comprise approximately 

10-15% of total lymphocytes in peripheral blood [33]. According to surface density 

expression of the neutral cell adhesion molecule CD56 and the Fcγ receptor III CD16, 

NK cells can be classified as two predominant phenotypes, including 

CD56brightCD16dim/- NK cells and CD56dimCD16+ NK cells [33, 137]. Ten percent of 

circulating NK cells are CD56brightCD16dim/- cells which, when activated, produce 

cytokines including IFN-γ, TNF-α, TNF-β, GM-CSF, IL-10 and IL-13 [29, 30]. 

CD56brightCD16dim/- NK cell cytokine production regulates and allows bi-directional 

communication between immune cells, which is important for the transition from the 

innate to the adaptive immune response [29, 138]. CD56brightCD16dim/- NK cells are 

considered immature cells which are pre-cursors for the mature CD56dimCD16+ NK 

cells [137]. 

 

The majority of NK cells in the peripheral blood are CD56dimCD16+ NK cells, which are 

responsible for the cytotoxic lysis of target cells infected with viruses, bacteria, 

parasites or cells which have been malignantly transformed [33, 30]. Activation of NK 

cell cytotoxic activity is dependent on a number of steps including contact, adhesion, 

activation, granule polarisation and degranulation [30, 53, 86, 89, 127]. Adhesion 

molecules, including CD18, CD11a, CD11b, CD11c and CD2, recognise and adhere to 

target cells where MHC class 1 expression is reduced or absent [53]. Target cell ligation 
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of activating receptors, including KIRs, NCRs and SLAM, initiate intracellular 

signalling cascades to polarise the cytotoxic granules towards the plasma membrane 

[51]. The cytotoxic granules fuse with the NK cell plasma membrane to degranulate and 

release lytic proteins, including perforin, granzyme A and granzyme B, into the IS 

formed between the NK cell and the target cell [86, 139]. Perforin assembles as a pore 

on the target cell membrane to facilitate delivery of the granzymes, which fragment the 

target cell’s DNA to induce apoptosis [91]. 

 

Activation of NK cell effector function is tightly regulated and each NK cell phenotype 

has functionally distinct roles in the immune response [29, 76, 140]. Changes in the 

expression of adhesion molecules or receptors responsible for recognising and binding 

target cells may significantly compromise NK cell effector function [34, 51, 92, 140, 

141]. Reduced NK cell cytotoxic activity is a consistent finding in patients with 

CFS/ME, and aberrant function of lymphocytes in the immune system may contribute to 

the pathogenesis of CFS/ME [23, 24, 64, 142-144]. Studies have suggested that altered 

gene and protein expression of perforin and granzymes, increased expression of NK cell 

inhibitory receptors or a lack of cytokines required to regulate NK cell activity may 

contribute to reduced NK cell cytotoxic activity [24, 42, 47, 63, 64]. However, these 

studies have predominantly focused on the function of total CD56 NK cells. As NK 

cells can be differentiated into two predominant phenotypes — each of which have 

functionally distinct roles in the immune response — this is the first study to 

characterise adhesion molecules, activating and inhibitory receptors on NK cell 

phenotypes in CFS/ME patients. The aim of this study was to identify if changes in 

surface expression of adhesion molecules or receptors may contribute to reduced NK 

cell cytotoxic activity in CFS/ME patients.  
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3.3 Methods 

3.3.1 Participant recruitment and inclusion criteria  

CFS/ME patients and NFC were recruited from a participant database at the National 

Centre for Neuroimmunology and Emerging Diseases, Menzies Health Institute 

Queensland. All participants completed an online questionnaire based on fatigue and 

symptom presentation according to the Fukuda definition (Appendix 1) [1]. Responses 

from the questionnaire determined participant suitability, and CFS/ME patients meeting 

the Fukuda definition and NFC were included in the study. Participants were screened 

for exclusionary conditions including epilepsy, thyroid problems, psychosis, diabetes, 

cardiac disorders, smoking, pregnancy or breastfeeding, and immunological, 

inflammatory or autoimmune diseases. All participants provided written informed 

consent; and this study was conducted with approval from Griffith University Human 

Research Ethics Committee (MSC22/12/HREC).  

 

3.3.2 Blood collection   

Participants donated 3 mL of lithium heparin blood, which was collected from the 

antecubital vein between 7:30 and 10am to avoid the influence of circadian variation. 

The blood samples were analysed within 4 hours of collection to maintain cell viability. 

Queensland Pathology measured routine blood parameters including a full count of 

white and red blood cells and erythrocyte sedimentation rate (ESR).  

 

3.3.3 NK cell phenotypes  

NK cells were enriched from heparinised whole blood using RosetteSep Human NK 

cell enrichment cocktail (Stem Cell Technologies, Vancouver, BC). Briefly, the 

heparinised whole blood was incubated for 20 minutes in RosetteSep Human NK cell 
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enrichment cocktail. The whole blood was diluted with phosphate buffered saline (PBS, 

Life Technologies, Carlsbad, CA) and the enriched NK cells were collected after 

density gradient centrifugation with Ficoll-Hypaque (GE Health Care, Uppsala, UP). 

NK cells were identified by CD56-phycoerythrin(PE)-cyanine(Cy)-7, CD16-brilliant 

violet (BV)711 and CD3-BV510 fluorochrome-conjugated monoclonal antibodies 

(mABs) from BD Biosciences (San Diego, CA) for flow cytometric analysis. 

 

3.3.4 NK cell adhesion molecules and receptors  

NK cell adhesion molecules, NCRs, KIRs and SLAM were assessed on isolated NK 

cells from heparinised whole blood using RosetteSep Human NK cell enrichment 

cocktail. NK cells were stained with mABs from BD Biosciences (San Diego, CA) 

unless otherwise stated for CD56-PE-Cy7, CD16-BV711 and CD3-BV510. Adhesion 

molecules measured included CD2-fluorescein isothiocyanate (FITC), CD18-BV421, 

CD11a-PE, CD11b-allophycocyanin (APC)-Cy7 and CD11c-APC. NCR measurement 

included NKp30-PE, NKp46-BV650 and NKp80-FITC (Miltenyi Biotec, Cologne, BG) 

and KIR measurement included KIR2DL2/2DL3-APC, KIR2DL5-APC (Miltenyi 

Biotec, Cologne, BG), KIR2DL1-PE, KIR2DL1/2DS1-FITC (Miltenyi Biotec, Cologne, 

BG), KIR3DL1/3DL2-PE (Miltenyi Biotec, Cologne, BG), KIR3DL1-FITC (Miltenyi 

Biotec, Cologne, BG), KIR2DS4-PE (Miltenyi Biotec, Cologne, BG) and CD94- 

peridinin chlorophyll protein-cyanine (PerCP-Cy)5.5, NKG2D(CD314)-APC and 

SLAM 2B4 (CD244)-APC. After 20 minutes incubation, the samples were analysed on 

a flow cytometer.  

 



CHAPTER 3 – NK cell adhesion molecules and receptors 

	 	 	 Page | 39 
	

3.3.5 Flow cytometry analysis  

Sample analysis was conducted on an LSR-Fortessa X20 flow cytometer (BD 

Biosciences, San Diego, CA). Forward and side scatter properties were used to identify 

the lymphocyte population. After gating the lymphocytes onto a new plot with side 

scatter and CD3, the CD3 negative cells were extrapolated to another plot with CD56 

and CD16. The surface density expressions of CD56 and CD16 were used to identify 

CD56brightCD16dim/- and CD56dimCD16+ NK cell expression of adhesion molecules and 

receptors. A total of 10,000 CD56 positive events were acquired. Data generated for NK 

cell adhesion molecules and receptors were analysed on FlowJo single cell analysis 

software (Tree Star Inc., version 10.0.8, Ashland, OR). 

 

3.3.6 Statistical analysis   

Statistical analysis of the data was performed on the Statistical Package for the Social 

Sciences (SPSS) software (IBM Corp, Version 21, Armonk, NY) and GraphPad Prism 

(GraphPad Software Inc., Version 6, La Jolla, CA). All of the data was tested for a 

Gaussian distribution by the Shaprio-Wilk test, and the non-parametric Mann Whitney 

test was used to identify significance in the NK cell parameters measured between the 

CFS/ME and control groups. Significance was set at an alpha level of p<0.05.  

 

3.4 Results  

3.4.1 Participant inclusion, blood parameters and NK cell phenotypes 

A total of 29 CFS/ME patients (mean age ± standard error of the mean [SEM] = 51.10 ± 

2.02) meeting the Fukuda definition and 22 NFC (mean age ± SEM = 46.19 ± 2.67) 

were included in this study. White blood cell and red blood cell parameters were 

measured in the CFS/ME patients and NFC, and no significant differences were 
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observed between the two groups (Table 3). Comparison of CD56brightCD16dim/- and 

CD56dimCD16+ NK cells between CFS/ME patients and NFC revealed no significant 

differences (Appendix 2: Figure A1).  

 

Table 3: CFS/ME patients and NFC results for white blood cells, red blood cells and 

ESR. Data are presented as median (with interquartile range). 

 

3.4.2 Significant decrease in CD18/CD11c on CD56dimCD16+ from CFS/ME 

patients  

CD18/CD11c integrin adhesion molecule was significantly decreased on 

CD56dimCD16+ NK cells from CFS/ME patients when compared with NFC (Figure 6). 

(Refer to Appendix 2: Figure A2 for representative flow cytometric plots of 

CD18/CD11a, CD18/CD11b and CD2 on CD56dimCD16+ NK cells). On 

CD56brightCD16dim/- NK cells, no significant differences were observed, although 

expression of CD18/CD11c was reduced in CFS/ME patients compared with NFC 

 CFS/ME 
n = 29 

NFC 
n = 22 

P value 

White and red 

blood cells  

White blood cells (109/L) 5.80 (1.95) 5.80 (1.60) 0.171 

Lymphocytes (109/L) 1.65 (0.47) 1.83 (0.82) 0.077 

Monocytes (109/L) 0.31 (0.12) 0.32 (0.11) 0.962 

Neutrophils (109/L) 3.45 (1.67) 3.34 (1.28) 0.436 

Eosinophils (109/L) 0.15 (0.06) 0.12 (0.06) 0.198 

Basophils (109/L) 0.02 (0.02) 0.02 (0.02) 0.860 

Platelets (109/L) 228.00 (79.00) 259.00 (82.00) 0.151 

Red blood cells (1012/L) 4.62 (0.78) 4.54 (0.36) 0.690 

Haemoglobin (g/L) 137.00 (24.00) 141.00 (17.00) 0.886 

Haematocrit (%) 0.41 (0.07) 0.41 (0.05) 0.992 

Mean cell volume (fL) 90.00 (4.50) 88.00 (4.00) 0.315 

 ESR (mm/hr) 8.00 (6.00) 10.00 (6.50) 0.232 
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(Appendix 2: Figure A3). No significant differences were observed in NCR (Appendix 

2: Figures A4 and A5), 2B4, CD94, NKG2D (Appendix 2: Figures A6 and A7) and KIR 

expression (Appendix 2: Figures A8 and A9) on CD56dimCD16+ NK cells and 

CD56brightCD16dim/- NK cells from CFS/ME patients and NFC.  

  

 

Figure 6: CD18/CD11c surface expression on CD56dimCD16+ NK cells. Representative 

flow cytometry plots show CD56dimCD16+ NK cell (A) expression of CD18/CD11c (B).  

In comparison to NFC, CD18/CD11c was significantly reduced on CD56dimCD16+ NK 

cells from CFS/ME patients (**p<0.01) (C). Data are presented as median (with 

interquartile range). 
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3.5 Discussion  

Reduced NK cell cytotoxic activity has consistently been reported in CFS/ME patients 

and the purpose of this study was to investigate if adhesion molecules and activating 

receptors may contribute to NK cell functional deficiencies in CFS/ME patients [22-24, 

26, 64, 88, 142, 144-146]. Adhesion molecules and receptors govern NK cell cytotoxic 

activity by recognising and binding target cells after infection or malignant 

transformation [32, 59]. Adhesion and signal integration are critical for NK cell 

activation and in CFS/ME patients, CD56dimCD16+ NK cells had significantly reduced 

amounts of CD18/CD11c. No significant differences were observed in NCR, 2B4, 

CD94, NKG2D or KIR expression on CD56brightCD16dim/- and CD56dimCD16+ NK cells 

between CFS/ME patients and NFC.  

 

CD18/CD11c is an integrin adhesion molecule expressed on the surface of NK cells; it 

mediates cell-cell adhesion, cell-extracellular matrix adhesion, immune recruitment, 

extravasation and cell signalling [147]. After recognition of a target cell with reduced or 

absent expression of MHC class 1, ligation of CD56dimCD16+ NK cell adhesion 

molecules facilitate the formation of an IS with the target cell [148-150]. A number of 

ligands have been identified to interact with CD18/CD11c; these include collagen I, 

soluble ligand iC3b, heparin, fibrinogen, vascular adhesion molecule-1 and intercellular 

adhesion molecules (ICAM)-1, ICAM-2, ICAM-4 [151]. Adhesion molecule ligation 

facilitates the formation of a stable IS between CD56dimCD16+ NK cells and target cells 

which may be compromised in CFS/ME patients [51, 149, 151].  

 

NK cell cytotoxic activity is dependent on firm adhesion to direct polarisation of the 

secretory granules towards the IS with the target cell [60, 152]. Cytoplasmic tails of the 
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integrin CD18/CD11c molecule are associated with multiple signalling and cytoskeletal 

proteins; this facilitates the formation of a stable IS [151, 153]. Signalling and 

cytoskeletal proteins — including talin, kindlins, α-actinin and filamin — regulate 

CD56dimCD16+ NK cell adhesion by inducing conformational changes within the 

extracellular domain of the integrin [153]. Conformational changes increase binding 

affinity through a mechanism known as “inside-out” signalling which is important for 

promoting firm adhesion with the target cell [153, 151]. A seven-fold reduction in 

binding affinity has been reported in mutation models, which prevent conformational 

changes within the integrin domain [153]. In CFS/ME patients, the reduction of 

CD18/CD11c on CD56dimCD16+ NK cells may therefore prevent high affinity binding 

with the target cell, compromising the formation of a stable IS required for cytotoxic 

activity.   

 

Ligation of CD18/CD11c also initiates signals for NK cell activation by “outside-in” 

signalling which may be deficient in CFS/ME patients [154]. Phosphorylation cascades 

activate NK cells, and the α-chain of CD18/CD11c contains numerous phosphorylation 

sites [151]. Phosphorylation of threonine-758 serine-1158 on CD18 and serine-1158 on 

CD11c has been identified as critical sites required for CD18/CD11c to initiate 

phosphorylation cascades for activation [151]. Signals transduced through CD18/CD11c 

also prime NK cells for activation, which is important for reaching the activation 

threshold required for CD56dimCD16+ NK cell cytotoxic activity [32, 155].  Reduction 

of CD18/CD11c on CD56dimCD16+ NK cells from CFS/ME patients may also interfere 

with the intracellular signalling necessary for cytotoxic activity.   

 

Investigation of adhesion molecules and surface receptors on NK cells from CFS/ME 

patients has identified significant reductions of CD18/CD11c on CD56dimCD16+ NK 
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cells. As CD18/CD11c mediates target cell adhesion and primes NK cells for activation, 

decreased expression may contribute to reduced NK cell cytotoxic activity in CFS/ME 

patients. Further investigations are required to determine if decreased CD18/CD11c has 

downstream consequences for phosphorylation of the intracellular signalling cascades 

required to mediate secretory granule polarisation for NK cell cytotoxic activity.   
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4.1 Abstract   

Introduction: NK cell effector functions are dependent on phosphorylation of the 

MAPK pathway to produce an effective immune response. Intracellular signals 

activating NK cell cytokine production and cytotoxic activity are propagated through 

protein phosphorylation of MAPKs including MEK1/2, ERK1/2, p38 and JNK. 

Reduced NK cell cytotoxic activity is consistently reported in CFS/ME patients and 

intracellular signalling by MAPK in NK cells remains to be investigated. Therefore, the 

purpose of this research was to investigate MAPK downstream signalling molecules in 

NK cell phenotypes from CFS/ME patients. 

 

Methods: Flow cytometric protocols were used to measure phosphorylation of the 

MAPK pathway in CD56brightCD16dim/- and CD56dimCD16+ NK cells following 

stimulation with K562 tumour cells or phorbol-12-myristate-13-acetate plus ionomycin. 

NK cell cytotoxic activity, degranulation, lytic proteins and cytokine production were 

also measured as markers for CD56brightCD16dim/- and CD56dimCD16+ NK cell function 

using flow cytometric protocols.  

 

Results: CFS/ME patients (n = 14) had a significant decrease in ERK1/2 in 

CD56dimCD16+ NK cells compared to the NFC (n = 11) after incubation with K562 

cells. CD56brightCD16dim/- NK cells from CFS/ME patients had a significant increase in 

MEK1/2 and p38 following incubation with K562 cells. 

 

Conclusions:  This is the first study to report significant differences in MAPK 

intracellular signalling molecules in CD56dimCD16+ NK cells and CD56brightCD16dim/- 

NK cells from CFS/ME patients. The current results highlight the importance of 

intracellular signalling through the MAPK pathway for synergistic effector function of 
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CD56dimCD16+ and CD56brightCD16dim/- NK cells to ensure efficient clearance of target 

cells. In CFS/ME patients, dysfunctional MAPK signalling may contribute to reduced 

NK cell cytotoxic activity.  

 

4.2 Introduction 

NK cells are innate immune cells which comprise approximately 10-15% of circulating 

lymphocytes in the peripheral blood [35]. Two predominant NK cell phenotypes 

identified by the surface expression CD56 and CD16 provide host immunity through the 

production of immunoregulatory cytokines and the cytotoxic lysis of target cells [29, 

30, 39].  

 

Ten percent of peripheral NK cells are CD56brightCD16dim/- NK cells which 

constitutively express receptors for monocyte derived cytokines (monokines) [33, 137]. 

Monokine receptor ligation rapidly stimulates CD56brightCD16dim/- NK cells to produce 

cytokines, including IFN-γ, TNF-α and β, GM-CSF, IL-10 and IL-13 [33, 137]. 

CD56brightCD16dim/- NK cell cytokine production provides an early source of cytokines, 

which augment NK cell cytotoxic activity and regulates the function of other 

lymphocytes [29, 30, 33]. Approximately 90% of peripheral NK cells are cytotoxic 

CD56dimCD16+ NK cells [33, 40]. Cytotoxic NK cells contain a high number of 

secretory granules which constitutively express apoptotic inducing lytic proteins 

perforin, granzyme A and granzyme B [39, 89]. Following CD56dimCD16+ NK cell 

recognition of a target cell with a virus, bacteria or malignant transformation, lytic 

proteins are released by a process known as degranulation to induce cytotoxic lysis, and 

subsequent removal of the target cell [86, 127].  
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Unlike T and B lymphocytes, the effector function of NK cells is governed by a myriad 

of surface receptors which integrate activating or inhibiting signals into intracellular 

signalling cascades [53, 76, 156]. After NK cell receptor ligation, intracellular 

activation signals are propagated through protein phosphorylation cascades by MAPKs 

[77, 157, 158]. Three main subgroups of MAPKs include ERK1/2, p38 and JNK [77, 

157, 158]. In response to extra cellular stimuli, the MAPK signalling pathways 

transduce signals to specific intracellular targets to mediate cellular responses, including 

gene expression, mitosis, motility, cell survival, apoptosis and differentiation [68]. 

Within the NK cells, phosphorylation of MEK1/2 and p38 regulate cytokine production, 

and ERK1/2 phosphorylation polarises the secretory granule towards the immune 

synapse for degranulation [75, 158]. In addition to MAPK signalling for normal cellular 

responses, impairments in MAPK signalling have been suggested as contributing factors 

to the pathology of disease processes relating to leukaemia, diabetes, Alzheimer’s and 

Parkinson’s diseases, atherosclerosis, arthritis and airway inflammation [100-106].  

 

Longitudinal reports of significantly reduced NK cell cytotoxic activity in CFS/ME 

patients suggests the presence of an NK cell functional deficiency, which may 

contribute to the illness pathogenesis [22-24, 64, 88, 142, 144-146]. Current 

investigations into NK cell phenotypes, receptors and lytic proteins in CFS/ME patients 

have reported equivocal findings, and importantly, intracellular signalling by MAPKs in 

NK cells remains to be examined [47, 66, 88]. Therefore, the purpose of the present 

study was to investigate NK cell phosphorylation of the MAPK signalling cascade, 

degranulation, lytic proteins, cytotoxic activity and cytokine production in 

CD56dimCD16+ and CD56brightCD16dim/- NK cells from CFS/ME patients.  
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4.3 Methods 

4.3.1 Participant recruitment and inclusion criteria  

CFS/ME patients and NFC were recruited from a participant database at the National 

Centre for Neuroimmunology and Emerging Diseases, Menzies Health Institute 

Queensland. All participants completed an online questionnaire based on the Fukuda 

definition for fatigue and symptom presentation to determine suitability for study 

inclusion (Appendix 1) [1]. From the questionnaire responses, CFS/ME patients 

meeting the Fukuda definition and NFC were included. All participants were screened 

for exclusionary conditions such as epilepsy, thyroid conditions, psychosis, diabetes, 

cardiac disorders, smoking, pregnancy or breastfeeding, and immunological, 

inflammatory or autoimmune diseases. This study was conducted with ethical approval 

from Griffith University Human Research Ethics Committee (MSC18/13/HREC) and 

prior to participating, all subjects provided written informed consent.  

 

4.3.2 Blood collection and cell isolation   

Participants donated 40 mL of sodium heparin blood from the antecubital vein. To 

avoid the influence of circadian variation, all blood samples were collected in the 

morning between 7:30 and 10am. Laboratory analysis commenced within four hours of 

blood collection to maintain cell viability. Routine blood parameters including a full 

blood count, electrolytes, ESR and high sensitivity C-reactive protein were assessed on 

each participant sample by Queensland Pathology. The whole blood samples were 

diluted with unsupplemented Roswell Park Memorial Institute medium (RPMI) 1640 

media (Life Technologies, Carlsbad, CA) and peripheral blood mononuclear cells 

(PBMCs) were isolated by density gradient centrifugation with Ficoll-Hypaque (GE 

Health Care, Uppsala, UP). 
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4.3.3 NK cell MAPK phosphorylation 

Phosphorylation of signalling proteins in the MAPK pathway was examined under two 

stimulatory conditions using phospho-specific antibodies as previously described [159-

161]. Following isolation, the PBMCs in RPMI 1640 media supplemented with 10% 

fetal bovine serum (FBS) were incubated for a minimum of two hours at 37°C with 5% 

CO2 to reduce background phosphorylation. After resting, the PBMCs were stained with 

mAbs for CD56-APC (Miltenyi Biotec, Cologne, BG) or CD56-PE-Cy7, CD16-BV711 

and CD3-BV510 (BD Biosciences, San Diego, CA) for 25 minutes and subsequently 

washed. The PBMCs were stimulated with either K562 cells (effector to target [E:T] 

ratio of 25:1) or phorbol-12-myristate-13-acetate (PMA) (50 ng/mL) plus ionomycin (I, 

0.5 µg/mL) as a positive control for 15 minutes in a water bath at 37°C. A parallel 

sample of unstimulated (US) cells in RPMI media alone was used to determine basal 

levels of phosphorylation. BD Phosflow fix buffer 1 (San Diego, CA) containing 4.2% 

formaldehyde was pre-warmed to 37°C and added to the PBMCs, incubated for 10 

minutes at 37°C and subsequently washed off. The cells were then incubated in BD 

perm/wash buffer 1 (San Diego, CA) containing FBS and saponin for 10 minutes. This 

was followed by staining with phosphospecific mAbs including Stat-3 (pS727)-alexa 

fluor (AF)488, MEK1 (pS218)/MEK2 (pS222)-AF488, p38 (pT180/pY182)-PerCP 

Cy5.5, ERK1/2 (pT202/pY204)-BV421, NF-κβ (pS529)-AF488, Iκβ-AF647, PKCα 

(pT497)-AF488 and JNK (pT183/pY185)-AF647 for 30 minutes and subsequent flow 

cytometry analysis. 

 

4.3.4 NK cell cytotoxic activity  

Flow cytometry was used to measure NK cell cytotoxic activity against the human 

chronic myelogenous leukaemia K562 cell line as previously described [23, 162].  

Briefly, K562 cells (Sigma-Aldrich, St Louis, MO) were cultured in RPMI 1640 media 
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(Life Technologies, Carlsbad, CA) supplemented with 10% FBS (Life Technologies, 

Carlsbad, CA). Following isolation, the PBMCs were stained with Paul Karl Horan-26 

fluorescent cell linker dye (Sigma-Aldrich, St Louis, MO) and washed with RPMI 

supplemented with 10% FBS. The concentrations of the PBMCs and K562 cells were 

adjusted to 2.5 x 106 cells/mL and 1 x 105 cells/mL respectively and combined at three 

E:T ratios including 25:1, 12.5:1 and 6.25:1. A control sample of only K562 cells was 

also included to determine K562 cells undergoing apoptosis not induced by NK cell 

cytotoxic activity. The PBMCs and K562 cells were incubated for four hours at 37°C 

with 5% CO2 and then stained with FITC annexin V and 7-aminoactinomycin (Becton 

Dickinson [BD] Pharminogen, San Diego, CA) for flow cytometric analysis on a BD 

Calibur dual laser four colour flow cytometer (BD Biosciences, San Diego, CA). NK 

cytotoxic activity was calculated as percentage specific death of the K562 cells for the 

three E:T ratios as previously described [162].    

 

4.3.5 NK cell degranulation  

NK cell surface expression of CD107a and CD107b was measured as a marker for NK 

cell degranulation as previously reported [86]. PBMCs in the presence of mAbs for 

CD107a-PE and CD107b-FITC (BD Biosciences, San Diego, CA) were stimulated with 

either K562 cells (E:T of 25:1) or PMA (50 ng/mL) plus ionomycin (0.5 µg/mL) for one 

hour at 37°C with 5% CO2. Monensin (BD Biosciences, San Diego, CA) was added to 

the PBMCs and the cells were then incubated for an additional three hours. An 

unstimulated control sample included PBMCs incubated in only RPMI 1640 media. 

Post four hours incubation, the cells were washed and incubated with mAbs against 

CD56-APC, CD16-BV711 and CD3-BV510 (BD Biosciences, San Diego, CA) for 25 

minutes. This was followed by flow cytometric analysis. 
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4.3.6 NK cell lytic proteins and maturation  

Intracellular staining was used to measure the lytic proteins perforin, granzyme A and 

granzyme B contained within the secretory granules of NK cells [88, 163]. Surface 

expression of CD57 was measured as a marker for NK cell maturation [164]. The 

PBMCs were incubated with mAbs for CD56-PE-Cy7, CD16-BV711, CD3-BV510 and 

CD57-phycoerythrin cyanin-based fluorescent dye (PE-CF)-594 for 25 minutes. The 

PBMCs were then permeabilised with BD fixation/permeabilisation solution for 20 

minutes, washed in BD perm/wash buffer and then incubated with mAbs including 

perforin-APC (Miltenyi Biotec, Cologne, BG), granzyme A-FITC and granzyme B-

violet (V)450 (BD Biosciences, San Diego, CA) for 30 minutes. This was followed by 

flow cytometric analysis. 

 

4.3.7 NK cell cytokines 

NK cell production of the cytokines IFN-γ, TNF-α and GM-CSF was determined by 

intracellular staining under two stimulatory conditions as described previously [86, 

165]. After isolation, PBMCs were incubated in the presence of either K562 cells (E:T 

of 25:1) or PMA (50 ng/mL) (Sigma-Aldrich, St Louis, MO) plus ionomycin (I, 0.5 

µg/mL) (Sigma-Aldrich, St Louis, MO) for one hour at 37°C with 5% CO2. Brefeldin A 

(BD Biosciences, San Diego, MO) was added to prevent cytokine secretion during 

stimulation and the cells were incubated for an additional 5 hours [86, 165]. PBMCs 

incubated in RPMI 1640 media alone served as the unstimulated control sample. 

Following 6 hours incubation, the PBMCs were washed and incubated with mAbs for 

CD56-PE-Cy7, CD16-BV711 and CD3-BV510 (BD Biosciences, San Diego, CA) for 

25 minutes. The PBMCs were subsequently washed, incubated in BD 

fixation/permeabilisation solution (BD Biosciences, San Diego, CA) for 20 minutes, 

washed in BD perm/wash buffer (BD Biosciences, San Diego, CA) and then incubated 
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for 30 minutes with mAbs against IFN-γ-APC, TNF-α-PerCP-Cy-5.5 (BD Biosciences, 

San Diego, CA) and GM-CSF-PE (Biolegend, San Diego, CA) for flow cytometric 

detection of intracellular cytokines. 

 

4.3.8 Multiparametric flow cytometry analysis 

Data were collected on a 14-parameter LSR-Fortessa X20 flow cytometer (BD 

Biosciences, San Diego, CA). Cell signalling technology beads (BD Biosciences, San 

Diego, CA) were run on a daily basis to ensure optimal flow cytometry performance, 

and application settings were employed to standardise target values for the duration of 

the experiments. A total of 2500 to 5000 CD56 positive events were acquired. Data 

generated for NK cell cytokines, degranulation, lytic proteins and cell maturation were 

analysed on FlowJo single cell analysis software (Tree Star Inc., version 10.0.8, 

Ashland, OR) and phosphorylation data were analysed on Cytobank (Cytobank Inc., 

version 5.0, Mountain View, CA) [166]. NK cell analysis was performed on cells which 

fell within the lymphocyte population according to forward and side scatter properties. 

CD56+CD3- NK cells were gated to determine total NK cells; this was extrapolated to a 

plot of CD56 and CD16 to identify CD56brightCD16dim/- and CD56dimCD16+ NK cells. 

These two NK cell phenotypes were then analysed for cytokines, degranulation, 

phosphorylation, lytic proteins and cell maturation. To determine NK cell gating for 

each analysis, appropriate fluorescence minus one controls, isotype controls matched to 

antibody concentrations and unstimulated samples were used.  

  

4.3.9 Statistical Analysis  

Statistical analysis of the data was performed on the SPSS (IBM Corp, Version 22, 

Armonk, NY) and GraphPad Prism (GraphPad Software Inc., Version 6, La Jolla, CA). 

All data sets were tested for Gaussian distribution using the Shaprio-Wilk test. The 
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independent Mann-Whitney test was used to identify any significant differences in the 

NK cell parameters between the CFS/ME patients and NFC. Significance was set at 

p<0.05 and the data are presented as median ± interquartile range unless otherwise 

stated. 

 

4.4 Results  

4.4.1 Participant inclusion, blood parameters and NK cell phenotypes    

A total of 14 CFS/ME patients meeting the Fukuda definition (mean age [years] ± SEM 

= 53.5 ± 2.17) and 11 NFC (mean age [years] ± SEM = 48.82 ± 3.46) were included in 

this study. Comparison of the group ages and blood parameters including full blood 

counts of white and red blood cells, electrolytes, ESR and high sensitivity C-reactive 

protein between CFS/ME and the NFC revealed no significant differences (Table 4). 

CD56dimCD16+ and CD56brightCD16dim/- NK cell phenotypes were compared between 

CFS/ME and NFC cohorts and no significant differences were observed (Appendix 3: 

Figure A10).  

 

 

 

 

 

 

 

 

 



CHAPTER 4 – NK intracellular signalling 

	 	 	 Page | 55 
	

Table 4: Full blood counts of white and red blood cells, ESR and high sensitivity C-

reactive protein blood parameters from CFS/ME patients and NFC. Data are presented 

as median (with interquartile range). 

 

4.4.2 ERK1/2 significantly reduced in CD56dimCD16+ NK cells from CFS/ME 

patients  

After incubation with K562 cells at an E:T ratio of 25:1, ERK1/2 was significantly 

reduced in CD56dimCD16+ NK cells from CFS/ME patients when compared to NFC 

(Figure 7). PMA/I induced a significant increase in ERK1/2 phosphorylation in 

CD56dimCD16+ NK cells compared to the US and K562 stimulated cells from CFS/ME 

and NFC participants. Comparison of ERK1/2 in CD56brightCD16dim/- NK cells revealed 

 CFS/ME 
n = 14 

NFC 
n = 11 

P value 

White and 

red blood 

cells  

White blood cells (109/L) 4.90 (2.85) 5.60 (2.00) 0.865 

Lymphocytes (109/L) 1.68 (1.08) 1.65 (0.79) 0.955 

Monocytes (109/L) 0.33 (0.17) 0.27 (0.10) 0.228 

Neutrophils (109/L) 3.06 (1.48) 3.05 (1.39) 0.649 

Eosinophils (109/L) 0.15 (0.15) 0.13 (0.14) 0.649 

Basophils (109/L) 0.04 (0.03) 0.02 (0.02) 0.865 

Platelets (109/L) 230.00 (87.00) 230.00 (47.00) 0.649 

Red blood cells (1012/L) 4.64 (0.77) 4.65 (0.75) >0.999 

Haemoglobin (g/L) 139.00 (22.50) 141.00 (22.00) 0.820 

Haematocrit (%) 0.42 (0.05) 0.42 (0.05) 0.459 

Mean cell volume (fL) 93.00 (5.50) 90.00 (5.00) 0.820 

Electrolytes Sodium (mmol/L) 138.00 (2.00) 136.00 (3.00) 0.317 

 Potassium (mmol/L) 4.10 (0.45) 4.10 (0.50) 0.609 

 Chloride (mmol/L) 101.00 (3.50) 102.00 (4.00) 0.244 

 Bicarbonate (mmol/L) 29.00 (3.50) 27.00 (2.00) 0.095 

 Anion gap (mmol/L) 9.00 (3.50) 9.00 (3.00) 0.809 

 ESR (mm/hr) 10.00 (5.00) 7.00 (5.00) 0.851 

 high sensitivity C-reactive protein (mg/L) 0.45 (1.08) 0.44 (0.38) 0.809 
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no significant differences between CFS/ME patients and NFC (Appendix 3: Figure 

A11).  

 

Figure 7: Measurement of the ERK1/2 in CD56dimCD16+ NK cells. For a representative 

individual, CD56dimCD16+ NK cells were identified according to the surface expression 

of CD56 and CD16 (A) which was extrapolated onto a histogram plot to identify 

median fluorescence intensity (MFI) of ERK1/2 in US, K562 and PMA/I stimulated 

cells (B). Compared to the NFC, phosphorylated ERK1/2 in CD56dimCD16+ NK cells 

from CFS/ME patients was significantly reduced (C, *p<0.05) after incubation wtih 

K562 cells.  Data are presented as MFI with interquartile range.  

 

4.4.3 MEK1/2 and p38 significantly increased in CD56brightCD16dim/- NK cells from 

CFS/ME patients  

In CFS/ME patients, phosphorylation of MEK1/2 and p38 was significantly increased in 

CD56brightCD16dim/- NK cells following incubation with K562 cells at an E:T ratio of 

25:1 compared with the NFC (Figure 8). Stimulation with PMA/I induced a significant 

increase in MEK1/2 and p38 compared to US and K562 stimulated cells in both 

CFS/ME and NFC cohorts. Comparison of MEK1/2 and p38 in CD56dimCD16+ NK 

cells from CFS/ME patients and NFC revealed no significant differences (Appendix 3: 

Figures A12 and A13). Measurement of additional MAPK proteins including Stat-3, 

NF-κβ, Iκβ, PKC-α and JNK revealed no significant differences between CFS/ME and 

the NFC cohorts (Appendix 3: Figures A14-A18). 
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Figure 8: MEK1/2 and p38 measurement in CD56brightCD16dim/- NK cells. For a 

representative individual, CD56brightCD16dim/- NK cells were identified using CD56 and 

CD16 (A). CD56brightCD16dim/- NK cell MEK1/2 was determined on a histogram (B) and 

comparisons were drawn between CFS/ME patients and the NFC under different 

stimulatory conditions (C). In comparison to the NFC, MEK1/2 was significantly 

increased in CFS/ME patients after K562 cell incubation (*p<0.05). The p38 MFI in 

CD56brightCD16dim/- NK cells was also measured on histograms (D) and comparisons 

were drawn against the CFS/ME patients and the NFC before and after stimulation (E).  

In CFS/ME patients, p38 was significantly increased (*p<0.05) after K562 incubation 

compared to the NFC. Data are presented as MFI with interquartile range. 

 

4.4.4 NK cell cytotoxic activity reduced in CFS/ME 

NK cell cytotoxic activity was calculated at three E:T ratios cells. Compared to the 

NFC, NK cell cytotoxic activity for the CFS/ME patients was reduced at all three ratios. 

Although, when compared to the NFC, the reduction in CFS/ME NK cell cytotoxic 

activity was not significantly reduced (Appendix 3: Figure A19).  In both CFS/ME 
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patients and NFC, NK cell cytotoxic activity at 25:1 was significantly increased 

compared to 12.5:1 and 6.25:1 ratios.  

 

4.4.5 CD107a and CD107b increased on CD56dimCD16+ NK cells after stimulation  

Surface expression of CD107a and CD107b on CD56dimCD16+ and CD56brightCD16dim/- 

NK cells was significantly increased following stimulation with PMA/I and K562 cells 

in CFS/ME patients and NFC (Appendix 3: Figures A20 and A21). Comparison of 

CD107a and CD107b expression between CFS/ME patients and the NFC under each 

stimulatory condition revealed no significant differences. CD56dimCD16+ NK cells from 

CFS/ME patients displayed increased CD107a following K562 stimulation, although 

this increase was not significant. 

 

4.4.6 No significant differences in NK cell lytic proteins from CFS/ME patients   

NK cell lytic proteins perforin, granyzme A and granzyme B were measured in 

CD56dimCD16+ and CD56brightCD16dim/- NK cells from CFS/ME patients and NFC. 

Comparison between the two groups revealed no significant differences. Surface 

expression of CD57 was measured as a marker for NK cell maturation on 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells and no significant 

differences were observed between the CFS/ME patients and the NFC (Appendix 3: 

Figures A22 and A23).  

 

4.4.7 CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cell cytokine production 

increased after PMA/I stimulation 

CD56dimCD16+ and CD56brightCD16dim/- NK cell cytokine production was measured 

under two stimulatory conditions with PMA/I or K562 cells. INF-γ, TNF-α and GM-

CSF production in CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells increased 
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following stimulation with PMA/I in NFC and CFS/ME patients (Appendix 3: Figures 

A24-A26). Comparisons between CD56dimCD16+ NK cell and CD56brightCD16dim/- NK 

cell cytokine production under the different stimulatory conditions revealed no 

significant differences between CFS/ME patients and NFC.  

 

4.5 Discussion 

This is the first study to investigate MAPK intracellular signalling in CD56dimCD16+ 

NK cells and CD56brightCD16dim/- NK cell phenotypes from CFS/ME patients. The novel 

and significant findings of reduced ERK1/2 in CD56dimCD16+ NK cells in conjunction 

with increased MEK1/2 and p38 in CD56brightCD16dim/- NK cells suggest that 

abnormalities in the MAPK signalling pathway may contribute to reduced cytotoxic 

function of NK cells in CFS/ME patients. The synergistic functions of CD56dimCD16+ 

NK cells and CD56brightCD16dim/- NK cells are required for the removal of target cells. 

Dysfunctional signalling through the MAPK pathway in CFS/ME patients may 

compromise the efficient removal of these target cells.   

 

CD56dimCD16+ NK cells from CFS/ME patients had a significant decrease in ERK1/2, 

which has been identified as an important component for cytotoxic activity due to 

substrate targeting of paxillin, a cytoskeletal protein kinase [73, 74]. Downstream 

activation of ERK1/2 is the result of intracellular signalling networks, which propagate 

and activate signals through phosphorylation cascades [167, 168]. Sequential 

phosphorylation of MAPKKK and MEK1/2 activates ERK1/2 through dual 

phosphorylation of threonine and tyrosine residues [167, 168]. Phosphorylation of 

ERK1/2 induces a significant conformational change, which is required for NK cell 

cytotoxic activity as it increases substrate accessibility to phosphorylate paxillin [169, 

170]. Paxillin is an adaptor protein that provides a docking site for regulatory proteins 
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such as ERK1/2 and structural proteins including microtubules and actin cytoskeleton 

[169, 170]. Colocalisation of phosphorylated ERK2 and paxillin to the microtubules and 

the MTOC facilitates polarisation of the secretory granules towards the immune synapse 

[57, 73, 77, 157, 170]. In CFS/ME patients, abnormal signalling through ERK1/2 may 

interfere with and delay release of the lytic proteins required to induce cytotoxic lysis of 

target cells.  

 

The significant reduction of ERK1/2 in CD56dimCD16+ NK cells may disrupt 

intracellular signalling required for secretory granule polarisation through the MAPK 

pathway. As the MAPK cascade integrates signals received from the cell surface, the 

pathway is subject to complex regulatory and feedback mechanisms, which may 

contribute to the reduction observed in ERK1/2 from CFS/ME patients [73, 171]. 

Regulatory mechanisms of ERK1/2 include phosphatases MKP3 and MKPX, which 

dephosphorylate protein tyrosine kinases to inhibit activation [73, 171]. Receptor 

desensitisation and dissociation of the receptor–ligand interaction changes the strength 

and duration of activation signals [73, 171]. Scaffold proteins and subcellular 

localisation of the cascade regulate phosphorylation by directing ERK1/2 to target 

substrates in the cytoplasm or nucleus [73, 171]. The integration and crosstalk of 

ERK1/2 with other signalling pathways also acts as a feedback mechanism to regulate 

phosphorylation levels [73, 171]. As ERK1/2 is subject to a number of distinct 

mechanisms of regulation, further investigations in CD56dimCD16+ NK cells from 

CFS/ME patients are required to determine if these regulatory mechanisms contribute to 

reduced ERK1/2 phosphorylation.  

 

Degranulation of cytotoxic NK cells was measured to investigate if potential 

impairments in intracellular signalling through ERK1/2 contribute to reduced cytotoxic 
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activity in CFS/ME patients. Whilst no significant differences were observed in NK cell 

surface expression of CD107a and CD107b, CD56dimCD16+ NK cells from CFS/ME 

patients displayed increased CD107a following K562 stimulation. In support of this 

current finding, we have previously reported a significant increase in CD107a on NK 

cells following K562 stimulation in a larger cohort of CFS/ME patients [88]. This 

finding suggests that the reduction in ERK1/2 may delay movement of the secretory 

granule and MTOC towards the immune synapse but does not prevent degranulation 

[77, 157]. Increased degranulation of CD56dimCD16+ NK cells from CFS/ME patients 

suggest the cells may be under a continuum of activation due to an inability to induce 

cytotoxic lysis and subsequent removal of the target cells [88]. 

 

NK cell production of cytokines including IFN-γ and TNF-α has been identified as an 

integral part of NK cell cytotoxic activity and increased production of IFN-γ has 

previously been reported in CFS/ME patients [23, 88, 172]. NK cells differentiate and 

mature from CD56brightCD16dim/- to CD56dimCD16+ NK cells with predominant cytokine 

or cytotoxic effector function [97, 137, 173, 174]. This differentiation process suggests 

that together, CD56brightCD16dim/- and CD56dimCD16+ NK cells function to optimise an 

efficient NK cell response which may be impaired in CFS/ME patients [97, 137, 173, 

174]. NK cell production of IFN-γ has been reported to augment cytotoxic activity by 

up-regulating expression of the adhesion molecule ICAM-1 on tumour target cells 

through the NF-κβ pathway which improves conjugate formation and adherence with 

cytotoxic NK cells [97]. Conversely, it has also been reported that IFN-γ treatment of 

tumour cells with high basal levels of ICAM-1, such as K562 cells, up-regulates MHC 

class I which acts as a ligand for inhibitory receptors on NK cells and reduces NK 

cytotoxic activity [97, 175, 176]. In CFS/ME patients, further investigations are 

required to determine if increased IFN-γ may contribute to the proposed inefficient 
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removal of target cells resulting in increased degranulation, or if IFN-γ desensitises 

K562 cells to NK cell mediated cytotoxic activity.  

 

Increased production of IFN-γ may be a result of increased MEK1/2 and p38 in 

CD56brightCD16dim/-  NK cells from CFS/ME patients [73, 88, 177]. Receptor ligation 

through environmental stress or innate pro-inflammatory cytokines including IL-12 and 

IL-18 initiate MAPK intracellular signalling cascades [68, 78, 79, 99, 178]. Similar to 

ERK1/2 activation, phosphorylation of MEK1/2 and p38 is the result of a tiered protein 

phosphorylation cascade [68, 78, 79, 99, 178]. Activated MEK1/2 in turn 

phosphorylates ERK1/2, resulting in the formation of ERK2-MEK1 chimera [73, 99, 

178]. This chimera is released from its cytoplasmic anchors to undergo a cyto-nuclear 

shift to initiate IFN-γ production in the nucleus [73, 99, 178]. The phosphorylated 

ERK2-MEK1 chimera activates c-Fos transcription factor and the activating protein-1 

heterodimer, which regulates the IFN-γ gene promoter and subsequent cytokine 

production [99, 178]. Increased phosphorylation of MEK1/2 may therefore result in 

increased production of IFN-γ from NK cells in CFS/ME patients as we have previously 

reported [23, 88, 172].  In contrast to targeting IFN-γ transcription factors, 

phosphorylated p38 translocates into the nucleus to mediate cytokine production by 

regulating the half-life of adenylate/uridylate-rich IFN-γ gene, which stabilises and 

prevents degradation of IFN-γ messenger ribonucleic acid [78, 79]. In 

CD56brightCD16dim/- NK cells from CFS/ME patients, an increase in p38 may prolong 

transcription and translation of IFN-γ [78, 79, 88].   

 

Cytokine synthesis by MEK1/2 and p38 is tightly controlled, and each tier of the MAPK 

signalling cascade is subject to regulation, which may be impaired in CFS/ME patients 

[73, 171]. Phosphatase MKP1 is located in the nucleus and down-regulates MEK1/2 
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and p38 activity by dephosphorylating threonine and tyrosine residues, attenuating 

cytokine production [73, 171]. Further investigations into the regulation of MEK1/2 and 

p38 in CD56brightCD16dim/- NK cells from CFS/ME patients are required to determine if 

a regulatory mechanism such as MPK1 may contribute to increased MEK1/2 and p38 

activity and IFN-γ cytokine production.  

 

Investigations into the MAPK intracellular signalling pathway in NK cells from 

CFS/ME patients have revealed novel findings, which may explain previous reports of 

reduced NK cell cytotoxic activity and increased cytokine production. To our 

knowledge, this is the first study to report significant differences in ERK1/2 from 

CD56dimCD16+ NK cell CFS/ME patients. CD56dimCD16+ NK cell cytotoxic activity is 

dependent on synergistic action of CD56brightCD16dim/- NK cell cytokine production. 

Consequently, increased MEK1/2 and p38 may increase IFN-γ production, which in 

turn may desensitise K562 cells against NK cell cytotoxic activity in CFS/ME patients.  

 

4.6 Conclusions 

The results from this study highlight the importance of intracellular signalling through 

the MAPK pathway for synergistic function of CD56dimCD16+ and CD56brightCD16dim/- 

NK cells to ensure efficient clearance of target cells in CFS/ME patients. Further 

investigations are required to determine if regulatory mechanisms contribute to the 

aberrations in MAPK intracellular signalling in CD56dimCD16+ and CD56brightCD16dim/- 

NK cells in a larger cohort of CFS/ME patients. 

 

Competing interests  

The authors declare that they have no competing interests.  

 



CHAPTER 4 – NK intracellular signalling 

	 	 	 Page | 64 
	

Authors’ contributions  

TKH performed all of the experimental protocols for the investigations of NK cell 

MAPK phosphorylation, cytokine production, cytotoxic activity, degranulation and lytic 

proteins, set up the protocols for data acquisition on the flow cytometer, analysed the 

data and wrote the manuscript. DS and SMG conceived the study, sought ethics 

approval, provided the CFS/ME patients and NFC from the National Centre for 

Neuroimmunology and Emerging Diseases database, critically revised the intellectual 

content and interpretation of data analysis and drafted the manuscript. All authors read 

and approved the final manuscript.  

 

Acknowledgements  

National Centre for Neuroimmunology and Emerging Diseases, Stafford Fox Medical 

Research Foundation Grant, Mason Foundation, Queensland Smart State Co-investment 

Futures Fund and Edward P Evans Foundation. 

 



 

	

	 	 	 Page | 65 
	

A
cc

ep
te

d 
A

rti
cl

e 
 

 

 

 

 

	

	

	

	

CHAPTER 5 – Study 3: Pilot study of Natural Killer cells in Chronic 

Fatigue Syndrome/Myalgic Encephalomyelitis and Multiple Sclerosis 

 

Huth, TK, Brenu, EW, Ramos, SB, Nguyen, T, Broadley, S, Staines, DR, Marshall-

Gradisnik, SM. Pilot study of Natural Killer cells in Chronic Fatigue Syndrome/Myalgic 

Encephalomyelitis and Multiple Sclerosis. Scandinavian Journal of Immunology. 

2015;83(1):44-51.doi:10.1111/sji.12388. 



CHAPTER 5 – NK cells in CFS/ME and MS 

	

	 	 	 Page | 66 
	

A
cc

ep
te

d 
A

rti
cl

e 
 

Received Date: 26-Apr-2015 
Accepted Date: 05-Sep-2015 
Article type: Regular Manuscript 
 
Article title: Pilot Study of Natural Killer Cells in Chronic Fatigue 
Syndrome/Myalgic Encephalomyelitis and Multiple Sclerosis 
Short title: Natural Killer Cells in CFS/ME and MS 
 
*Huth, Teilah Kathryn1,2, Brenu, Ekua Weba1,2, Ramos, Sandra 1,2, Nguyen, Thao1,2, 
Broadley, Simon3,4, Staines, Donald1,2 & Marshall-Gradisnik, Sonya1,2. 
 
1National Centre for Neuroimmunology and Emerging Diseases, Menzies Health 
Institute Queensland, Griffith University, Southport, QLD, 4222, Australia. 
2School of Medical Science, Griffith University, Southport, QLD, 4222, Australia. 
3School of Medicine, Griffith University, Southport, QLD, 4222, Australia. 
4Gold Coast University Hospital, Southport, QLD, 4222, Australia. 
 
*Corresponding author: 
Huth, Teilah Kathryn 
Griffith Health Centre 
Griffith University Gold Coast Campus 
Southport, Queensland, AUSTRALIA, 4222 
teilah.huth@griffithuni.edu.au 
 
Author Email Addresses: 
Brenu, Ekua Weba. – e.brenu@griffith.edu.au  
Ramos, Sandra – s.ramos@griffith.edu.au  
Nguyen, Thao – thao.nguyen2@griffithuni.edu.au  
Broadley, Simon – s.broadley@griffith.edu.au  
Staines, Donald – d.staines@griffith.edu.au  
Marshall-Gradisnik, Sonya – s.marshall-gradisnik@griffith.edu.au  
 
This article has been accepted for publication and undergone full peer review but has 
not been through the copyediting, typesetting, pagination and proofreading process, 
which maylead to differences between this version and the Version of Record. Please 
cite this article as doi: 10.1111/sji.12388 
Scientific heading: Clinical Immunology 



CHAPTER 5 – NK cells in CFS/ME and MS 

	

	 	 	 Page | 67 
	

A
cc

ep
te

d 
A

rti
cl

e 
 

5.1 Abstract 

Chronic Fatigue Syndrome/Myalgic Encephalomyelitis (CFS/ME) and Multiple 

Sclerosis (MS) patients suffer from debilitating fatigue, which is not alleviated by 

rest. In addition to the fatigue related symptoms suffered by CFS/ME and MS 

patients, dysfunction of the immune system and in particular, reduced Natural Killer 

(NK) cell cytotoxic activity has also been reported in CFS/ME and MS patients. The 

purpose of this pilot study was to compare NK cytotoxic mechanisms in CFS/ME 

and MS patients to investigate potential dysfunctions in the NK cell activity pathway. 

Flow cytometry protocols assessed CD56dimCD16+ NK cell and CD56brightCD16dim/- 

NK cell expression of adhesion molecules, NK activating and inhibiting receptors, 

NK cell maturation and lytic proteins. All participants in this study were female and 

included 14 CFS/ME patients, 9 MS patients and 19 non-fatigued controls. The 

patient groups and the non-fatigued controls were not taking any immunosuppressive 

or immune enhancing medications. In the MS cohort, KIR2DL5 was significantly 

increased on CD56brightCD16+/- NK cells and expression of CD94 was significantly 

increased on CD56dimCD16+ NK cells in comparison to the controls. Co-expression 

of CD57 and perforin was significantly increased on CD56dimCD16+ NK cells from 

CFS/ME patients compared to the MS and non-fatigued control participants. The 

results from this pilot study suggest that NK cells from CFS/ME and MS patients 

may have undergone increased differentiation in response to external stimuli, which 

may affect different mechanisms in the NK cell cytotoxic activity pathway.  

	

5.2 Introduction  

Chronic Fatigue Syndrome/Myalgic Encephalomyelitis (CFS/ME) is associated with 

debilitating levels of fatigue. Patients suffer from a state of permanent exhaustion, 

which is also accompanied by a myriad of symptoms associated with autonomic, 

neurological, endocrine and immune systems [1, 2]. Symptom severity may vary on a 

daily or weekly basis and is not alleviated by rest [3, 4]. Persistent fatigue is a 
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characteristic of CFS/ME and approximately 65-95% of Multiple Sclerosis (MS) 

patients also experience unremitting fatigue [5, 6]. Exacerbation of symptoms 

following physical or cognitive activity has been described in both CFS/ME and MS, 

as have memory and cognitive difficulties, gastrointestinal disturbances and irregular 

sleep patterns [5]. The symptoms suffered by CFS/ME and MS patients may present 

as a relapsing-remitting course and both CFS/ME and MS share a significant female 

preponderance [7, 8]. Approximately 6 females are affected to every 1 male for 

CFS/ME and 2.3-3.5 females to every 1 male for MS [7, 9]. 

 

Dysfunction of the immune system may contribute to the pathogenesis of CFS/ME 

and MS. In particular, reduced Natural Killer (NK) cell cytotoxic activity is a 

consistent finding in CFS/ME and relapsing-remitting MS patients [10-12]. 

CD56dimCD16+ NK cells NK cells elicit cytotoxic activity to remove target cells 

infected by viruses, bacteria or cells that have been malignantly transformed [13]. 

NK cell cytotoxic activity is a tightly regulated process; this consists of a number of 

ordered steps including adhesion to the target cell, NK cell activation by surface 

receptors and the release of lytic proteins to induce apoptosis of the target cell [14-

16]. 

 

Whilst the consequences of reduced NK cell activity may be attributed to the 

persistence of viral infections reported in some CFS/ME patients, contrasting 

evidence in MS suggests that the activity of NK cells can either exacerbate or 

attenuate disease activity [3, 7, 17]. The opposing effects of NK cells reported in MS 

patients may be mediated by the different subsets of NK cells eliciting either 

cytotoxic or cytokine effector functions [18]. Reduced cytotoxic activity of 
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peripheral NK cells from MS patients has been correlated with clinical exacerbations 

of disease activity [12]. This finding has been replicated in the experimental 

autoimmune encephalomyelitis (EAE) mouse model where depletion of NK cells 

was associated with increased disease activity [19]. It has also been suggested that 

NK cells have an immunoregulatory role that promotes the remission state in 

relapsing-remitting MS [12,20]. Through cytotoxic activity and the production of 

type 2 cytokines such as IL-5 and IL-13, NK cells may lyse and suppress T helper 1 

autoimmune cells, which mediate the inflammatory process in the CNS of MS 

patients [20, 21]. The potential immunoregulatory role of NK cells in MS 

maintaining the remission state highlights the importance of optimal NK cell effector 

function. 

 

As reduced NK cell cytotoxic activity has previously been reported in both CFS/ME 

and MS, the aim of this pilot study was to investigate cellular mechanisms required 

for NK cell effector function. Adhesion molecules, surface receptors and lytic 

proteins were measured to determine if mechanisms which may contribute to reduced 

NK cell cytotoxic activity are similar or different in female CFS/ME and MS 

patients. 

 

5.3 Materials and Methods  

5.3.1 Study participants and inclusion criteria 

Participants were enrolled from clinics at Griffith University and the Gold Coast 

University Hospital and the non-fatigued controls were enrolled from a database at 

the National Centre for Neuroimmunology and Emerging Diseases. As a greater 

proportion of females are affected by CFS/ME or MS, all participants in this study 
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were female [7, 9]. CFS/ME patients met the International Consensus Criteria (ICC) 

according to a symptom checklist in the questionnaire [1] and the MS patients met 

the revised McDonald criteria [22]. The control subjects were non-fatigued and 

screened for exclusionary conditions such as epilepsy, thyroid conditions, psychosis, 

diabetes, cardiac disorders, smoking, pregnancy or breastfeeding, and 

immunological, inflammatory or autoimmune diseases. The CFS/ME and MS 

patients included in this study were not taking any immunosuppressive, immune 

enhancing or disease modifying medications. Participants who did not meet the 

criteria for CFS/ME, MS or non-fatigued controls were excluded from the study. 

This study was conducted with approval from Griffith University Human Research 

Ethics Committee (MSC/18/13/HREC) and prior to participating, all subjects 

provided informed consent.  

 

5.3.2 Blood collection 

Participants donated 5 mL of EDTA and 6 mL of lithium heparin blood from the 

antecubital vein. The blood was collected in the morning to avoid the influence of 

circadian variation and the samples were analysed within 5 hours of collection. 

Queensland Pathology measured all participant blood parameters including 

erythrocyte sedimentation rate (ESR) and a full blood count of red and white blood 

cells on a Sysmex XE-5000. 

 

5.3.3 NK cell bright and dim phenotypes 

Bright and dim NK cell phenotypes were measured on NK cells isolated from 

heparin whole blood using RosetteSep Human NK cell enrichment cocktail (Stem 

Cell Technologies, Vancouver, BC) from CFS/ME patients, MS patients and non-
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fatigued controls. Whole blood was incubated with RosetteSep, which preferentially 

isolates NK cells by crosslinking all other cells with red blood cells except for NK 

cells. Following density gradient centrifugation with Ficoll-Hypaque (GE Health 

Care, Uppsala, UP), the NK cells were collected and flurochrome conjugated 

monoclonal antibodies CD56-PE-Cy7, CD16-BV711 and CD3-BV510 (BD 

Biosciences, San Diego, CA) were used to identify CD3 negative NK cells as 

CD56+(total NK cells), CD56brightCD16dim/- or CD56dimCD16+ NK cells [18]. Total 

NK cells and the two NK cell phenotypes were analysed on a LSR-Fortessa X20 

flow cytometer (Becton Dickinson) according to the forward and side scatter 

properties of the NK lymphocytes and the surface density expression of CD56 and 

CD16. 

 

5.3.4 NK cell adhesion molecules, activating and inhibiting receptors 

CD56brightCD16dim/- and CD56dimCD16+ NK cell expression of adhesion molecules and 

activating and inhibiting receptors were measured on isolated NK cells. Monoclonal 

antibodies for CD56, CD16 and CD3 identified NK cell phenotype expression of the 

adhesion molecules CD2-FITC, CD18-BV421, CD11a-PE, CD11b-APC-Cy7 and 

CD11c-APC (BD Biosciences, San Diego, CA). Natural Cytotoxicity Receptors 

(NCRs) including NKp30-PE, NKp46-BV650 (BD Biosciences, San Diego, CA) and 

NKp80-FITC (Miltenyi Biotec, Cologne, BG) were assessed on CD56brightCD16-/dim 

and CD56dimCD16+ NK cells. 2B4-APC (BD Biosciences, San Diego, CA) from the 

signalling lymphocytic activating molecule (SLAM) family of receptors and Killer 

cell Immunogloblin-like Receptors (KIRs) including CD94-PerCP-Cy5.5, KIR2DL1-

PE (BD Biosciences, San Diego, CA), KIR3DL1/DL2-PE, KIR2DL5-APC, 

KIR2DS4-PE, KIR3DL1-FITC, NKG2D-APC, KIR2DL2/DL3-APC and 
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KIR2DL1/DS1-FITC (Miltenyi Biotec, Cologne, BG) were also measured on the two 

NK cell phenotypes. NK cell expression of the adhesion molecules and receptors was 

determined by flow cytometric methods. 

 

5.3.5 NK cell maturation and intracellular staining for lytic proteins 

NK cell maturation and lytic proteins were measured on peripheral blood 

mononuclear cells (PBMCs) isolated from EDTA whole blood by density gradient 

centrifugation with Ficoll-Hypaque (GE Health Care, Uppsala, UP). NK cell 

maturation was measured by the surface expression of CD57-PE-CF594 (BD 

Biosciences, San Diego, CA) on CD56brightCD16dim/- and CD56dimCD16+ NK cells. 

Intracellular staining of isolated PBMCs (1 x 107 cells/mL) measured NK cell lytic 

proteins including perforin, granzyme A and granzyme B. NK cells were stained 

with monoclonal antibodies for CD56, CD16 and CD3, permeabilised and fixed with 

BD cytofix (BD Biosciences), washed with perm wash buffer (BD Biosciences) and 

incubated with monoclonal antibodies for perforin-PE, granzyme A-FITC and 

granzyme BV421 (BD Biosciences, San Diego, CA). CD56brightCD16dim/- and 

CD56dimCD16+ NK cell expression of CD57, perforin, granzyme A and granzyme B 

was determined using the flow cytometer. 

 

5.3.6 Statistical analysis 

Statistical Package for the Social Sciences (SPSS) software (IBM Corp, Version 21, 

Armonk, NY) and GraphPad Prism (GraphPad Software Inc., Version 6, La Jolla, 

CA) were used for statistical analysis of the data. The Shaprio-Wilk test was used to 

assess for a Gaussian distribution in each data set and a one-way ANOVA or the 

Kruskal-Wallis test was used to determine significant differences in participant full 
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blood counts and NK cell parameters between the three groups. Tukey’s or Dunn’s 

multiple comparisons test was used to identify which groups (CFS/ME, MS or non-

fatigued control) were significantly different. Significance was set at p<0.05 and the 

data is presented as either mean ± SEM or median ± SEM. 

 

5.4 Results  

A total of 14 CFS/ME (mean age [years] ± standard error of the mean (SEM) = 49.14 

± 2.50), 9 MS (mean age [years] ± SEM = 48.00 ± 5.36) and 19 non-fatigued 

controls (mean age [years] ± SEM = 48.37 ± 2.21) were included in this study. The 

clinical course of the 9 MS patients cohort included 3 relapsing-remitting, 1 primary-

progressive, 2 secondary-progressive and 3 clinically isolated syndrome. MS patients 

had an average disease duration of 12.3 years and had an average multiple sclerosis 

severity score of 3.25 (Appendix 4: Table A1). 

 

5.4.1 Lymphocytes, monocytes and ESR significantly increased in MS patients 

White and red blood cell parameters for the three groups are shown in Table 1. In 

comparison to the CFS/ME and control groups, MS patients had a significant 

increase in lymphocytes, monocytes and ESR (p<0.05) as indicated by the bolded 

values in the table). No other significant differences between the groups were 

identified from the full blood count results. 

 

5.4.2 NK phenotype distribution in MS, CFS/ME and non-fatigued controls 

Measurement of NK cell phenotypes including total, dim and bright NK cells in 

CFS/ME, MS and non-fatigued controls revealed no significant differences (Table 

2). The total number of NK cells was higher in the CFS/ME and MS groups in 
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comparison to the non-fatigued controls, although this difference was not significant. 

No significant differences were observed in the distribution of CD56dimCD16+ NK 

cells between the three groups. Although CFS/ME patients had a lower number of 

CD56brightCD16dim/- NK cells compared to the non-fatigued controls, and MS patients 

had an increased number of CD56brightCD16dim/- NK cells compared to the non-

fatigued controls, these differences were not significant. 

 

5.4.3 KIR2DL5 and CD94 expression significantly increased in MS cohort 

MS patients had significantly increased amounts of KIR2DL5 on CD56brightCD16dim/- 

NK cells compared to the non-fatigued controls (Figure 1, A). CD56dimCD16+ NK 

cells from the MS cohort expressed significantly increased amounts of the receptor 

CD94 compared to the non-fatigued controls (Figure 1, B. Refer to Appendix 4: 

Figures A27 and A28 for representative gating strategies for CD56brightCD16dim/- and 

CD56dimCD16+ NK cell measurement of KIR2DL5 and CD94). The MS cohort also 

had an increased amount of CD94 on CD56dimCD16+ NK cells compared to CFS/ME, 

however this difference was not significant. Measurement of additional KIR, NCR 

and SLAM surface receptors revealed no significant differences (Appendix 4: Table 

A2). 

5.4.4 Distribution of NK Cell adhesion molecules 

Measurement of adhesion molecules on CD56dimCD16+ and CD56brightCD16dim/- NK 

cells from CFS/ME, MS and non-fatigued controls revealed no significant 

differences between the groups (Table 3). Although not significant, expression of 

CD11b was increased on CD56dimCD16+ and CD56brightCD16dim/- NK cells from 

CFS/ME and MS patients compared to the non-fatigued controls. CD11c expression 
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in contrast was lower in CFS/ME and MS compared to the non-fatigued controls, 

however these differences were not significant. 

 

5.4.5 Co-expression of CD57 and perforin significantly increased in CFS/ME 

CFS/ME patients compared to the MS and non-fatigued control participants had a 

significant increase in the co-expression of CD57 and perforin on CD56dimCD16+ NK 

cells (Figure 2. Refer to Appendix 4: Figures A29 and A30 for representative flow 

cytometry plots). Co-expression of CD57 and perforin on CD56brightCD16dim/- NK 

cells showed no significant differences between the cohorts. Intracellular 

measurement of additional lytic proteins including granzyme A and granzyme B 

revealed no significant differences between the groups (Table 4). 

 

5.5 Discussion  

Reduced NK cell cytotoxic activity has previously been reported in CFS/ME and 

MS. This study compared cytotoxic effector mechanisms of NK cells between 

CFS/ME and MS to investigate potential mechanisms, which may contribute to 

reduced NK cell activity in these two patient cohorts. Significant differences in full 

blood count parameters from the MS cohort were observed. Consistent with previous 

literature on female MS patients, ESR results were significantly increased compared 

to CFS/ME patients and non-fatigued controls [23]. This result suggests that there is 

significant peripheral inflammation in this cohort of untreated MS patients. 

Additional significant increases were reported for lymphocyte and monocyte results 

in the MS cohort compared to CFS/ME and the non-fatigued controls, however 

previous literature has reported no significant differences [24, 25]. The small sample 
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size may contribute to differences observed in white blood cell parameters in this MS 

cohort. 

 

Activation of NK cell effector function is stringently regulated by surface receptors 

and the significant increase in KIR2DL5 on CD56brightCD16dim/- NK cells and CD94 

on CD56dimCD16+ NK cells may contribute to the reduced NK cell activity reported 

in MS patients [12, 14, 20]. The KIR2DL5 receptor relays inhibitory signals and 

increased expression of the KIRs on peripheral NK cells has been associated with 

decreased cytotoxic activity and production of IFN-γ [26, 27]. The cytoplasmic tails 

of the inhibitory receptors consist of immunoreceptor tyrosine-based inhibitory motif 

(ITIM) and following receptor ligation, tyrosine phosphatases suppress NK activity 

by dephosphorylating the protein substrates required for the tyrosine kinases on the 

activating receptors. This prevents the calcium influx required for NK cell cytotoxic 

activity and cytokine production [14, 28]. CD94 is a homodimer structure, which 

associates with NKG2-A, B, C, E or H to form heterodimers capable of regulating 

NK activity through the transmission of activating or inhibitory signals [29, 30]. 

CD94 is known as a regulatory molecule and alterations in the expression of CD94 

on CD56dimCD16+ NK cells from the MS cohort may affect the ability of NK cells to 

induce cytotoxic lysis of target cells due to changes in signalling thresholds [29]. As 

the regulation of NK cell activity is governed by an intricate balance of both 

activating and inhibitory signals, the significant increases in KIR2DL5 and CD94 in 

the MS cohort may contribute to changes in threshold levels [29]. In particular, 

increased inhibitory signals from KIR2DL5 may set a higher activation threshold, 

masking important activating signals for NK effector function in MS patients [14, 

31]. Inhibition of NK cell activity through enhanced expression of specific KIRs on 
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NK cells from MS patients has been associated with an increased susceptibility to 

infections from the herpes simplex virus [26, 27]. 

 

Exposure to environmental agents such as viral infections may increase the 

expression of the KIR receptors as a mechanism to avoid elimination by NK cells 

[27]. MS patients may also have a genetic predisposition to alterations in KIR 

expression as carrier frequencies of KIR genes including KIR2DL5 are decreased in 

MS patients [32, 33]. Expression of CD94/NKG2A on NK cells has been examined 

in mouse models of MS as a potential target for treatment [21]. It has been suggested 

that genetic disruption of CD94/NKG2A removes NK cell inhibition, enhancing 

cytotoxic lysis of pathogenic autoreactive CD4+ T cells and microglia in the central 

nervous system, favouring the remission state of MS and reducing the disease 

severity [21]. 

 

Expression of adhesion molecules on peripheral immune cells has been reported to 

be 1.5 to 3 fold higher in MS patients and is associated with enhanced pro-migratory 

capabilities [34]. Whilst there were no significant differences in NK cell adhesion 

molecules in this cohort of MS patients, mononuclear cells infiltrating MS brain 

lesions have been found to have up-regulated expression of adhesion molecules [34, 

35]. Under inflammatory conditions, adhesion molecules have an enhanced affinity 

for their ligands on normal endothelial cells which can facilitate the extravasation of 

NK cells to inflammatory sites and into the CNS to mediate their effector functions 

[34, 35]. The adhesion molecule CD11b has been associated with disease severity of 

MS with a deficiency of CD11b linked to a delayed disease onset and the 

development of mild EAE symptoms [36]. Disease activity of MS has also been 
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linked to expression of either high or low CD11c on peripheral NK cells [37]. NK 

cells with CD11clow differentiate into NK2 cells, reflecting a T helper 2 cytokine 

profile which favours the remission state. Conversely, CD11chigh NK cells produce 

cytokines reminiscent of T helper 1 cells, which has been linked to relapses 

occurring earlier and more frequently, particularly in younger females [37]. Due to 

the importance of the adhesion molecules for NK cell circulation and extravasation 

into the CNS to elicit their effector function, which is linked to MS disease activity, 

further investigations are required in a larger cohort. 

 

CD56dimCD16+ NK cells are considered mature cells capable of inducing cytotoxic 

lysis of target cells through the release of lytic proteins perforin, granzyme A and 

granzyme B [38, 39]. CFS/ME patients had a significant increase in the co-

expression of CD57 and perforin on CD56dimCD16+ NK cells which may contribute 

to the cytotoxic dysfunction reported in CFS/ME patients. Through NK cell 

development from CD56bright NK cells to CD56dim NK cells, NK cells undergo a shift 

acquiring expression of the cytotoxic lytic proteins and CD57 [38, 40, 41]. In 

addition to maturation acquired expression of CD57, heightened levels of CD57 are 

also associated with chronic immune activation from pathogens or cytokines [42, 

43]. Whilst increased CD57 is traditionally associated with higher cytolytic potential, 

increased expression of CD57 has also been correlated with a diminished ability of 

NK cells to produce IFN-γ and degranulate in response to high levels of paracrine 

cytokines such as IL-12 and IL-18 [41, 44]. Further investigations in a larger 

CFS/ME group are required to determine if increased CD57 expression is associated 

with reduced NK cell cytotoxic activity. 
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In this study, comparison of NK cell cytotoxic effector molecules in CFS/ME 

patients and MS patients has suggested that NK cell differentiation as a result of 

exposure to external stimuli may affect different mechanisms in the NK cell 

cytotoxic activity pathway in these two patient cohorts. As this was a pilot study, 

further investigations are required to determine if these findings are consistent in 

cohorts with a larger sample size. Furthermore, as specific NK cell markers have 

been attributed to disease activity in MS patients, comparisons of NK cell effector 

function with differing severities of CFS/ME and MS may help to further identify 

mechanisms, which contribute to reduced NK cell activity in illnesses with varying 

clinical features. 
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Tables  

Table 1: White and red blood cell parameters from full blood count for CFS/ME, MS 

and non-fatigued controls  

    P values 

 CFS/ME 
(n = 14) 

MS 
(n = 9) 

Control  
(n = 19) Overall 

CFS/ME 
& 

MS 

CFS/ME 
& 

Control 

MS 
& 

Control 
White blood 
cells (109/L) 5.62 ±0.35 6.8±0.76 5.87 ±0.22 0.066 0.064 >0.999 0.226 

Lymphocytes 
(109/L) 1.70 ±0.11 2.42 ±0.27 1.84 ±0.10 0.007 0.007 0.734 0.023 

Monocytes 
(109/L) 0.32 ±0.01 0.46 ±0.04 0.29 ±0.02 <0.0001 0.002 0.462 <0.0001 

Neutrophils 
(109/L) 3.44 ±0.27 3.71±0.54 3.56 ±0.21 0.388 0.597 >0.999 0.687 

Eosinophils 
(109/L) 0.12 ±0.02 0.21 ±0.03 0.12±0.02 0.0502 0.078 >0.999 0.082 

Basophils 
(109/L) 0.02±0.006 0.03 ±0.004 0.03±0.004 0.650 >0.999 >0.999 >0.999 

Platelets 
(109/L) 263.79 ±19.12 265.78 ±15.83 260.47 ±12.86 0.973 0.998 0.987 0.974 

Red blood 
cells (1012/L) 

4.49 ±0.07 4.47 ±0.10 4.47 ±0.05 0.966 0.976 0.969 0.999 

Haemoglobin 
(g/L) 132.93 ±2.74 132.67 ±2.20 135.37 ±1.80 0.631 0.997 0.698 0.715 

Haematocrit 
(%) 0.400 ±006 0.40 ±0.005 0.40 ±0.004 0.690 0.687 0.983 0.751 

Mean cell 
volume (fl) 89.43 ±0.84 88.67 ±1.20 89.74 ±0.80 0.741 0.860 0.964 0.720 

ESR (mm/hr) 	 14.00±5.28 10.00±1.20 0.020 >0.999 0.085 0.047 

	

	

	

	

	

	

	



CHAPTER 5 – NK cells in CFS/ME and MS 

	

	 	 	 Page | 87 
	

A
cc

ep
te

d 
A

rti
cl

e 
 

Table 2: NK cell phenotype distribution for CFS/ME, MS and non-fatigued control 

participant groups. 

 

 

Table 3: NK cell adhesion molecules on CD56dimCD16+ and CD56bright NK cells from 

CFS/ME, MS and non-fatigued controls. 

 

    P values 

 
CFS/ME 
(n = 14) 

MS 
(n = 9) 

Control  
(n = 19) 

Overall 
CFS/ME 

& 
MS 

CFS/ME 
& 

Control 

MS 
& 

Control 

Total NK (%) 68.95±5.79 82.30±4.45 58.76±5.25 0.085 >0.999 0.534 0.098 

CD56dimCD16+ (%) 51.60±4.42 50.31±3.69 51.20±2.98 0.668 >0.999 >0.999 >0.999 

CD56brightCD16-/dim (%) 4.29±0.74 7.83±1.48 5.75±0.41 0.147 0.1753 0.538 >0.999 

    P values 

 
CFS/ME 
(n = 14) 

MS 
(n = 9) 

Control  
(n = 19) 

Overall 
CFS/ME 

& 
MS 

CFS/ME 
& 

Control 

MS 
& 

Control 

CD56dimCD16+        

CD11a  (%) 100
0.23 100
0.06 100
���� 0.613 >0.999 >0.999 >0.999 

CD11b (%) 96.60±1.98 93.56
2.31 91.90
3.08 0.357 >0.999 0.501 >0.999 

CD11c (%) 75.55
6.78 75.15
7.84 78.95
3.08 0.764 >0.999 >0.999 >0.999 

CD18 (%) 100.0
0.18 99.90
0.03 100.0±0.04 0.483 0.686 >0.999 >0.999 

CD2 (%) 75.65
2.26 75.12
3.58 74.56
2.87 0.961 0.993 0.957 0.991 

CD56brightCD16-/dim        

CD11a  (%) 100
0.16 99.53
0.17 100
0.05 0.243 0.638 >0.999 0.287 

CD11b (%) 94.50
3.35 96.10
0.99 93.66
1.403 0.883 >0.999 >0.999 >0.999 

CD11c (%) 74.63
4.43 83.70
3.61 88.20
2.34 0.274 0.959 0.339 >0.999 

CD18 (%) 99.75±0.20 100.0
0.16 100.0
0.06 0.142 0.708 0.153 >0.999 

CD2 (%) 90.22
1.08 92.70
1.86 91.21
0.90 0.630 >0.999 >0.999 >0.999 
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Table 4: Lytic proteins and cell maturation CD57 on CD56dimCD16+ and 

CD56brightCD16-/dim NK cells from CFS/ME, MS and non-fatigued controls.  

 

	

	

	

	

	

	

	

	

	

	

	

    P values 

 
CFS/ME 
(n = 14) 

MS 
(n = 9) 

Control  
(n = 19) 

Overall 
CFS/ME 

& 
MS 

CFS/ME 
& 

Control 

MS 
& 

Control 
CD56dimCD16+        

Perforin (%) 67.19
3.73 51.66
4.58 63.43
5.03 0.134 0.122 0.825 0.253 

Granzyme A (%) 80.02
3.23 77.93
4.98 85.40
5.81 0.986 >0.999 >0.999 >0.999 

Granzyme B (%) 76.91
3.57 65.41
4.94 85.70
4.107 0.088 0.404 >0.999 0.083 

CD57 (%) 74.75
2.44 63.92
5.13 70.10
3.94 0.134 0.245 0.265 >0.999 

CD56brightCD16-/dim        

Perforin (%) 2.64
0.66 1.40
1.33 1.3
1.49 0.619 >0.999 >0.999 >0.999 

Granzyme A (%) 31.68
4.95 29.04
4.13 29.76
3.27 0.908 0.916 0.934 0.993 

Granzyme B (%) 11.36
��	� 11.09
���� 14.58
���� 0.453 0.997 0.532 0.568 

CD57 (%) 25.86
���� 16.78
���� 19.50
���� 0.247 0.301 0.885 >0.999 
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Figures  

 

Figure 1: Expression of KIR2DL5 on CD56brightCD16-/dim NK cells and CD94 on 

CD56dimCD16+ NK cells from CFS/ME, MS and non-fatigued controls. In 

comparison to the controls, KIR2DL5 expression was significantly increased (p<0.05) 

on CD56brightCD16-/dim NK cells from MS patients (A). CD94 expression on 

CD56dimCD16+ NK cells from MS patients was also significantly increased (p<0.05) 

compared to the controls (B). Data are presented as median ranked values with 

interquartile ranges. 
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Figure 2: CFS/ME, MS and non-fatigued control co-expression of CD57 and 

perforin on CD56dimCD16+ NK cells. Compared to both the MS and non-fatigued 

control cohorts, CFS/ME patients had a significant increase in the co-expression of 

CD57 and perforin on CD56dimCD16+ NK cells (*p<0.05 and **p<0.01). Data are 

presented as median ranked values with interquartile ranges.  
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Huth, TK, Brenu, EW, Staines, DR & Marshall-Gradisnik, SM, 2015, Killer cell 

immunoglobulin-like receptor genotype and haplotype investigation of Natural Killer 

cells from an Australian population of Chronic Fatigue Syndrome/ Myalgic 

Encephalomyelitis. Gene Regulation and Systems Biology. 2015;(in review). 
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6.1 Abstract  

Introduction:  KIR genes encode for activating and inhibitory surface receptors, which 

are correlated with the regulation of NK cell cytotoxic activity. Reduced NK cell 

cytotoxic activity has been consistently reported in CFS/ME patients while KIR 

haplotypes and allelic polymorphism remain to be investigated. Therefore, the aim of 

this paper was to conduct a pilot study to examine KIR genotypes, haplotypes and allelic 

polymorphism to determine if genetic variations may contribute to previous reports of 

reduced NK cell cytotoxic activity in CFS/ME patients.  

 

Methods: NK cells were isolated and deoxyribonucleic acid was extracted from 

CFS/ME patients and NFC. KIR genotyping was performed using multiplex sequencing 

of fourteen KIR amplicons on an Illumina MiSeq platform. The sequencing data were 

aligned to sequences obtained from the Immuno Polymorphism-KIR Database to 

determine KIR content, haplotypes and allelic assignments for each participant.  

 

Results: A total of 20 CFS/ME patients and 20 NFC were included in this study. 

Comparison of KIR and allelic polymorphism frequencies revealed no significant 

differences between CFS/ME patients and NFC. A lower frequency of the telomeric 

A/B motif (p<0.05) was observed in CFS/ME patients compared with NFC. 

 

Conclusions: This pilot study is the first to report differences in the frequency of KIR 

on the telomeric A/B motif in CFS/ME patients. As the activity of NK cells are 

governed by the balance between activating and inhibitory signals, differences in the 

gene content profile of KIR haplotypes may create different activation thresholds for 

NK cells in CFS/ME patients.  
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6.2 Introduction   

NK cells are effector cells of the innate immune system. Following recognition of a 

potential target cell, NK cells mediate a response through cytotoxic activity to remove 

the target cells or cytokine production to direct an immune response [40]. Activation of 

NK cell cytotoxicity is a tightly regulated process governed by the balance of signals 

received from surface receptors [53]. NK cells constitutively express a myriad of 

surface receptors, which can be structurally grouped into the immunoglobulin 

superfamily and the C-type lectin family [53, 107]. One major family of NK cell 

receptors includes the KIR [53, 107]. Through KIR receptors, NK cells recognise target 

cells with reduced or absent expression of MHC class I, which may be the result of 

infection, malignant transformation or cellular stress [111]. KIR engagement with 

specific MHC ligands transduces a cascade of signals to inhibit or activate NK cell 

cytotoxic activity [53].  

 

KIRs expressed on NK cells are encoded by sixteen KIRs that are located on human 

chromosome 19q13.4 in the LRC [108]. Of the sixteen KIR characterised, nine encode 

inhibitory receptors (KIR3DL3, KIR2DL2, KIR2DL3, KIR2DL5B, KIR2DL1, KIR2DL4, 

KIR3DL1, KIR2DL5A and KIR3DL2), six are activating (KIR2DS2, KIR2DS3/2DS5C, 

KIR3DS1, KIR2DS3/2DS5T, KIR2DS4 and KIR2DS1) and two are pseudogenes 

(KIR2DP1, KIR3DP1) [111]. Within the LRC, the KIR locus is defined by conserved 

framework genes including KIR3DL3, 3DP1, 2DL4 and 3DL2, which also mark 

centromeric and telomeric regions [112]. KIRs in the centromeric and telomeric regions 

are genetically diverse due to variability in gene content and allelic polymorphisms 

[109, 110]. The combination of KIR and pseudo genes gives rise to a number of 

different genotypes which according to the presence or absence of specific KIRs can be 
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further classified as haplotypes A or B [112]. Haplotype A predominantly consists of 

inhibitory genes including KIR2DL3 and KIR3DL1 and the activating KIR2DS4 [108]. 

KIR haplotypes that do not contain the exact copy of haplotype A genes are classified as 

haplotype B [108]. The predominance of inhibitory genes in haplotype A and activating 

genes in haplotype B suggests a distinct role of KIR haplotypes in governing effector 

functions of NK cells [113]. KIR association studies have suggested haplotype A 

provides more effective immunity for the clearance of viral infections including 

hepatitis C and Ebola compared with haplotype B due to the regulation of NK cell 

activity [114-116].  

 

Variations in KIR gene content and allelic polymorphism have been identified to 

influence KIR surface expression and receptor ligation required to initiate NK cell 

cytotoxic activity and cytokine production [116, 118, 119, 179, 180]. Reduced NK cell 

cytotoxic activity has consistently been reported in CFS/ME patients [22-24, 64, 88, 

142, 144-146]. Whilst one study has identified that CFS/ME patients have increased 

frequencies of KIR3DS1, additional levels of genetic diversity including KIR haplotypes 

and allelic polymorphism, remain to be investigated [63]. The aim of this pilot study 

was to investigate KIR genotypes, haplotypes and allelic polymorphism to determine if 

genetic changes in KIR contribute to previous reports of reduced NK cell cytotoxic 

activity in CFS/ME patients. 

 

6.3 Methods  

6.3.1 Study participants, inclusion criteria and ethics 

CFS/ME patients and NFC were recruited from a database at the National Centre for 

Neuroimmunology and Emerging Diseases, Menzies Health Institute Queensland, 
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Australia. In the absence of a diagnostic test, the Fukuda definition was used to identify 

CFS/ME patients [1] . All participants completed an online questionnaire based on the 

Fukuda definition for fatigue and symptom presentation to determine their suitability for 

inclusion in the study (Appendix 1). Exclusion criteria included participants presenting 

with thyroid conditions, diabetes, epilepsy, psychosis, cardiac disorders, smoking, 

pregnancy or breastfeeding, and immunological, inflammatory or autoimmune diseases. 

Written informed consent was obtained from all participants. This study was conducted 

with approval from Griffith University Human Research Ethics Committee 

(MSC22/12/HREC) and in accordance with the ethical standards of the 1964 Helsinki 

Declaration.  

 

6.3.2 Blood collection  

Thirty-five millilitres of peripheral blood was collected into ethylenediaminetetraacetic 

acid tubes from the antecubital vein of each participant. Blood samples were collected 

between the hours of 7:30 and 10am to eliminate circadian variation, and analysed 

within four hours of collection [181]. Participant blood parameters including full blood 

counts of white and red blood cells, electrolytes, ESR and C-reactive protein were 

assessed on all samples by Queensland Pathology.    

 

6.3.3 NK cell isolation and DNA extraction   

PBMCs were isolated by density gradient centrifugation with Ficoll-Hypaque (GE 

Health Care, Uppsala, SE). From the PBMCs, NK cells were isolated by a negative 

selection kit according to the manufacturer’s instructions (Miltenyi Biotec, Auburn, 

AL). Isolated NK cells were frozen in liquid nitrogen and stored for DNA extraction at 

a later date. DNA from NK cells was extracted using the QIAamp DNA extraction kit 
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(Qiagen, Hilden, DE) according to manufacturer’s instructions and the concentration 

and quality of each DNA extraction was assessed using the Nano Drop 

Spectrophotometer 1000 (NanoDrop Technologies, Wilmington, DE). Prior to genetic 

typing, NK cell DNA was stored at –20°C.            

 

6.3.4 KIR gene content haplotyping 

KIR genotyping was performed using reagents and software at Scisco Genetics (Seattle, 

WA) [112, 182, 183]. Fourteen locus-specific primer pairs were used for the initial 

polymerase chain reaction (PCR) amplification to detect KIR3DL3, 2DS, 2DL2, 2DL3, 

2DL5B, 2DS3/DS5C, 2DP1, 2DL1, 3DP1, 2DL4, 3DL1, 3DS1, 2DL5A, 2DS3/2DS5T, 

2DS1, 2DS4 and 3DL2 [182]. PCR amplicons generated from each individual were 

pooled and purified through enzymatic treatment with Exonuclease I and alkaline 

phosphatase. To ensure unique identification of each sample, the purified amplicon 

targets were combined with DNA linkers containing adaptor sequences; this serves as 

primer binding sites for dual-indexing barcode PCR. Following barcoding, the samples 

were pooled and multiplex sequencing was performed using the MiSeq platform 

(Illumina, San Diego, CA). The sequencing data generated were aligned to sequences 

obtained from the Immuno Polymorphism-KIR Database to determine KIR and allelic 

assignments for each participant [184]. Participants were also stratified according to the 

number of activating (1-6) and inhibitory (6-9) KIRs present. 

 

6.3.5 KIR haplotypes 

KIR haplotypes in CFS/ME patients and NFC were identified according to the presence 

or absence of specific KIRs.  Haplotype A was determined according to the presence of 

nine KIRs: 3DL3, 2DL3, 2DP1, 2DL1, 3DP1, 2DL4, 3DL1, 2DS4 and 3DL2 [112]. 



CHAPTER 6 – KIR profile 

	

	 	 	 Page | 97 
	

Haplotype B was identified according to the absence of all haplotype A genes [112]. 

Participants presenting with only haplotype A genes were assigned A/A genotype, 

homozygous participants for haplotype B were assigned as B/B and heterozygous 

individuals containing haplotype A and B genes were assigned A/B [125].  

 

6.3.6 Centromeric and telomeric motif KIR haplotypes  

The position of KIRs within the KIR locus can further define the centromeric and 

telomeric motifs as genotypes A/A, B/B or A/B [112]. Haplotype A KIR on the 

centromeric motif includes KIR3DL3, 2DL3, 2DP1, 2DL1 and 3DP1 whilst 2DL4, 

3DL1, 2DS4 and 3DL2 are found on the telomeric motif. Centromeric and telomeric 

motifs with only haplotype B genes were assigned B/B and participants with a 

combination of haplotype A and B genes on both motifs were classified as A/B.     

 

6.3.7 Statistical Analysis  

Statistical analysis of the data was performed on the Statistical Package for the Social 

Sciences (IBM Corp, Version 22, Armonk, NY). For routine blood parameters, Shaprio-

Wilk test was used to assess for Gaussian distribution. The independent Mann-Whitney 

test was used to identify any significant differences in blood parameters between 

CFS/ME patients and NFC. Frequencies of KIRs, haplotypes, centromeric and telomeric 

haplotypes and KIR alleles were compared between CFS/ME patients and NFC using 

the Chi-square test or Fischer’s test of association. Only p values of <0.05 were 

considered statistically significant.  
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6.4 Results  

6.4.1 Participants, blood parameters and NK cell purity  

All participants were Caucasian, and a total of 20 CFS/ME patients meeting the Fukuda 

definition (mean age [years] ± SEM = 53.2 ± 2.26) and 20 NFC (mean age [years] ± 

SEM = 52.85 ± 1.70) were included in this study. No significant differences were 

observed when the ages, white and red blood cells parameters, electrolytes, ESR and C-

reactive protein were compared between CFS/ME patients and NFC (Table 5). The 

mean purity of isolated CD56+CD3- NK cells for CFS/ME patients and NFC was 98.0% 

and 98.9% respectively.  
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Table 5: Blood parameters measured in CFS/ME patients and NFC including white 

blood cells and red blood cells, electrolytes, ESR and C-reactive protein.  Data are 

presented as median (with interquartile range). 

 

6.4.2 Frequency of activating and inhibitory KIRs present in CFS/ME patients 

No significant differences were observed in the frequency of activating and inhibitory 

KIR between CFS/ME patients and NFC (Figure 9). The frequency of two and five 

activating genes (A) and six and seven inhibitory genes (B) were higher in CFS/ME 

patients compared with NFC, although this difference was not significant. 

 

 CFS/ME 
n = 20 

NFC 
n = 20 

P value 

White and red 

blood cells  

White blood cells (109/L) 6.10 (3.27) 6.2 (2.08) 0.602 

Lymphocytes (109/L) 1.96 (1.06) 1.82 (0.45) 0.620 

Monocytes (109/L) 0.38 (0.18) 0.34 (0.14) 0.314 

Neutrophils (109/L) 3.41 (2.34) 3.89 (1.47) 0.289 

Eosinophils (109/L) 0.16 (0.08) 0.13 (0.11) 0.265 

Basophils (109/L) 0.02 (0.01) 0.02 (0.02) 0.947 

Platelets (109/L) 263.50 (76.5) 245.00 (71.5) 0.565 

Red blood cells (1012/L) 4.63 (0.44) 4.55 (0.43) 0.583 

Haemoglobin (g/L) 135.50 (19.75) 136.00 (12.00) 0.968 

Haematocrit (%) 0.41 (0.05) 0.41 (0.03) 0.583 

Mean cell volume (fL) 91.00 (4.75) 90.00 (1.75) 0.718 

Electrolytes Sodium (mmol/L) 140.00 (1.00) 139.00 (2.75) 0.289 

 Potassium (mmol/L) 4.25 (0.40) 4.20 (0.60) 0.478 

 Chloride (mmol/L) 104.00 (3.75) 104.00 (2.00) 0.925 

 Bicarbonate (mmol/L) 28.00 (2.00) 27.50 (3.75) 0.265 

 Anion gap (mmol/L) 7.50 (2.00) 7.00 (1.75) 0.620 

 ESR (mm/hr) 9.50 (13.75) 10.00 (5.00) 0.659 

 C-reactive protein (mg/L) 2.00 (4.08) 2.05 (1.38) 0.862 
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Figure 9: Frequency of activating (A) and inhibitory (B) KIRs present in CFS/ME 

patients and NFC. Participants were stratified according to the number of activating (1-

6) and inhibitory (6-9) KIRs present. Data are presented as the frequency of each 

number of genes present within CFS/ME patients or NFC. No significant differences 

were observed. 

 

6.4.3 No significant difference in KIR gene frequencies in CFS/ME patients  

The frequencies of individual activating and inhibitory KIRs were compared between 

CFS/ME patients and NFC and no significant differences were observed (Figure 10). 

Whilst not significant, frequency of the activating KIR2DS2 was higher in CFS/ME 

patients when compared with the NFC (A). For KIR2DS3/2DS5C, KIR3DS1, 

KIR2DS3/2DS5CT, KIR2DS1 and KIR2DS4, the frequency was lower in CFS/ME 

patients compared with that of the NFC. Inhibitory KIRs KIR3DL3, KIR2DL1, 

KIR2DL4 and KIR3DL2 were present in all CFS/ME patients and NFC (B). In CFS/ME 

patients, the frequencies of KIR2DL2 and KIR2DL3 were higher compared with those in 

the NFC. The frequency throughout KIR2DL5B, KIR3DL1 and KIR2DL5A were lower 

in CFS/ME patients compared with those in the NFC, although these differences were 

not significant.  
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Figure 10: Frequency distribution of activating KIRs (A) and inhibitory KIRs (B) in 

CFS/ME patients and NFC. For each participant, sequencing data generated was aligned 

to sequences obtained from the Immuno Polymorphism-KIR Database to determine the 

presence of each KIR. Data are presented as the percentage of each gene present within 

CFS/ME patients or NFC, and no significant differences were observed between the two 

groups. 

	
	
6.4.4 Telomeric A/B haplotype motif associated with CFS/ME patients  

CFS/ME and NFC were classified as A/A, B/B or A/B genotypes according to presence 

or absence of specific KIRs and no significant differences were observed (Table 6). The 

frequency of the A/B telomeric motif was significantly lower in CFS/ME patients than 

in NFC (p<0.05).  

 

 

 

 

 



CHAPTER 6 – KIR profile 

	

	 	 	 Page | 102 
	

 Table 6: Distribution of KIR genotype including centromeric and telomeric motifs in 

CFS/ME patients and NFC (*p<0.05). Data are presented as n (frequency % within 

group).  

Abbreviations: CI, confidence interval; OR, odds ratio.   

 

6.4.5 Frequency distribution of KIR alleles in CFS/ME patients  

The presence of alleles associated with activating and inhibitory KIRs were compared 

between CFS/ME and NFC. Whilst CFS/ME patients presented with increased 

frequencies of KIR2DS2*007 and lower frequencies of KIR3DS1*014 and 

KIR2DL3*00110 compared with NFC, no significant differences were observed (Table 

7). 

 

 

 

 

 

 
 

CFS/ME 

n = 20 (%) 

NFC 

n = 20(%) 
P value OR 95% CI 

Genotype A/A 4 (20) 4 (20) 1.000 1.000 0.212 – 4.709 

 B/B 1 (5) 0 (0) 1.000 – – 

 A/B 15 (75) 16 (80) 1.000 1.333 0.300 – 5.926 

Centromeric motif A/A 7 (35) 10 (50) 0.337 1.857 0.522 – 6.612 

 B/B 4 (20) 1 (5) 0.342 0.211 0.021 – 2.079 

 A/B 9 (45) 9 (45) 1.000 1.000 0.288 – 3.476 

Telomeric motif A/A 12 (60) 8 (40) 0.206 0.444 0.125 – 1.575 

 B/B 3 (15) 0 (0) 0.231 – – 

 A/B 5 (25) 12 (60) *0.025 4.500 1.166 – 17.373 
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Table 7: Frequency distribution of KIR alleles in CFS/ME patients and NFC. The 

activating and inhibitory KIRs are listed in the first two columns. An asterisk (*) 

signifies the numerical allele designation. Data are presented as n (frequency % within 

group). 

 
Gene Allele 

CFS/ME 
n = 20 (%) 

NFC 
n = 20 (%) 

P value OR 95% CI 

Activating genes KIR2DS2 *00104 10 (50) 8 (40) 0.751 0.674 0.159 –2.764 
  *007 7 (35) 3 (15) 0.273 0.337 0.047 – 1.840 
  *008 2 (10) 1 (5) 1.000 0.482 0.008 – 10.024 
 KIR2DS3 *004 5 (25) 8 (40) 0.501 1.965 0.431 – 9.833 
  *005 1 (5) 1 (5) 1.000 1.000 0.012 – 82.524 
 KIR2DS5 *003 8 (40) 11 (55) 0.527 1.805 0.442 – 7.726 
  *012 8 (40) 9 (45) 1.000 1.221 0.294 – 0.518 
 KIR3DS1 *014 5 (25) 9 (45) 0.320 2.399 0.537 – 11.930 
  *049N 1 (5) 2 (10) 1.000 2.073 0.100 – 130.885 
  *055 1 (5) 0 (0) 1.000 – – 
  *078 1 (5) 0 (0) 1.000 – – 
 KIR2DS1 *001 1 (5) 0 (0) 1.000 – – 
  *008 11 (55) 13 (65) 0.748 1.504 0.357 – 6.571 
 KIR2DS4 *00102 3 (15) 1 (5) 0.605 0.307 0.005 – 4.243 
Inhibitory genes KIR3DL3 *047 0 (0) 1 (5) 1.000 – – 
  *054 0 (0) 1 (5) 1.000 – – 
  *056 0 (0) 1 (5) 1.000 – – 
 KIR2DL2 *00303 7 (35) 4 (20) 0.480 0.473 0.082 – 2.362 
  *013 2 (10) 1 (5) 1.000 0.482 0.008 – 10.024 
 KIR2DL3 *016 17 (85) 18 (90) 1.000 1.570 0.159 – 20.979 
  *00110 4 (20) 9 (45) 0.176 3.174 0.672 – 17.894 
  *020 4 (20) 2 (10) 0.661 0.453 0.036 – 3.663 
  *015 3 (15) 4 (20) 1.000 1.404 0.202 – 11.128 
  *011 2 (10) 1 (5) 1.000 0.482 0.008 – 10.024 
  *030 1 (5) 2 (10) 1.000 2.073 0.100 – 130.885 
 KIR2DL1 *023 13 (65) 13 (65) 1.000 1.000 0.225 – 4.451 
  *022 3 (15) 1 (5) 0.605 0.307 0.005 – 4.243 
  *021 2 (10) 1 (5) 1.000 0.482 0.008 – 10.024 
  *020 1 (5) 2 (10) 1.000 2.073 0.100 – 130.885 
  *025 1 (5) 1 (5) 1.000 1.000 0.012 – 82.524 
  *026 1 (5) 0 (0) 1.000 – – 
  *008 1 (5) 0 (0) 1.000 – – 
  *009 0 (0) 1 (5) 1.000 – – 
  *00601 1 (5) 1 (5) 1.000 1.000 0.012 – 82.524 
  *00402 0 (0) 1 (5) 1.000 – – 
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Table 7 continued: 

Abbreviations: CI, confidence interval; OR, odds ratio 

 

6.5 Discussion  

This pilot study is the first to genotype NK cell KIRs in an Australian population of 

CFS/ME and also the first to investigate KIR haplotype frequencies in CFS/ME patients. 

KIRs encode for activating and inhibitory surface receptors, which have previously been 

correlated with the regulation of NK cell cytotoxic activity [53, 179, 185-187]. Reduced 

NK cell cytotoxic activity has been consistently reported in CFS/ME patients and 

investigation of KIRs in the present study has revealed a significantly lower frequency 

of the telomeric A/B motif in CFS/ME.  

 

 
Gene Allele 

CFS/ME 
n = 20 (%) 

NFC 
n = 20 (%) 

P value OR 95% CI 

Inhibitory genes KIR2DL4 *0104 3 (15) 0 (0) 0.231 – – 
  *01201 1 (5) 0 (0) 1.00 – – 
  *017 1 (5) 0 (0) 1.00 – – 
  *0080102 0 (0) 1 (5) 1.000 – – 
 KIR3DL1 *077 18 (90) 18 (90) 1.000 1.000 0.066 – 15.205 
  *008 3 (15) 1 (5) 0.605 0.307 0.005 – 4.243 
  *033 3 (15) 2 (10) 1.000 0.637 0.048 – 6.293 
  *068 2 (10) 1 (5) 1.000 0.482 0.008 – 10.024 
  *072 2 (10) 1 (5) 1.000 0.482 0.008 – 10.024 
  *075 1 (5) 2 (10) 1.000 2.073 0.100 – 130.885 
  *052 1 (5) 0 (0) 1.000 – – 
 KIR3DL2 *018 4 (20) 6 (30) 0.716 1.691 0.322 – 9.940 
  *035 3 (15) 3 (15) 1 1.000 0.117 – 8.570 
  *00104 2 (10) 0 (0) 0.487 – – 
  *01302 0 (0) 2 (10) 0.487 – – 
  *056 1 (5) 1 (5) 1.000 1.000 0.012 – 82.524 
  *054 1 (5) 0 (0) 1.000 – – 



CHAPTER 6 – KIR profile 

	

	 	 	 Page | 105 
	

The numbers of activating and inhibitory KIRs present were compared between 

CFS/ME patients and NFC as gene quantity has been associated with NK cell activation 

[188, 189]. Whilst differences have been reported in the number of activating and 

inhibitory genes between CFS/ME patients and NFC, statistical significance has not 

been observed in this study. Specific KIRs were also examined and no significant 

differences were reported between CFS/ME patients and NFC. These findings contrast 

with a previous association report of increased activating KIR3DS1 in CFS/ME patients 

[63]. An increased frequency of KIR3DS1 has been correlated with increased NK cell 

degranulation and production of interferon-gamma [190]. Previously, we have also 

reported increased degranulation and interferon-gamma production in NK cells from 

CFS/ME patients, which suggests that frequencies of KIR3DS1 may contribute to NK 

cell dysfunction in CFS/ME [63, 88].  

 

Inherited diversity of KIR genotypes through the combination of maternal and paternal 

haplotypes has been associated with susceptibility or resistance to pathogen infection 

due to the regulation of NK cell activity [191]. Within the telomeric motif of the KIR 

locus, CFS/ME patients presented with a lower frequency of the A/B genotype 

compared with the NFC. More than half of the CFS/ME cohort presented with 

homogenous A/A telomeric motif which contains only one activating receptor, 

KIR2DS4. Due to the predominance of inhibitory KIRs in homogenous A/A genotypes, 

ligation of KIR2DL3, KIR2DL1 and KIR3DL1 confers strong inhibition through ITIMs 

[53, 192]. In contrast, inhibition of NK cells in haplotype B individuals is mediated by 

fewer ligands due to the absence of these inhibitory genes [192]. Differences in the 

presence of activating and inhibitory KIRs between A, B and AB suggest that each 
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haplotype may have different activation thresholds for NK cells which may be 

dysfunctional in CFS/ME patients.  

 

In addition to KIR content, variation between the haplotypes, allelic polymorphism 

caused by insertions, deletions, substitutions or single nucleotide polymorphisms also 

contributes to the regulation of NK cytotoxic activity [118-122]. The inhibitory function 

of NK cells is affected by substitutions of KIR3DL1, producing KIR3DL1*004, 

KIR3DL1*002 and KIR3DL1*007 [118, 125]. KIR3DL1*004 results in the production 

of a mis-folded protein which is retained in the endoplasmic reticulum, whilst 

KIR3DL1*002 transduces a stronger inhibitory response than KIR3DL1*007 due to 

conformational changes in the extracellular region of the receptor [119]. As allelic 

polymorphisms have been associated with changes in the levels of KIR surface 

expression and strength of signals integrated due to ligand affinity, KIR alleles were 

investigated in CFS/ME patients and no significant differences were observed.	

 

Conclusions 

This pilot study is the first to report differences in the frequency of KIR on the telomeric 

A/B motif in CFS/ME patients. As the activity of NK cells is governed by the balance 

between activating and inhibitory signals, differences in the gene content profile of KIR 

haplotypes may create different activation thresholds for NK cells [191, 192]. In 

CFS/ME patients, further investigations are required to determine if lower frequencies 

of A/B on the telomeric motif may contribute to dysfunctional regulation of NK cell 

cytotoxic activity. It is also paramount for future studies to include larger sample sizes 

to ensure there is enough statistical power to identify differences between CFS/ME 

patients and NFC. Future studies into NK cell KIRs have the potential to identify if 
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genetic predispositions may contribute to reduced NK cell cytotoxic activity in CFS/ME 

patients.  
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7.0 Final discussion  

Immunological dysregulation has been proposed as a significant factor contributing to 

the pathomechanism of CFS/ME, and reduced NK cell cytotoxic activity has 

consistently been reported in CFS/ME patients [22-24, 64, 88, 142, 144-146, 193-195]. 

The purpose of this research was to identify a potential mechanism of reduced NK cell 

cytotoxic activity in CFS/ME patients. Cellular and genetic mechanisms required for 

NK cell cytotoxic activity — including surface receptors, adhesion and intracellular 

signalling molecules, lytic proteins, degranulation, cytokine production and KIR genes 

and KIR haplotypes — were measured, and the results for CFS/ME patients and NFC 

were compared. Adhesion molecules, surface receptors and lytic proteins were also 

measured in CFS/ME patients for comparison with MS patients.  

 

In CD56dimCD16+ NK cells from CFS/ME patients, significant decreases were observed 

in CD18/CD11c adhesion molecule and the ERK1/2 intracellular signalling molecule. 

In CD56brightCD16dim/- NK cells from CFS/ME patients, p38 and MEK1/2 intracellular 

signalling molecules were significantly increased. The frequency of the KIR haplotype 

A/B on the telomeric motif was significantly lower in CFS/ME patients. In the pilot 

study comparing CFS/ME patients and MS patients, CD56dimCD16+ NK cell co-

expression of CD57 and perforin was significantly increased in CFS/ME patients 

compared with MS patients and NFC. In MS patients, CD94 was significantly increased 

on CD56dimCD16+ NK cells and KIR2DL5 was significantly increased on 

CD56brightCD16dim/- NK cells compared with NFC. Collectively, these results are the 

first to suggest that significant differences in adhesion molecules, intracellular 

signalling molecules and KIR haplotypes may support the previous findings of reduced 

NK cell cytotoxic activity in CFS/ME patients [22-24, 64, 88, 142, 144-146].  
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7.1 CD56dimCD16+ NK cells in CFS/ME patients 

7.1.1 CD18/CD11c and target cell adhesion  

A number of ordered steps, including contact and adhesion with the target cell, 

activation, granule polarisation and degranulation are required for NK cell cytotoxic 

activity [30, 51, 53, 57, 86, 127]. Decreased CD18/CD11c on CD56dimCD16+ NK cells 

may compromise contact and adhesion with the target cell. Expression of CD18/CD11c 

is high on CD56dimCD16+ NK cells compared to that of CD56brightCD16dim/- NK cells, 

which suggests that CD18/CD11c may play a unique role in target cell adhesion 

required for CD56dimCD16+ NK cell cytotoxic activity [196]. The importance of target 

cell adhesion for cytotoxic activity has been demonstrated in cytotoxic T cells where 

monoclonal antibodies directed to block CD18/CD11c adhesion inhibit cytotoxic T cell 

activity [197]. Inhibition of CD18/CD11c may compromise formation of a tight and 

stable IS with the target cell [60]. This is important for cytotoxic activity as it creates a 

focal point to direct polarisation of the secretory granules along the microtubules 

towards the target cell for degranulation [60, 152]. As CD18/CD11c has been identified 

to play an important role in target cell adhesion, the reduction of CD18/CD11c in 

CFS/ME may compromise formation of a stable IS required for NK cell cytotoxic 

activity.  

 

7.1.2 Regulation of CD18/CD11c target cell adhesion  

Target cell adhesions mediated through CD18/CD11a, CD18/CD11b and CD18/CD11c 

are differentially regulated in the presence of distinct agonists and cytokines [154]. 

Phorbol ester stimulation enhances target cell adhesion through CD18/CD11b whilst 

TNF promotes adhesion through CD18/CD11c [154]. Initial exposure of CD18/CD11c 

to TNF increases expression of CD18/CD11c 3.4 fold, which is correlated with 
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increased adhesion [154]. This suggests that adhesion mediated through CD18/CD11c 

requires a threshold level of surface expression in order to facilitate formation of a 

stable IS. Increased lymphocyte production of TNF-α has been reported in CFS/ME 

patients; however, the reduction of CD18/CD11c on CD56dimCD16+ NK cells may 

interfere with the ability of CD18/CD11c to respond to the TNF-α agonist [23, 198, 

199]. Threshold expression of CD18/CD11c may be compromised in CFS/ME patients, 

and inadequate to ensure CD56dimCD16+ NK cell adhesion with the target cell.  

 

Long term exposure of NK cells with IL-2 reduces expression of CD18/CD11c, and in 

CFS/ME patients, IL-2 production by lymphocytes has been reported to be significantly 

increased [23, 200-202]. IL-2 is predominantly produced by CD4+ T helper cells and in 

CFS/ME patients, increased IL-2 may be the result of immune dysregulation and 

ongoing antigenic stimulation [23, 28, 66]. This suggests that activation related changes 

induced by prolonged IL-2 exposure may in turn reduce expression of CD18/CD11c on 

CD56dimCD16+ NK cells from CFS/ME patients. IL-2 may cause down-regulation of 

CD18/CD11c through mechanisms including (a) adhesion molecule shedding from the 

surface of the cell, (b) adhesion molecule recycling from the plasma membrane into the 

cytoplasm or (c) down-regulation through transcriptional or translational modifications 

[203]. Whilst IL-2 production is traditionally associated with enhanced NK cell 

cytotoxic activity, long term exposure may down-regulate CD18/CD11c, which may 

compromise the ability of NK cells to adhere to target cells and initiate activation 

signals in CFS/ME patients. 
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7.1.3 Activation of NK cell cytotoxic activity  

Activation of NK cell cytotoxic activity is governed by the net balance of signals 

integrated through the MAPK intracellular signalling cascade [32, 53, 204]. The 

reduction observed in CD18/CD11c on CD56dimCD16+ NK cells from CFS/ME patients 

may interfere with NK cell signalling thresholds. Inhibitory receptors stringently control 

NK cell cytotoxic activity to protect against NK cell derived autoimmunity by setting 

activation thresholds [204, 205]. NK cells express a myriad of adhesion molecules, 

activating and co-activating receptors to facilitate the integration of multiple activation 

signals to overcome the activation threshold [32, 59]. In CFS/ME patients, deficiencies 

in CD18/CD11c may compromise the intracellular signalling threshold required to 

phosphorylate the MAPK pathway.  

 

7.1.4 ERK1/2 intracellular signalling 

Adhesion molecules and activating receptors govern NK cell cytotoxic activity by 

integrating activation signals into intracellular signalling cascades [51, 53, 75]. The 

MAPK pathway regulates intracellular signalling for NK cell cytotoxic activity and in 

CFS/ME patients, decreased CD18/CD11c may contribute to the reduction of 

phosphorylated ERK1/2 in CD56dimCD16+ NK cells. Target cell ligation of NK cell 

CD18/CD11c and activating receptors initiates Src kinase phosphorylation of ITAMs on 

the cytoplasmic tails [69-72]. ITAM phosphorylation recruits proximal signalling 

molecules Syk and ZAP-70 tyrosine kinases, which in turn initiate phosphorylation 

signalling cascades through MAPK to activate ERK1/2 [72, 151, 167, 168]. 

Downstream activation of ERK1/2 is required to facilitate polarisation of the secretory 

granules along the microtubules towards the IS for cytotoxic activity [75, 158]. 

Decreases in phosphorylated ERK1/2 have been observed when the integrin adhesion 
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molecules are blocked, which prevents intracellular signalling and conjugate formation 

with the target cell [70]. This suggests that in CFS/ME patients, reduced CD18/CD11c 

on CD56dimCD16+ NK cells may compromise intracellular signalling through MAPK to 

activate ERK1/2. Reduced activity of ERK1/2 may delay release of the lytic proteins 

which are required to induce cytotoxic lysis of target cells. Therefore, in CFS/ME 

patients, reduced ERK1/2 may contribute to decreased NK cell cytotoxic activity.  

 

7.1.5 ERK1/2 and degranulation  

ERK1/2 initiates secretory granule polarisation towards the IS, and in CFS/ME patients, 

degranulation was measured to determine if reduced ERK1/2 may interfere with the 

release of the lytic proteins. Whilst no significant differences were observed in this 

investigation, degranulation was increased in CD56dimCD16+ NK cells from CFS/ME 

patients. This trend supports previous findings of significantly increased NK cell 

degranulation in a larger cohort of CFS/ME patients [88]. Increased degranulation 

suggests that reduced ERK1/2 in CFS/ME patients may delay polarisation of the 

secretory granules rather than inhibit degranulation. Due to an inability to induce 

cytotoxic lysis of target cells, increased degranulation of CD56dimCD16+ NK cells from 

CFS/ME patients may be the result of prolonged contact with target cells. Kinetic 

priming facilitated by sustained NK cell contact with target cells retains convergence of 

the secretory granules and the MTOC at the plasma membrane [206]. This mechanism 

is known as “serial killing”, as subsequent lysis of target cells is more rapid due to pre-

docking of the secretory granules [207]. “Serial killing” bypasses the need for ERK1/2 

to initiate polarisation of the secretory granules towards the immune synapse for 

degranulation [207]. Reduced perforin and granzyme B has been reported in NK cells 

from CFS/ME patients, which may be a consequence of “serial killing” [47, 88]. Whilst 
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it has been identified that NK cells from CFS/ME patients are degranulating, the 

inability of NK cells to eliminate target cells by cytotoxic activity suggests that the NK 

cells may be highly activated through a potential mechanism of inefficient “serial 

killing”.  

 

7.1.6 ERK1/2 and Tregs  

The reduction of ERK1/2 in CD56dimCD16+ NK cells from CFS/ME patients may also 

be attributed to significantly increased Tregs in CFS/ME patients [66, 88]. Tregs are 

potent mediators of immune suppression, which can inhibit NK cell cytotoxic activity 

[208, 209]. Membrane-bound transforming growth factor beta (TGF-β) expression on 

Tregs interferes with intracellular signalling by blocking NKG2D on NK cells [208]. 

Target cell ligation of NKG2D activates NK cells, initiating phosphorylation of the 

MAPK intracellular signalling cascade and activation of ERK1/2 [157]. A similar 

mechanism of Tregs mediating ERK has been observed in CD8+ T cells where 

modulation of the T cell receptor (TCR) by Tregs prevents phosphorylation of ERK 

[210]. Tregs specifically target downstream activation of ERK as signalling molecules 

proximal to the TCR, including CD3ζ, Zap70 and protein kinase theta, are not inhibited 

by Treg ligation [210]. In CFS/ME patients, increased Tregs may also be a result of 

elevated IL-2 [23]. IL-2 in the presence of IL-4 and transforming growth factor beta 

(TGF-β) binds to its high affinity IL-2R receptor on naïve CD4+ T cells, initiating 

differentiation into Tregs and Th2 cells [211, 212]. Significantly elevated Tregs may 

therefore suppress ERK1/2 in CD56dimCD16+ NK cells, compromising the intracellular 

signalling required for secretory granule polarisation and cytotoxic activity in CFS/ME 

patients.  
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7.1.7 ERK1/2 and CD8+ T cells  

Dysregulated MAPK intracellular signalling through ERK1/2 in NK cells has been 

found in this investigation; consequently, a similar intracellular signalling impairment 

may contribute to significantly reduced CD8+ T cell cytotoxic activity in CFS/ME 

patients [24]. CD8+ T cells mediate an adaptive immune response, and activation 

requires (a) antigen presentation on the target cell to the TCR, (b) activation signals 

from co-stimulatory molecules and (c) CD8+ T cell interaction with Th cells [213]. 

After activation, intracellular signalling through MAPK phosphorylation activates 

ERK1/2, which facilitates secretory granule polarisation [77]. As described above, 

significantly increased Tregs may reduce ERK1/2 activation in CD8+ T cells [210]. 

Reduced ERK1/2 activation may delay polarisation of the secretory granules along the 

microtubules towards the IS, which may contribute to reduced CD8+ T cell cytotoxic 

activity in CFS/ME patients.  

 

7.2 CD56brightCD16dim/-NK cells in CFS/ME patients 

7.2.1 IFN-γ regulation of NK cell cytotoxic activity  

CD56brightCD16dim/-NK cell production of immunoregulatory cytokines, including IFN-γ 

and TNF-α, regulate CD56dimCD16+ NK cell cytotoxic activity [97]. Increased IFN-γ 

production from NK cells has been reported in CFS/ME patients, and this may 

contribute to the dysregulation of NK cell cytotoxic activity [88, 214]. IFN-γ inhibits 

NK cell cytotoxic activity by up-regulating MHC class I molecules on target cells [97, 

175, 176]. MHC class I molecules are ligands for inhibitory receptors on NK cells, 

which prevent activation of NK cell cytotoxic activity [97, 175, 176]. Conversely, IFN-

γ has also been identified to augment NK cell cytotoxic activity by up-regulating 

ICAM-1 on target cells through the NF-κβ pathway [97]. Increased ICAM-1 enhances 
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target cell conjugation with integrin adhesion molecules on NK cells, which facilitates 

formation of the IS and activation of cytotoxic activity [215]. As NK cell cytotoxic 

activity is reduced in CFS/ME patients, increased IFN-γ production may increase 

inhibition signals from target cell ligation, potentially preventing NK cells from 

reaching the activation threshold required for cytotoxic activity.  

 

7.2.2 p38, MEK1/2 and IFN-γ production   

Increased IFN-γ production from NK cells in CFS/ME patients may be attributed to 

dysregulated intracellular signalling through MAPK phosphorylation [88, 214]. In this 

investigation, p38 and MEK1/2 were significantly increased in CD56brightCD16dim/- NK 

cells from CFS/ME patients, which may contribute to increased production of IFN-γ. 

Innate pro-inflammatory cytokines including IL-12 and IL-18 signal through the MAPK 

phosphorylation cascade to activate p38 and MEK1/2 [68, 78, 79, 99]. Once activated, 

p38 and MEK1/2 undergo a cyto-nuclear shift to regulate IFN-γ production through 

transcriptional and translational modifications [68, 78, 79, 99]. Increased IL-12 in serum 

samples from CFS/ME patients has been reported; in turn, this may enhance MAPK 

activation of p38 and MEK1/2 in CD56brightCD16dim/- NK cells and prolong 

transcription and translation of IFN-γ [214].  

 

7.2.3 Genetic predispositions, p38 and IFN-γ production   

In CFS/ME patients, genetic predispositions may also contribute to increased NK cell 

production of IFN-γ through the MAPK pathway [216]. In CFS/ME patients, the 

Wiskott-Aldrich syndrome protein family verprolin homologous 3 (WAVE3) gene may 

be associated with MAPK regulation and CFS/ME symptom severity [217]. WAVE3 

encodes the WAVE3 protein, which has been identified to regulate p38 through the 
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MAPK pathway [218]. WAVE3 activates Rac-1, which is upstream of p38 and MEK1/2 

in the MAPK phosphorylation cascade [219, 220]. Through Rac-1 activation, WAVE3 

specifically targets p38 [218]. In the absence of WAVE3 induced by gene silencing, 

RAC-1 can still phosphorylate ERK1/2 and JNK [218]. Therefore, this may explain the 

presence of increased p38 in CD56brightCD16dim/- NK cells from CFS/ME patients. 

Dysregulated expression of WAVE3 in CFS/ME patients may therefore enhance activity 

of p38 and increase production of IFN-γ.  

 

Single nucleotide polymorphisms (SNPs) in IFN-γ have also been identified to augment 

IFN-γ production [221]. In CFS/ME patients, the frequency of adenine to thymine (T) 

polymorphism at IFN-γ +874 has been reported to be higher [216, 222]. The T allele 

associated with IFN-γ +874 results in preferential binding of the transcriptional factor 

NF-κβ, which increases expression of IFN-γ [221]. Subsequently, the SNP resulting in 

the T allele has been correlated with higher levels of IFN-γ production [221-223]. A 

similar mechanism of increased IFN-γ production due to the IFN-γ +874 SNP has been 

reported to contribute to the autoimmune process associated with MS and Rheumatoid 

Arthritis [222, 224]. In CFS/ME patients, IFN-γ +874 SNP may therefore result in 

increased production of IFN-γ from NK cells, which interferes with NK cell cytotoxic 

activity. 

 

7.2.4 p38, IFN-γ and CFS/ME symptoms    

Whilst IFN-γ has the potential to inhibit NK cell cytotoxic activity, increased IFN-γ 

production may also contribute to the development of fatigue and severity of symptoms 

suffered by CFS/ME patients [225, 226]. IFN-γ is a pro-inflammatory cytokine and in 

MS patients with severe fatigue, peripheral production of IFN-γ has been reported to be 
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significantly higher [227]. Elevated levels of pro-inflammatory cytokines in peripheral 

circulation can be actively transported across the blood brain barrier (BBB) into the 

central nervous system (CNS) [228]. Within the CNS, IFN-γ may initiate the activation 

of glial cells — including astrocytes, microglia and oligodendrocytes — which function 

as antigen presenting cells producing additional cytokines including TNF-α, IL-1, IL-6, 

IL-2 and TGF-β [228]. In particular, production of TNF-α and IL-1 produce autocrine 

signals, which further enhance cytokine production in the CNS [225].  

 

The MAPK intracellular signalling pathway mediates cytokine production in the CNS 

and a similar mechanism of dysregulated MAPK signalling through p38 may also be 

present in the CNS of CFS/ME patients [226]. Regulation of brain cytokines through 

p38 and MAPK has been linked to central mechanisms of fatigue in animal models for 

immunologically induced fatigue [217, 226]. Augmented signalling through p38 may 

elevate the glial production of brain cytokines — including IFN-γ, TNF-α, IL-1, IL-6, 

IL-2 and TGF-β — has been attributed to the development of symptoms including 

cognitive difficulties, severe fatigue, fever, headaches and chills [217, 226, 229, 230]. 

Cognitive dysfunction is a central mechanism of fatigue and has been reported in 95.2% 

of CFS/ME patients [217, 226, 231]. Headaches have been reported in 73.7% of 

CFS/ME patients, and flu-like symptoms and malaise have been reported in 75.1% of 

patients [231]. Therefore, increased production of IFN-γ may activate glial cells to 

produce additional brain cytokines, which mediate the development of fatigue, 

cognitive dysfunction, headaches, flu-like symptoms and malaise in CFS/ME patients.  
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7.2.5 MAPK pathway, IFN-γ and DCs    

NK cell production of IFN-γ also acts as an immunoregulatory cytokine by facilitating 

the transition from the innate to the adaptive immune response [138, 232]. In CFS/ME 

patients, increased IFN-γ from NK cells may contribute to dysregulated signals between 

the innate and adaptive systems. Under inflammatory conditions, CD56brightCD16dim/- 

NK cells localise into the draining lymph node (LN) through the lumen of high 

endothelial venules; these express CXCL9, the cognate ligand for CXCR3 expressed on 

the surface of NK cells [232, 233]. Inside the LN, NK cells reside in the paracortex in 

close proximity to DCs where they either lyse immature DCs through cytotoxic activity 

or stimulate DC maturation and the production of IL-12 [232, 234, 235]. In CFS/ME 

patients, elevated DC secretion of IL-12 may stimulate CD56brightCD16dim/- NK cells 

through p38 and MEK1/2 intracellular signalling to produce IFN-γ.  

 

7.2.6 MAPK pathway, IFN-γ and Th immune response  

Increased IFN-γ production by NK cells in CFS/ME patients may favour a Th1 

response. Evidence from mouse studies indicate that the combination of IFN-γ secretion 

from NK cells, and IL-12 secretion from DCs in the LN induces expression of T-bet, a 

key regulator of Th1 polarisation [232, 236, 237]. Once activated, a Th1 response is 

targeted to facilitate the removal of cells infected with intracellular pathogens, including 

bacteria and viruses [238]. Th1 cells initiate the removal of target cells by secreting 

cytokines — including IL-2, TNF-β and IFN-γ — and regulating cell-mediated 

immunity through the production of complement-fixing and opsonising antibodies 

including immunoglobulin G2a [238, 239]. Development of polarised Th1 response is 

required for effective immunity against intracellular pathogens [237]. However, 

dysregulated IFN-γ production enhancing Th1 polarisation can become pathogenic as 
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exemplified in models for experimental autoimmune encephalomyelitis and neuritis 

[240, 241]. In CFS/ME patients, NK cell production of IFN-γ may promote a self-

reinforcing positive feedback loop with DCs and Th1 cells, favouring a Th1 response.  

 

Prevalence of a Th1 response inhibits activation of Th17 cells and Th2 cells through the 

antagonistic activity of IL-2, TNF-β and IFN-γ [239]. As NK cell production of IFN-γ 

may promote a Th1 response in CFS/ME patients, the cytokine profiles of CFS/ME 

patients have been examined [23, 28, 88, 194, 195]. Significant increases and decreases 

in the cytokines released from Th1, Th2 and Th17 cells from CFS/ME patients have 

been reported and the equivocal results may be due to a number of factors [23, 28, 88, 

172, 194, 195]. Initiation of a Th1, Th2 or Th17 response is first determined by the 

invading pathogen [238, 239]. Intracellular pathogens, including bacteria and viruses 

facilitate a Th1 response; whilst extracellular pathogens such as parasites initiate a Th2 

response [238, 239]. Additional factors which may affect Th immune response also 

include (a) the type of antigen, (b) the density and affinity of the stimulating ligand, (c) 

co-stimulatory signals provided by antigen presenting cells, (d) hormones and cytokines 

in the surrounding micro-environment and (e) genetics of the host [239, 242, 243]. 

Variable methods of cytokine assessment may further confound the interpretation of 

results, leading to discrepancies in cytokine reports from CFS/ME patients. Throughout 

this investigation, intracellular measurement of IFN-γ production from NK cells was 

referenced; this is advantageous as it provides data on IFN-γ production specifically 

from NK cells [88]. Additionally, Th1, Th2 or Th17 cytokines have been measured in 

cell supernatant after mitogenic stimulation of PBMCs and also in serum, plasma and 

cerebrospinal samples from CFS/ME patients [23, 28, 88, 194, 195, 244]. Whilst these 

measurements provide useful information about the cytokine micro-environment, it is 
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difficult to determine which specific cell(s) may have significantly altered cytokine 

production. Antigenic stimulation, cytokine micro-environment and assay variability 

may therefore contribute to differences in cytokine reports about CFS/ME patients.  

 

Determination of a predominant Th response is governed by a number of factors and in 

CFS/ME, it may be possible that a paradox mediated by both Th1 and Th2 cytokines 

may contribute to the reported immune dysregulation. For example, in asthma, the 

presentation of an entirely Th2 response is unable to explain the total inflammatory 

response [245]. Bronchial hyperactivity and associated asthma symptoms were due in 

part to a Th1 response, suggesting the presence of a paradox between Th1 and Th2 

responses [245]. In CFS/ME patients, a combination of factors identified as influencing 

the Th immune response — which includes increased IFN-γ from NK cells — may 

therefore contribute to differences reported in cytokine production. The reciprocal 

interaction of NK cells, Th cells and cytokines may also contribute to the complexity of 

identifying the cytokine profile of CFS/ME patients. It is possible that in CFS/ME, 

patient subgroups may be characterised by different immune responses according to the 

presence of Th1 or Th2 cytokines.   

 

7.3 Impaired CD56dimCD16+ NK cells and CD56brightCD16dim/-NK cells 

in CFS/ME patients 

Whilst CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells have functionally 

distinct roles in the immune response, the synergistic effector functions of both 

phenotypes are required for the efficient clearance of target cells [29, 32]. 

CD56dimCD16+ NK cells induce cytotoxic activity and CD56brightCD16dim/- NK cells 

produce cytokines to regulate cytotoxic activity and assist the transition from the innate 
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to the adaptive immune response [40, 41]. In CFS/ME patients, impairments in both 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells may contribute to NK cell 

functional deficiencies.  

 

The combination of impairments in CD56dimCD16+ NK cells and CD56brightCD16dim/- 

NK cells may be the result of a compensatory mechanism in CFS/ME patients. The 

inability to clear target cells by cytotoxic activity may be compensated for by up-

regulating cytokine production to favour non-cytotoxic elimination of the invading 

pathogen [216]. A similar mechanism of compensation has been reported in murine 

tumour models, which present with a loss of NK cell cytotoxic activity and a gain of 

cytokine production [196]. Whilst initial exposure of NK cells to IL-2 in the tumour 

micro-environment enhanced NK cell cytotoxic activity, prolonged exposure for seven 

days resulted in reduced cytotoxic activity [196]. In conjunction with reduced cytotoxic 

activity, spontaneous and increased degranulation, reduced surface expression of 

CD11c, reduced intracellular levels of granyzme B and perforin and increased IFN-γ, 

TNF-α and GM-CSF were also reported [196]. These results suggest that in CFS/ME 

patients, increased IL-2 and IL-12 in the cytokine micro-environment may result in 

post-activated NK cells with reduced cytotoxic activity and increased IFN-γ production. 

These findings support previous suggestions that a potential mechanism of inefficient 

“serial killing” and the inability to remove target cells may cause a shift of NK cells to 

become activated cytokine producers [196, 207]. Cytokine production in CFS/ME 

patients may be further augmented by increased IL-12 intracellular signalling through 

p38 and MEK1/2.  
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The combination of increased p38 in CD56brightCD16dim/- NK cells and reduced ERK1/2 

in CD56dimCD16+ NK cells may also be linked in CFS/ME patients. A similar 

mechanism has been reported in renal fibrosis patients where selective inhibition of 

ERK1/2 resulted in significant up-regulation of p38 [246]. Therefore, in CFS/ME 

patients, prolonged IL-2 exposure may down-regulate CD18/CD11c compromising 

intracellular signalling through MAPK to activate ERK1/2. This may initiate an NK cell 

shift to become cytokine producers following IL-12 stimulation of p38 and MEK1/2 

through the MAPK pathway. However, in CFS/ME patients the presence of increased 

pro-inflammatory cytokines, including IFN-γ from NK cells may exacerbate CFS/ME 

symptoms including fatigue, cognitive dysfunction, headaches, flu-like symptoms and 

malaise [217, 226, 231]. 

 

7.4 CFS/ME KIR gene profile  

Variations in KIR gene content and allelic polymorphism have been identified to 

influence the KIR surface expression and receptor ligation required to initiate NK cell 

cytotoxic activity and cytokine production [116, 118, 119, 179, 180]. Within the 

telomeric motif of the KIR locus, CFS/ME patients presented with a significantly lower 

frequency of the A/B genotype and a higher frequency of the homogenous A/A 

genotype. More than half of the CFS/ME cohort presented with homogenous A/A 

telomeric motif which contains only one activating receptor, KIR2DS4. Therefore, the 

combination of activating and inhibitory genes present in each genotype may contribute 

to changes in the activation threshold for NK cell cytotoxic activity in CFS/ME patients.  
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7.5 NK cells in CFS/ME and MS    

NK cell cytotoxic activity mechanisms were measured in CFS/ME and MS patients to 

compare potential mechanisms of reduced NK cell activity in two chronic conditions 

with persistent fatigue. CFS/ME and MS comparisons revealed one significant 

difference in the co-expression of CD57 and perforin. In the MS cohort, significant 

differences were reported in KIR2DL5 on CD56brightCD16+/- NK cells and increased 

CD94 on CD56dimCD16+ NK cells compared with the NFC. These results suggest that 

differences in the potential mechanisms responsible for reduced NK cell cytotoxic 

activity may be associated with the pathogenesis of each condition. 

 

In comparison to NFC and MS patients, significant increases in the co-expression of 

perforin and CD57 on CD56dimCD16+ NK cells from CFS/ME patients may be a 

reflection of activated NK cells [133]. Surface expression of CD57 is acquired as NK 

cells develop from CD56bright to CD56dim NK cells [164]. It has also been reported that 

antigenic stimulation from infections including human cytomegalovirus, 

mycobacterium tuberculosis, human parvovirus and Epstein-Barr virus (EBV) increase 

CD57 expression [247-250]. Whilst CD57 is correlated with expression of the lytic 

proteins and cytotoxic activity, increased CD57 has also been correlated with a 

progressive decline in NK cell degranulation and cytokine production [164, 251]. 

Increased CD57 in patients with immune activation may align to the potential 

symptoms and proposed onset of CFS/ME in some patients. 

 

Co-expression of CD57 with perforin was increased in CFS/ME patients and EBV virus 

has also been identified to modify intracellular perforin levels [252]. Perforin is 

produced as an inactive glycosylated precursor, which is cleaved to produce the active 
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form of perforin [252]. EBV induces conformational changes in the perforin protein 

[252]. This results in the accumulation of immature perforin that cannot be cleaved to 

the active form [252]. Consequently, NK cell cytotoxic activity is reduced as perforin is 

unable to facilitate granyzme delivery into the target cell [252]. Although incidence of 

EBV has been reported in some CFS/ME patients, other pathogens may target CD57 

and perforin expression in a similar mechanism to evade and reduce NK cell cytotoxic 

activity.  

 

In contrast to the results reported in this study, two separate studies have reported 

significant reductions in CD57 and perforin [47, 66].  These variations may be related to 

different criteria employed to identify CFS/ME patients. Firstly, both studies employed 

the Fukuda definition whilst the present study identified CFS/ME patients according to 

the ICC. In the study reporting CD57, the patient cohort also had Lyme disease and 

therefore, a different illness onset [66, 253]. Classification of CFS/ME patients with 

more stringent criteria such as the ICC, may be beneficial for investigating how 

symptoms correspond with immune dysfunction in CFS/ME patients. This concept is 

exemplified in the present research for NK cell adhesion molecules and receptors as 

impairments were different between Fukuda CFS/ME patients and ICC CFS/ME 

patients. The Fukuda patients presented with reduced CD18/CD11c adhesion molecule 

whilst ICC CFS/ME patients presented with significantly increased co-expression of 

CD57 and perforin. The increase in CD57 and perforin potentially driven by immune 

activation may contribute to NK cell functional deficiencies in CFS/ME patients.   
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7.6 Limitations and future directions  

The results presented in this study are the first to report that a combination of cellular 

and genetic impairments may contribute to the mechanism of reduced NK cell cytotoxic 

activity in CFS/ME patients. However, additional confirmatory studies are required in a 

larger cohort of CFS/ME patients to confirm these current research findings. 

Specifically, further investigations of KIR gene content in a significantly larger sample 

size of CFS/ME patients would permit a large scale analysis for a KIR association study. 

In diseases such as Tuberculosis, KIR association studies have identified that KIR 

genotypes are associated with disease severity and disease outcome and as such, 

warrants further investigations into CFS/ME patients. Additionally, KIR analysis in 

conjunction with NK cell functional assays — such as intracellular signalling, 

degranulation, cytotoxic activity and cytokine production — would provide greater 

insight to determine if changes in KIR profile directly affect NK cell effector function in 

CFS/ME patients. Sixteen KIRs encode for surface receptors; however, due to the 

availability of mABs only eight KIRs were examined in this investigation. Since this 

study was designed, new mABs for KIRs have been developed which would allow for a 

complete investigation of the KIR profile in CFS/ME patients.  Moreover, the role of 

MAPK intracellular signalling in the effector function of CD56dimCD16+ NK cells and 

CD56brightCD16dim/- NK cells in CFS/ME patients may be further investigated with 

additional signalling molecules in the MAPK pathway. This would provide further 

information to determine if there are downstream consequences after the impairments 

reported in ERK1/2, p38 and MEK1/2. Further examination of the mechanisms that 

regulate the MAPK intracellular signalling cascades, including phosphatases and 

scaffold proteins, may also be beneficial.  
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7.7 Conclusion    

Collectively, the results from this research are the first to report that significant 

differences in NK cell adhesion molecules, intracellular signalling molecules and KIR 

genotypes may contribute to NK cell functional deficiencies in CFS/ME patients. In 

CD56dimCD16+ NK cells and CD56brightCD16dim/- NK cells from CFS/ME patients, 

significant impairments in the MAPK pathway may have downstream consequences for 

the effector functions of each phenotype. Reduced CD18/CD11c and ERK1/2 in 

CD56dimCD16+ NK cells may interfere with granule polarisation required for cytotoxic 

activity, whilst increased p38 and MEK1/2 may affect cytokine production in 

CD56brightCD16dim/- NK cells. The presentation of CFS/ME patients with reduced NK 

cell cytotoxic activity and increased IFN-γ production may be a reflection of a 

compensatory mechanism. Due to the inability of CD56dimCD16+ NK cells to induce 

cytotoxic lysis of target cells and sustained exposure to IL-2, NK cells may undergo a 

shift to produce cytokines to facilitate the non-cytotoxic removal of target cells. 

However, increased IL-12 may enhance cytokine production through p38 and MEK1/2 

in CD56brightCD16dim/- NK cells which in turn may exacerbate CFS/ME symptoms. In 

conjunction with MAPK signalling impairments, this thesis is the first to report that KIR 

genotypes may also contribute to NK cell deficiencies in CFS/ME patients, although 

further investigations in a larger sample size are required to validate these findings.  
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The NCNED Australian Registry for CFS/ME 

 

SECTION A: BACKGROUND INFORMATION 

1. Date of birth (dd/mm/yy) __________ Age (years) ___ 
 

2. Your Sex   

� Female  

� Male 
 

3. Your height __________ cm weight __________ kg 

4. Your highest level of education obtained? 

� Primary school 

� Secondary (high) school 
� Professional training (not university) 

� Undergraduate 

� Post graduate/Doctoral 
 

5. Your current employment status? 

� Employed full time     

� Employed part time/casual   
� On disability pension 

� Retired 

� Unemployed 
� Studying full time 

� Studying part time 
 

6. Please indicate whether you are volunteering as any of the following? 

� CFS/ME participant  
� Multiple Sclerosis participant 

� Rheumatoid Arthritis participant 

� MDS participant 

� A “healthy” volunteer 
� Other (please specify) _____________________________________ 
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7. Do you have a family member/relative that has or has had ME/CFS?   

� Yes  

� No 
 

If yes, how are you related? (e.g. brother, niece etc)______________________ 

8. Have you received a diagnosis of Myalgic Encephalomyelitis or Chronic Fatigue Syndrome by a GP?
         

� Yes 

� No 
 

9.  Are you currently diagnosed with any other chronic illness/disease?   

� Yes  

� No 
 

If yes, please specify                 

 

10. Are you currently on any prescription medication?     

� Yes  

� No 
 

If yes, what prescription/s are you taking?                      

                            

 

11. Are you currently a smoker? 

� Yes 
� No 

 

SECTION B: FATIGUE 

12. Have you experienced ongoing problems with severe fatigue ie. fatigue interferes with daily 

activity/responsibilities?  

� Yes  

� No (please continue to Section C) 
 

13. How old were you when the fatigue began to interfere?  years 
 
 

14. Have you experienced periods of recovery and relapse from this fatigue? 

� Yes 

� No 
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15. If yes, how long ago was your last relapse?   months ago 
 
 

16. Do you notice any of the following if you were to perform a strenuous physical or mental task? 

� My fatigue gets worse 

� Other symptoms get worse  
� My fatigue usually occurs immediately  

� My fatigue is usually delayed (I “pay for it” later) 

� My recovery period is unusual 
� I have low stamina (I substantially reduce what is required of me) 

 

SECTION C: SYMPTOMS 

To the best of your knowledge, please select whether any of the following symptoms have persisted or 

recurred during the past 6 months or more? If you have had ongoing problems with fatigue, please select 

those symptoms that only appeared with or after the fatigue.  

17. Any of the following cognitive symptoms? 

� Slowed thought 
� Impaired concentration  

� Confusion 

� Disorientation 
� Cognitive overload 

� Difficulty making decisions 

� Slowed speech 

� Dyslexia 
� Short term memory loss 

18. Do you experience any of the following pain symptoms? 

� Headache or migraine  

� Muscle pain 
� Joint pain (without redness or swelling) 

� Abdomen pain 

� Chest pain 
 

19. Do you experience any of the following sleep disturbances?  

� Insomnia 

� Prolonged sleep including naps 

� Sleeping most of day and awake at night 
� Frequent awakenings 

� Awaking earlier than before illness started 

� Vivid dreams/nightmares 
� Unrefreshed sleep 
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20. Do you have any of the following sensory, perceptual or motor disturbances? 

� Inability to focus vision 

� Sensitivity to light, noise, vibration, odour, taste and touch 

� Impaired depth perception 
� Muscle weakness 

� Twitching 

� Poor coordination 
� Feeling unsteady on feet 

 
21. Do you experience any of the following immune, gastrointestinal, urinary problems? 

� Tender lymph nodes 
� Sore throat 

� Other flu-like symptoms 

� Viral infections with prolonged recovery periods 

� Nausea, abdominal pain, bloating or irritable bowel syndrome 
� Urinary urgency, frequency, or the need to wake up at night to urinate 

� Sensitivities to food, medications, odors or chemicals 

22. Do you experience any of the following symptoms? 

� Heart palpitations 

� Light-headedness or dizziness 

� Respiratory issues such as air hunger or difficulty breathing 
� Abnormal body temperature 

� Sweating episodes 

� Recurrent feelings of feverishness 
� Cold hands and feet 

� Intolerance of extreme temperature 
 

23. Have you been diagnosed with any of the following conditions? 

� Orthostatic intolerance 

� Neurally mediated hypotension 

� Postural orthostatic tachycardia syndrome 
� Ataxia 

SECTION D: SF-36 SCALE  

The following questions regard your general health during the past month. 

24.  In general, would you say your health is: 

� Excellent 
� Very good 
� Good 
� Fair 
� Poor 
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25. Compared to one year ago, how would you rate your health in general now? 

� Much better now than a year ago 
� Somewhat better now than a year ago 
� About the same as one year ago 
� Somewhat worse now than one year ago 
� Much worse now than one year ago 

 
26. The following items are about activities you might do during a typical day. Does your health now limit you 

in these activities? If so, how much? 

 
 

Yes, 
limited 
a lot 
 

Yes, 
limited 
a little 

 

No, not 
limited at 
all 
 

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, bowling, or playing golf? 

 
� € � € �  

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 one kilometre. � € � € �  

h. Walking several blocks � € � € �  

i.  Walking one block � € � € �  

j.  Bathing or dressing yourself � € � € �  

 
 

27. During the past 4 weeks, have you had any of the following problems with your work or other regular 
daily activities as a result of your physical health? 

 
 

 
 

Yes 
 

No 
 

a. Cut down the amount of time you spent on work or other activities? �  �  

b. Accomplished less than you would like? �  �  

c. Were limited in the kind of work or other activities? �  �  

d. Had difficulty performing the work or other activities (eg. needed extra 
time)?    
 

�  �  
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28. During the past 4 weeks, 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)? 

 
 

Yes 
 

No 
 

a. Cut down the amount of time you spent on work or other activities? �  �  

b. Accomplished less than you would like? �  �  

c. Didn't do work or other activities as carefully as usual  �  �  

 

29. During the past 4 weeks… 

 Not at all Slightly Moderately Quite a bit Extremely 

a. To what extent has your physical health, 
or emotional problems interfered with your 
normal social activities with family, friends, 
neighbours or groups? 

�  �  �  �  �  

b. How much bodily pain have you had? �  �  �  �  �  

c. How much did pain interfere with your 
normal work (including both work outside the 
home and housework)? 

�  �  �  �  �  

 

30.  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 4weeks… 

 All the 
time 

Most of 
the time 

A good bit 
of the time 

Some of 
the time 

A little of 
the time 

None of 
the time 

a. Did you feel full of pep? �  �  �  �  �  �  

b. Have you been a very nervous person? �  �  �  �  �  �  

c. Have you felt so down in the dumps 
nothing could cheer you up? �  �  �  �  �  �  

d. Have you felt calm and peaceful? �  �  �  �  �  �  

e. Did you have a lot of energy? �  �  �  �  �  �  

f. Have you felt downhearted and blue? �  �  �  �  �  �  

g. Did you feel worn out? �  �  �  �  �  �  

h. Have you been a happy person? �  �  �  �  �  �  
i. Did you feel tired? �  �  �  �  �  �  

j. How much of the time has your physical 
health or emotional problems interfered 
with your social activities? 

�  �  �  �  �  �  
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31.  How TRUE or FALSE is each of the following statements for you. 
 

 
Definitely 

true 
Mostly 

true 
Don’t 
know 

Mostly 
false 

Definitely 
false 

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 �  �  �  �  �  
 

SECTION E: WHO DAS 2.0 

Think back over the month and answer these questions, thinking about how much difficulty you had doing the 
following activities. For each question, please indicate only one response. 

 
In the past 30 days, how much difficulty did you have had in: 

 

32. None Mild Moderate Severe 
Extreme or 
cannot do 

a. Concentrating on doing something for ten minutes? 
 

�  �  �  �  �  

b. Remembering to do important things? �  �  �  �  �  

c. Analysing and finding solutions to problems in day to 
day life? 

�  �  �  �  �  

d. Learning a new task, for example, learning how to get to 
a new place? 

�  �  �  �  �  

e. Generally understanding what people say? �  �  �  �  �  

f. Starting and maintaining a conversation �  �  �  �  �  

33.      

a. Standing for long periods such as 30 minutes? �  �  �  �  �  

b. Standing up from sitting down? �  �  �  �  �  

c. Moving around inside your home? �  �  �  �  �  

d. Getting out of your home? �  �  �  �  �  

e. Walking a long distance such as a kilometre (or 
equivalent)? 

 

 

�  �  �  �  �  
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34. 

None Mild Moderate Severe 
Extreme or 
cannot do 

a. Washing your whole body �  �  �  �  �  

b. Getting dressed? �  �  �  �  �  

c. Eating? �  �  �  �  �  

d. Staying by yourself for a few days? �  �  �  �  �  

35.       

a. Dealing with people you do not know �  �  �  �  �  

b. Maintaining a friendship �  �  �  �  �  

c. Getting along with people who are close to you? �  �  �  �  �  

d. Making new friends �  �  �  �  �  

e. Sexual activities �  �  �  �  �  

36.      

a. Taking care of your household responsibilities �  �  �  �  �  

b. Doing most important household tasks well? �  �  �  �  �  

c. Getting all the household work done that you needed to 
do? 

�  �  �  �  �  

e. Your day-to-day work/school? �  �  �  �  �  

f. Doing your most important work/school tasks well? �  �  �  �  �  

g. Getting all the work done that you need to do? �  �  �  �  �  

h. Getting your work done as quickly as needed? �  �  �  �  �  

37.       

a. How much of a problem did you have in joining in 
community activities (for example, festivities, religious or 
other activities) in the same way as anyone else can? 

�  �  �  �  �  

b. How much of a problem did you have because of 
barriers or hindrances in the world around you? 

 

 

�  �  �  �  �  
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 None Mild Moderate Severe 
Extreme or 
cannot do 

c. How much of a problem did you have living with dignity 
because of the attitudes and actions of others? 

�  �  �  �  �  

d. How much time did you spend on your health condition, 
or its consequences? 

�  �  �  �  �  

e. How much have you been emotionally affected by your 
health condition? 

�  �  �  �  �  

f. How much has your health been a drain on the financial 
resources of you or your family? 

�  �  �  �  �  

g. How much of a problem did your family have because of 
your health problems? 

�  �  �  �  �  

h. How much of a problem did you have in doing things by 
yourself for relaxation or pleasure? 

�  �  �  �  �  

 

38. In the past 30 days, how many days were difficulties 
present 

 

Number of days ______ 

 

39.  In the past 30 days, for how many days were you totally 
unable to carry out your usual activities or work because of 
any health condition? 

 

Number of days ______ 

 

40.  In the past 30 days, how many days did you reduce your 
usual activities or work because of any health condition 

Number of days ______ 

 

This concludes the survey, thank you for your participation. 
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Figure A1: Representative flow cytometric plot of CD56brightCD16dim/- and 

CD56dimCD16+ NK cell phenotypes (A). Comparisons of CD56brightCD16dim/- and 

CD56dimCD16+ NK cell phenotypes between CFS/ME patients and NFC revealed no 

significant differences (B). Data are presented as median percentage with interquartile 

range.  

 

 

Figure A2: Flow cytometric plots for CD56dimCD16+ NK cell expression of 

CD18/CD11a (A), CD18/CD11b (B) and CD2 (C) for a representative individual.  
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Figure A3: Representative flow cytometric plots of CD56brightCD16dim/- NK cell 

expression of CD18/CD11a (A), CD18/CD11b (B), CD18/CD11c (C) and CD2 (D). 

Comparison of adhesion molecules on CD56brightCD16dim/- NK cells from CFS/ME 

patients and NFC revealed no significant differences (E). Data are presented as median 

percentage with interquartile range. 
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Figure A4: CD56dimCD16+ NK cell representative flow cytometric plots for NCR 

expression including NKp30 (A), NKp46 (B) and NKp80 (C). Expression of the NCRs 

were compared between CFS/ME patients and NFC and no significant differences were 

observed (D). Data are presented as median percentage with interquartile range. 

 



Appendix 2 

	

	 	 	 Page | 168 
	

 

Figure A5: Flow cytometric analysis of NKp30 (A), NKp46 (B) and NKp80 (C) on 

CD56brightCD16dim/- NK cells. No significant differences were observed when NCR 

surface expression was compared on CD56brightCD16dim/- NK cells from CFS/ME 

patients and NFC (D). Data are presented as median percentage with interquartile range. 
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Figure A6: Representative flow cytometric plots of 2B4 (A), CD94 (B) and NKG2D 

(C) on CD56dimCD16+ NK cells. Surface expression of 2B4, CD94 and NKG2D on 

CD56dimCD16+ NK cells were compared between CFS/ME patients and NFC and no 

significant differences were observed (D). Data are presented as median percentage with 

interquartile range.  
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Figure A7: CD56brightCD16dim/- NK cell representative flow cytometric plots for surface 

expression of 2B4 (A), CD94 (B) and NKG2D (C). On CD56brightCD16dim/- NK cells, 

expression of 2B4, CD94 and NKG2D were compared between CFS/ME patients and 

NFC and no significant differences were observed (D). Data are presented as median 

percentage with interquartile range.  
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Figure A8: Flow cytometric analysis was performed to determine CD56dimCD16+ NK 

cell expression of KIR2DL2/DL3 (A), KIR2DL5 (B), KIR2DL1 (C), KIR2DL1/DS1 

(D), KIR3DL1/3DL2 (E), KIR3DL1 (F) and KIR2DS4 (G). KIR expression on 

CD56dimCD16+ NK cells were compared between CFS/ME patients and NFC and no 

significant differences were observed (H). Data are presented as median percentage with 

interquartile range. 
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Figure A9: Representative flow cytometric plots of CD56brightCD16dim/- NK cell 

expression of KIR2DL2/DL3 (A), KIR2DL5 (B), KIR2DL1 (C), KIR2DL1/DS1 (D), 

KIR3DL1/3DL2 (E), KIR3DL1 (F) and KIR2DS4 (G). No significant differences were 

observed when KIR expression was compared between CFS/ME patients and NFC (H). 

Data are presented as median percentage with interquartile range.  
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Figure A10: Representative flow cytometric plot of CD56brightCD16dim/- and 

CD56dimCD16+ NK cell phenotypes (A).  For this individual, 11.6% of total NK cells 

were CD56brightCD16dim/- NK cells and 83.3% were CD56dimCD16+ NK cells. 

Comparisons of CD56brightCD16dim/- and CD56dimCD16+ NK cell phenotypes between 

CFS/ME and NFC revealed no significant differences (B). Data are presented as median 

percentage with interquartile range.  

 

 

Figure A11: CD56brightCD16dim/- NK cell ERK1/2 flow cytometric plot for a 

representative individual (A).  ERK1/2 in CD56brightCD16dim/- NK cells were compared 

between CFS/ME patients and NFC and no significant differences were observed (B). 

PMA/I stimulation caused a significant increase in ERK1/2 phosphorylation compared 
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to US (***p<0.001) and K562 incubated cells (****p<0.0001) in both CFS/ME and 

NFC. Data are presented as MFI with interquartile range.  

 

 

Figure A12: Representative flow cytometric plot for MEK1/2 in CD56dimCD16+ NK 

cells (A). No significant differences were observed when MEK1/2 were compared 

between CFS/ME patients and NFC (B). In CFS/ME patients and NFC, PMA/I 

stimulation resulted in a significant increase in phosphorylated MEK1/2 compared to 

US (****p<0.0001) and K562 incubation (****p<0.0001). Data are presented as MFI 

with interquartile range. 

 

 

Figure A13: p38 representative flow cytometric plot in CD56dimCD16+ NK cells (A). 

p38 were compared between CFS/ME patients and NFC and no significant differences 

were observed (B). Stimulation with PMA/I caused a significant increase in 
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phosphorylated p38 when compared to US and K562 incubated cells (*p<0.05). Data 

are presented as MFI with interquartile range. 

 

Figure A14: Representative Stat-3 flow cytometric plots in CD56dimCD16+ (A) and 

CD56brightCD16dim/- (B) NK cells. Comparison of Stat-3 in CD56dimCD16+ (C) and 

CD56brightCD16dim/- (D) NK cells between CFS/ME patients and NFC revealed no 

significant differences. In CD56dimCD16+ and CD56brightCD16dim/- NK cells, stimulation 

with PMA/I caused a significant increase in Stat-3 when compared to US 

(****p<0.0001) and K562 incubated cells (****p<0.0001) in CFS/ME patients and 

NFC. 
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Figure A15: Representative flow cytometric analysis of NF-κβ in CD56dimCD16+ (A) 

and CD56brightCD16dim/- (B) NK cells. No significant differences were observed when 

NF-κβ were compared between CFS/ME patients and NFC in CD56dimCD16+ (C) and 

CD56brightCD16dim/- (D) NK cells. Phosphorylated NF-κβ significantly increased after 

PMA/I stimulation in both CD56dimCD16+ (C) and CD56brightCD16dim/- (D) NK cells 

compared to US (****p<0.0001) and K562 incubated cells (****p<0.0001) in CFS/ME 

patients and NFC. Data are presented as MFI with interquartile range. 
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Figure A16: Iκβ representative flow cytometric plots in CD56dimCD16+ (A) and 

CD56brightCD16dim/- (B) NK cells. Iκβ were compared in CD56dimCD16+ (C) and 

CD56brightCD16dim/- (D) NK cells from CFS/ME patients and NFC, and no significant 

differences were observed. Stimulation with PMA/I caused a significant reduction in 

Iκβ in both CD56dimCD16+ (*p<0.05) and CD56brightCD16dim/- (***p<0.001) NK cells 

from CFS/ME patients and NFC. In CD56brightCD16dim/- NK cells from CFS/ME 

patients, incubation with PMA/I also caused a significant reduction (*p<0.05) in Iκβ.  
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Figure A17: Representative flow cytometric plots for the analysis of PKC-α in 

CD56dimCD16+ (A) and CD56brightCD16dim/- (B) NK cells. PKC-α were compared in 

CD56dimCD16+ (C) and CD56brightCD16dim/- (D) NK cells from CFS/ME patients and 

NFC, and no significant differences were observed. In CD56dimCD16+ NK cells from 

NFC, stimulation with PMA/I caused a significant increase (**p<0.01) in PKC-α 

phosphorylation compared to K562 cells. PKC-α were significantly increased in 

CD56brightCD16dim/- NK cells after PMA/I stimulation when compared to US (*p<0.05) 

and K562 incubated cells (***p<0.001) in NFC.  
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Figure A18: Flow cytometric analysis of JNK in CD56dimCD16+ (A) and 

CD56brightCD16dim/- (B) NK cells. No significant differences were observed when JNK 

were compared in CD56dimCD16+ (C) and CD56brightCD16dim/- (D) NK cells between 

CFS/ME patients and NFC. Significant increases in phosphorylated JNK were observed 

in CD56dimCD16+ (C) and CD56brightCD16dim/- (D) NK cells after PMA/I stimulation 

when compared to US (**p<0.01) and K562 incubated cells (***p<0.001) in CFS/ME 

patients and NFC.  
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Figure A19: NK cell cytotoxic activity in CFS/ME patients and NFC at three E:T 

ratios. In CFS/ME patients and NFC, NK cell cytotoxic activity at 25:1 was 

significantly increased compared to 12.5:1 (*p<0.05) and 6.25:1 ratios (**p<0.01).  
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Figure A20: Representative flow cytometry plots for CD107a in CD56dimCD16+ (A) 

and CD56brightCD16dim/- (B) NK cells. CD107a were measured in US cells and after 

stimulation with either K562 cells or PMA/I. Comparison of CD107a on 

CD56dimCD16+ (C) and CD56brightCD16dim/- (D) NK cells between CFS/ME patients and 

NFC revealed no significant differences. CD107a expression significantly increased 

after K562 and PMA/I (****p<0.0001) stimulation in CD56dimCD16+ NK cells from 

both CFS/ME patients and NFC. In CD56brightCD16dim/- NK cells, PMA/I stimulation 
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significantly increased expression of CD107a when compared to K562 and US cells 

(****p<0.0001) from CFS/ME and NFC cohorts. 

 

Figure A21: Flow cytometric analysis of CD107b on CD56dimCD16+ (A) and 

CD56brightCD16dim/- (B) NK cells. No significant differences were observed when 

CD107b expression was compared between CFS/ME patients and NFC on 

CD56dimCD16+ (C) and CD56brightCD16dim/- (D) NK cells. In CD56dimCD16+ NK cells, 

stimulation with K562 cells (*p<0.05) and PMA/I (****p<0.0001) caused a significant 
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increase in CD107b expression in both CFS/ME patients and NFC compared to US. 

PMA/I stimulation significantly increased CD107b expression on CD56brightCD16dim/- 

NK cells from CFS/ME patients and NFC when compared to K562 and US 

(****p<0.0001).  

 

Figure A22: Flow cytometric example of CD56dimCD16+ NK cell perforin (A), 

granzyme A (B), granzyme B (C) and CD57 (D). Comparison of the lytic proteins and 

CD57 between CFS/ME patients and NFC revealed no significant differences (E).  
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Figure A23: Representative flow cytometric plots for CD56brightCD16dim/- NK cell 

expression of perforin (A), granzyme A (B), granzyme B (C) and CD57 (D). No 

significant differences were observed when the lytic proteins and CD57 expression were 

compared between CFS/ME patients and NFC (E).  
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Figure A24: Representative flow cytometric plots for CD56dimCD16+ (A) and 

CD56brightCD16dim/- (B) NK cell production of IFN-γ. Comparison of IFN-γ production 

in CD56dimCD16+ (C) and CD56brightCD16dim/- (D) NK cells between CFS/ME patients 

and NFC revealed no significant differences. IFN-γ production significantly increased 

after PMA/I stimulation in both CD56dimCD16+ and CD56brightCD16dim/- NK cells when 

compared to US and K562 incubated cells (****p<0.0001). 



Appendix 3 

	

	 	 	 Page | 186 
	

 

Figure A25: Flow cytometric plots for TNF-α in CD56dimCD16+ (A) and 

CD56brightCD16dim/- (B) NK cells. Between CFS/ME and NFC cohorts, TNF-α 

production in CD56dimCD16+ (C) and CD56brightCD16dim/- (D) NK cells were not 

significantly different. In CD56dimCD16+ NK cells, PMA/I stimulation significantly 

increased TNF-α production when compared to US and K562 incubated cells 

(****p<0.0001) in CFS/ME patients and NFC. 
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Figure A26: Flow cytometric analysis of GM-CSF production in CD56dimCD16+ (A) 

and CD56brightCD16dim/- (B) NK cells. Production of GM-CSF in CD56dimCD16+ (C) and 

CD56brightCD16dim/- (D) NK cells were not significantly different when compared 

between CFS/ME and NFC cohorts. Stimulation with PMA/I caused a significant 

increase in CD56dimCD16+  and CD56brightCD16dim/- GM-CSF production in both 

CFS/ME patients and NFC compared to US and K562 incubated cells (****p<0.0001, 

***p<0.001).
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Appendix 4  

Table A1: Clinical characteristics of CFS/ME and MS patients, showing Dr Bell’s 
Disability score for CFS/ME patients and MS Severity Scale. Data are presented as 
mean ± SEM. 

 CFS/ME patients (n = 11) MS patients (n = 9) 

Dr Bell’s disability scale 40.0 ± 5.39 - 

MS severity score - 3.25 ± 1.04 
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Figure A27:  Representative flow cytometry plots for the measurement of surface 

receptors on NK cells. CD56 and CD16 were used to identify CD56bright CD16-/dim NK 

cells (A). The CD56bright CD16-/dim NK cell population was then gated onto side scatter 

profiles to determine expression of KIR2DL5 and CD94 (B).    
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Figure A28: Representative flow cytometry plots for the measurement of surface 

receptors on NK cells. CD56dimCD16+ NK cells were identified on the plot with CD56 

and CD16 (A). CD56dimCD16+ NK cells were then gated onto side scatter plots to 

determine the expression of KIR2DL5 and CD94 (B). 
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Table A2: Measurement of additional KIR, NCR and SLAM receptors on 

CD56dimCD16+ and CD56brightCD16+/- NK cells from CFS/ME, MS and non-fatigued 

controls revealed no significant differences. 

    P values 

 
CFS/ME 
(n = 14) 

MS 
(n = 9) 

Control 
(n = 19) 

Overall 
CFS/ME 

& 
MS 

CFS/ME 
& 

Control 

MS 
& 

Control 

CD56dimCD16+        

KIR2DS4 0.65±5.52 7.4±8.07 0.70 6.35 0.584 0.921 >0.999 >0.999 

KIR3DL1 18.70 3.071 19.94 4.67 17.58  0.892 0.970 0.965 0.886 

KIR3DL1/DL2 32.45 	 34.20  36.14  0.754 0.954 0.735 0.937 

KIR2DL1/DS1 24.86 	 28.23  29.20  0.610 >0.999 0.985 >0.999 

KIR2DL1 21.20 4.07 34.99 7.26 27.18 3.66 0.620 >0.999 >0.999 >0.999 

KIR2DL2/DL3 34.45 3.38 35.53 4.75 35.38 2.67 0.989 >0.999 >0.999 >0.999 

NKG2D  97.75 0.65 96.20 4.52 96.50 0.76 0.338 0.731 0.536 >0.999 

NKp30 98.25  88.97  96.60  0.181 0.194 >0.999 0.650 

NKp46 97.80  96.40  96.70 	 0.565 >0.999 0.948 >0.999 

NKp80 99.10 0.26 97.86±0.57 98.80 0.67 0.333 0.485 0.816 >0.999 

CD2B4 99.20±5.57 96.90±5.48 97.0 6.73 0.804 >0.999 >0.999 >0.999 

CD56brightCD16+/-        

KIR2DS4 0.0 1.65 3.80 3.86 2.0 1.63 0.103 0.194 0.209 >0.999 

KIR3DL1 2.10 	  2.60  1.3 	  0.181 >0.999 0.376 0.382 

KIR3DL1/DL2 4.45  17.40  3.7 2.19 0.106 0.207 >0.999 0.136 

KIR2DL1/DS1 3.25 0.71 3.50 3.67 2.50 1.07 0.730 >0.999 >0.999 >0.999 

KIR2DL1 1.95  2.80 	  1.30  0.412 >0.999 >0.999 0.550 

KIR2DL2/DL3 8.41 1.28 10.70 	  5.30  0.312 >0.999 >0.999 0.549 

NKG2D  94.70 1.66 96.80 2.14 95.80 2.18 0.615 >0.999 >0.999 0.981 

NKp30 97.55±6.43 89.80±3.34 95.47±0.74 0.140 0.148 0.743 0.854 

NKp46 97.40 0.71 97.19±0.45 97.70 0.49 0.820 >0.999 >0.999 >0.999 

NKp80 94.62 0.97 91.70 3.73 96.40 0.73 0.203 0.410 >0.999 0.260 

CD2B4 89.20 7.12 83.36 4.89 87.20  0.775 >0.999 >0.999 >0.999 
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Figure A29: Flow cytometry images showing the gating strategies used to identify 

CD56bright CD16-/dim NK cells from the CD56 and CD16 plot (A). CD56bright CD16-/dim 

NK cells were gated onto subsequent plots for the measurement of the lytic proteins 

perforin, granzyme A and granzyme B and for the co-expression of CD57 and perforin 

(B).  
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Figure A30: Flow cytometry plots showing the gating of CD56dimCD16+ NK cells from 

a CD56 and CD16 plot (A). CD56dimCD16+ NK cells were gated on additional plots for 

the measurement of the lytic proteins perforin, granzyme A and granzyme B and co-

expression of CD57 and perforin (B).   

	

	


