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Introduction
Calcium (Ca2+) ions play an integral role in intracellular 
signaling. Ca2+ controls a diverse range of cellular processes, 
such as gene transcription, muscle contraction, and cell prolifer-
ation.1 The effects of Ca2+ ions are mediated by the Ca2+-binding 
protein calmodulin, which activates a number of different pro-
tein kinases. Ca2+/calmodulin-dependent protein (CaM) kinase 
includes myosin light chain kinase, which signals muscle con-
traction and members of the CaM kinase family, which phos-
phorylates a number of different proteins, including metabolic 
enzymes, ion channels, and transcription factors.2

In natural killer (NK) cells, Ca2+ signaling plays an 
important role in the granule-dependent pathway of apoptosis.3 
Ca2+ is required for inducing cytolytic granule polarization, 
cytokine gene transcription, and degranulation in NK cells.4,5 
Ca2+ also regulates lytic granule fusion,4–6 as well as lytic 
granule mobilization to the immune synapse to release perforin 
and granzymes to kill target cells.3,7,8 Furthermore, the 
downstream intracellular signals that occur in NK cells trigger 

lysis of target cells and are governed by the Ca2+-regulated  
mitogen-activated protein kinase (MAPK) pathway.9 Intra-
cellular Ca2+ concentrations can either stimulate or inhibit 
the MAPK cascade, and thereby play an important role in 
the regulation of MAPK-dependent cellular processes. The 
effector functions of NK cells are regulated by three specific 
MAPK subgroups10–12: the p38 MAPK (p38); the C-Jun 
terminal kinase (JNK), which regulate cytokine production; 
and extracellular signal regulated kinases (ERK1/2). These 
kinases regulate the mobilization and redistribution of cyto-
plasmic perforin and granzyme B toward the contact zone 
with target cells.13 Interestingly, our recent findings demon-
strated impairments in MAPK signaling, as well as decreased 
intracellular Ca2+ concentration in isolated NK and B-cells 
from chronic fatigue syndrome/myalgic encephalomyelitis 
(CFS/ME) patients.14,15 Collectively, these anomalies may 
contribute to NK cell dysfunction, in particular the reduced 
NK cell cytotoxic activity that is consistently reported in 
CFS/ME patients.16–24
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Given the importance of Ca2+ signaling in regulating 
NK cell function, the present study aimed to examine the role 
of protein kinase genes in isolated NK cells from CFS/ME 
patients. The study further explores the association of func-
tionally important NK intracellular signaling alterations 
with CFS/ME.

Methodology
Participants. Participants were recruited from the 

National Centre for Neuroimmunology and Emerging Dis-
eases research database for CFS/ME. All participants com-
pleted an online questionnaire regarding their medical history 
and symptoms based on the 2011 International Consensus 
Criteria (ICC) to determine suitability for the study.25 This 
requires the presence of debilitating postexertional fatigue, 
accompanied further by neurological, immune, and autonomic 
symptoms. CFS/ME patients meeting the 2011 ICC symp-
toms and nonfatigued healthy controls were included in this 
study. Severity of CFS/ME was defined according to Dr Bell’s 
disability scale that ranges from 100% (no symptoms) to 0% 
(severe symptoms).26 Patients categorized as moderate CFS/
ME scored .30%. Severe CFS/ME patients scored ,30% 
and were considered housebound or bedridden. Patients’ dis-
ability was further characterized by self-reporting scales that 
included the fatigue severity scale (FSS) and the SF−36.27,28 
Participants were excluded if they were previously diagnosed 
or had a history of any alternative disease that would explain 
symptoms including autoimmune disorder, multiple sclerosis, 
psychosis, major depression, heart disease, or thyroid-related 
disorders, or if they were pregnant, breast feeding, or smok-
ers. All the participants provided written informed consent 
and donated within a one-month period. The study was per-
formed during this month under the approval of the Griffith 
University Human Research Ethics Committee (HREC/15/
QGC/63). The study was performed during this month under 
the approval of the Griffith University Human Research Eth-
ics Committee (HREC/15/63) and complied with the prin-
ciples of the Declaration of Helsinki.

Blood collection. A total of 40  mL of whole blood 
was collected from the antecubital vein of participants into 
EDTA blood collection tubes. All the laboratory analy-
ses were performed within six hours of blood collection 
to maintain cell viability. Routine pathology testing para
meters including full blood count, erythrocyte sedimen-
tation rate, electrolytes, and high-sensitivity C-reactive 
protein were also assessed on each participant sample by 
Queensland pathology.

NK cell isolation. NK cells were isolated from 40 mL of 
whole blood using negative selection with RosetteSep Human 
Natural Killer Cell Enrichment Cocktail (STEMCELL 
Technologies Australia Pty. Ltd) according to manufacturer’s 
instructions. The isolated NK cells were incubated in unsup-
plemented Roswell Park Memorial Institute-1640 culture 
media (Life Technologies) and were counted using Trypan 

blue. Briefly following NK cell isolation (Supplementary 
Fig.  1), the NK cell purity was also assessed on the LSR-
Fortessa X-20 flow cytometer (BD Biosciences) after labeling 
with CD3 and CD56, as previously described in the study by 
Marshall-Gradisnik et  al.29 (BD Biosciences). The isolated 
NK cells were lysed at a concentration 10,000  cells/µL of 
RLT buffer (Cat No: 79216; QIAGEN) and were snap frozen 
in liquid nitrogen and stored at −80 °C until further protein 
kinase genes assessment.

Protein kinase gene expression. Gene expression was 
directly measured via counts of corresponding messenger 
RNA (mRNA) in each sample using an nCounter (NanoString 
Technologies) GX human kinase kit v2 (XT), which is a 
multiplex assay for 528 protein kinase genes known to be dif-
ferentially expressed in the human kinome.30 The nCounter 
system allows for direct detection and counting of nucleic 
acid via reporter probes appended with multiple fluorophore 
barcodes and biotinylated capture probes that attach to 
microscopic beads. These are affixed to lanes in a translucent 
cartridge and read in an optical scanner. Batches of 12 sepa-
rate samples at one time were prepared as per manufacturer’s 
instructions. NK cell lysate was hybridized with probes at 
65 °C for 16–18 hours before being placed into the automated 
nCounter Prep Station (NanoString Technologies), in which 
samples were affixed to cartridges. Cartridges were immedi-
ately placed into the nCounter Digital Analyzer (NanoString 
Technologies) optical scanner and read at a goal resolution 
of 550 fields of view, which is the maximum resolution for 
this instrument.

Statistical analysis. Statistical analysis was performed 
using SPSS software version 22 and GraphPad Prism version 6.  
Data were compared among the three groups (control, 
moderate CFS/ME, and severe CFS/ME) with statistical 
analysis performed based on the distribution. Shapiro–Wilk 
normality tests were performed on all the data sets to test 
for Gaussian distribution. Analysis of variance was used to 
examine parametric data and the Kruskal–Wallis test of inde-
pendence was performed for nonparametric data when appro-
priate, with statistical significance set at an alpha criterion at a 
P-value of  ,0.05. Gene expression was directly measured via 
counts of corresponding mRNA in each sample using DESeq 
R package software,31 where alpha level of significance was set 
at a P-value of ,0.05.

Results
Participants. Table  1  summarizes the clinical charac-

teristics of the participants. The study included 11 moderate 
CFS/ME (age, 54.9 ± 10.3 years; 83.3% female) and 12 severe 
CFS/ME (age, 47.5  ±  8.0 years; 75.0% female) patients 
and 11 nonfatigued controls (age, 50.0  ±  12.3 years; 72.5% 
female). There was no significant difference between mean age 
and sex between groups. All participants in the study were 
of European decent and were residents of Australia at the 
time of blood collection. Fatigue severity was highest among 
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severe CFS/ME patients, compared with moderate CFS/ME 
patients and nonfatigued controls (P ,  0.05). Furthermore, 
severe CFS/ME reported significantly greater impairment 
across all SF-36  scales compared with moderate CFS/ME 
patients and nonfatigued controls (P , 0.05), except for gen-
eral mental health (P = 0.11). Comparison of the group age and 
blood parameters including erythrocyte sedimentation rate, 
high-sensitivity C-reactive protein, and full blood counts for 
white and red blood cells between participant groups showed 
no significant difference.

Ca2+-dependent protein kinase gene expression. 
Microarray analysis of the 528 protein kinase genes revealed 

that there were 92 genes, which were significantly associated 
with severe CFS/ME patients compared with nonfatigued 
controls. Of the 92 genes, 37 genes were significantly upregu-
lated (Table 2) and 55 genes were significantly downregulated 
(Table  3) in severe CFS/ME patients compared with non
fatigued controls. A heat map of gene expression with clustering 
using Spearman’s correlation in severe CFS/ME patients and 
nonfatigued controls is shown in Figure 1. There was no signifi-
cant alteration in the expression of protein kinase genes in mod-
erate CFS/ME patients compared with nonfatigued controls.

A total of 92 protein kinase genes associated with 
severe CFS/ME patients were analyzed using MetaCore 

Table 1. Clinical characteristics of nonfatigued controls, moderate CFS/ME group, and severe CFS/ME group.

Variables Moderate  
CFS/ME n = 11

Severe  
CFS/ME n = 12

Control
n = 11

P-value

Mean age (years) 54.9 ± 10.3 47.5 ± 8.0 50.0 ± 12.3 0.286

Sex (% Female) 83.3 75 72.5 0.813

FSS 5.2 ± 1.3 7.0 ±0.3 2.1 ± 1.4 ,0.05

SF-36

Physical functioning 47.5 ± 27.8 15.3 ± 12.3 98.2 ± 4.8 ,0.05

Physical role 15.9 ± 29.4 3.3 ± 8.8 98.7 ± 5.7 ,0.05

Bodily pain 48.3 ± 28.1 36.0 ± 22.6 94.2 ± 13.0 ,0.05

General health 31.1 ± 20.5 19.7 ± 10.8 83.9 ± 4.5 ,0.05

Vitality 25.2 ± 10.6 7.2 ± 6.3 80.2 ± 4.3 ,0.05

Emotional role 96.3 ± 5.4 92.3 ± 6.4 100 ± 0 ,0.05

Social functioning 47.5 ± 24.8 25.0 ± 17.6 96.9 ± 5.4 ,0.05

Mental health 85.6 ± 22.0 72.8 ± 18.6 87.0 ± 6.8 0.11

Pathology

White Cell Count (×109/L) 5.8 ± 1.9 5.3 ± 1.2 6.2 ± 0.9 0.362

Neutrophils (×109/L) 3.4 ± 1.5 3.2 ± 1.0 3.7 ± 0.8 0.738

Lymphocytes (×109/L) 2.0 ± 0.5 1.7 ±0.4 2.0 ± 0.5 0.147

Monocytes (×109/L) 0.3 ± 0.1 0.3 ± 0.6 0.3 ± 0.1 0.926

Eosinophils (×109/L) 0.1 ± 0.14 0.1 ± 0.1 0.2 ± 0.2 0.375

Basophils (×109/L) 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.707

Platelets (×109/L) 262.0 ± 67.5 242.6 ± 50.0 257.5 ± 43.0 0.537

Hemoglobin (g/L) 136.3 ± 9.6 135.6 ± 13.1 137.6 ± 16.2 0.975

PCV (%) 0.4 ± 0.02 0.8 ± 1.2 0.4 ± 0.03 0.844

Red Cell Count (×1012/L) 4.3 ± 1.1 4.6 ± 0.5 4.7 ± 0.5 0.775

MCV (fL) 90.1 ± 4.3 88.5 ± 3.4 87.3 ± 2.8 0.446

Sodium (mmol/L) 137.3 ± 3.04 138.0 ± 2.1 137.6 ± 1.3 0.769

Potassium (mmol/L) 4.2 ± 0.4 3.9 ± 0.2 4.1 ± 0.1 0.357

Chloride (mmol/L) 102.4 ± 3.3 102.9 ± 2.5 102.2 ± 2.7 0.730

Bicarbonate (mmol/L) 27.4 ± 2.2 26.5 ± 1.9 27.5 ± 2.4 0.303

Anion Gap (mmol/L) 7.3 ± 1.4 7.3 ± 1.4 7.8 ± 1.4 0.546

ESR (mm/Hr) 19.0 ± 17.1 14.5 ± 15.2 11.1 ± 4.2 0.341

C-Reactive Protein (mg/L) 3.8 ± 4.5 2.8 ± 6.4 1.0 ± 0.6 0.188

Note: Data are represented as mean ± standard deviation.
Abbreviations: CFS, chronic fatigue syndrome; ME, myalgic encephalomyelitis; FSS, fatigue severity scale; SF-36, Short-Form 36-item Health Survey; WHODAS, 
World Health Organization Disability Adjustment Schedule.
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pathway analysis. The gene signatures were associated with 
77 significant process networks of immune cells, immune cell 
function, physiological processes, signal transduction, and 
translation in CFS/ME patients (Supplementary Table 1).

Discussion
This study reports, for the first time, the differential expres-
sion of protein kinase genes from isolated NK cells in CFS/ME 
patients compared with nonfatigued controls. In particular, 

37  genes were significantly upregulated and 55  genes were 
significantly downregulated in severe CFS/ME patients 
compared with nonfatigued controls. As this investigation was 
undertaken in isolated NK cells, the protein kinase genes that 
are reported will be discussed in the context of intracellular 
pathways involved in JNK, STAT, and NF-kappa beta (NF-κβ) 
activity, and their role in Ca2+ regulation and NK cell lysis.

The results from the current investigation highlight sig-
nificant downregulation of Ca2+-dependent protein kinases, 

Table 2. List of protein kinase genes significantly upregulated in severe CFS/ME group compared with nonfatigued controls.

Gene name  Log2 (fold change) Fold change P value

CDK9 0.418505235 1.33654205643148 1.44786E-09

MAPKAPK2 0.458988465 1.37457770515703 3.17148E-08

CSNK1G3 0.354351365 1.27841067921966 1.68531E-06

CAMK1D* 0.322970895 1.25090384406365 1.65639E-05

MST4 0.281702517 1.21562859532629 2.2541E-05

PRKACA 0.294878003 1.2267812339442 3.20405E-05

STK39 0.316411907 1.24522971287775 6.97134E-05

ADRBK1 0.233462724 1.17565334211314 7.80645E-05

MAP4K5 0.325434189 1.2530414933425 0.000148478

EIF2AK3 0.548932354 1.46300262090137 0.000156029

YES1 0.586095547 1.50117851447354 0.00019027

PRPF4B 0.330804207 1.25771427161596 0.00024688

CAMKK2* 0.459516611 1.37508100668391 0.000307664

TAOK3 0.207997286 1.15508361160658 0.000476049

CDK7 0.500189253 1.41439909133612 0.000494901

RIPK2 0.484439203 1.39904193149669 0.0006405

RIOK3 0.550401811 1.46449352133593 0.000630622

STK4 0.261572944 1.19878500572394 0.000663088

CLK3 0.257415278 1.19533523112245 0.000730866

CLK4 0.249497083 1.18879263500027 0.000975821

ADRBK2 0.75043569 1.68230080409262 0.000997031

MAP3K8 0.474587427 1.38952079646007 0.001133225

LMTK2 0.414585483 1.33291564702453 0.001318789

BRD4 0.161675211 1.11858524941631 0.001674596

RPS6KA5 0.300257315 1.23136401635766 0.001883647

HPRT1 0.235063603 1.17695862375552 0.002985669

ABL1 0.473436245 1.38841248648041 0.00506836

INSR 0.625855881 1.54312601573876 0.005335724

SNRK 0.249400839 1.18871333179422 0.005940401

ERN1 0.414439855 1.33278110712678 0.006022066

MAP3K3 0.191248184 1.14175110343779 0.006262361

PDK1 0.281715195 1.21563927797689 0.006628024

C21orf7 0.611100452 1.52742384575723 0.006700917

SIK1 0.593133707 1.5085198777639 0.006828076

RIPK1 0.235813317 1.17757040354453 0.00781539

STK32C 0.571056394 1.50835524974983 0.010416118

Notes: *Specific calcium-dependent kinase genes as described by NCBI; however, other genes may also require calcium.
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Table 3. List of protein kinase genes significantly downregulated in severe CFS/ME group compared with nonfatigued controls.

Gene name Log2 (fold change) Fold change P value

TNK2 −0.5929763 1.50835524974983 7.8935E-17

TGFBR1 −0.951662 −1.93409944187398 4.4321E-15

CSNK1G2 −0.5948012 −1.51026445822205 2.5963E-13

STK11 −0.6196713 −1.53652508683966 8.9479E-12

CSK −0.5855852 −1.50064758663984 5.6434E-10

STK10 −0.3506819 −1.27516318388534 5.5896E-09

CSNK2A1 −0.5130831 −1.42709665739704 2.1444E-08

PRKD2 −0.5883312 −1.50350663858148 5.7048E-08

DYRK1B −0.6287082 −1.50350663858148 8.4794E-08

SBK1 −0.7100798 −1.63589461582926 1.2219E-07

FES −0.9457073 −1.63589461582926 1.4352E-07

STK25 −0.4783125 −1.39311319365888 1.4354E-07

SDHA −0.5258195 −1.43975122047 2.5036E-07

ADCK4 −0.571751 −1.48632643076081 8.0054E-07

TUBB −0.4055129 −1.32455975809871 1.0585E-06

NEK9 −0.3498812 −1.27445564148212 2.1641E-06

STK35 −0.6132598 −1.52971173573735 3.9862E-06

IKBKE −0.6077292 −1.52385876871593 5.3859E-06

EIF2AK1 −0.4001172 −1.31961508766953 6.3883E-06

VRK3 −0.32799 −1.25526330609186 2.4521E-05

RIOK1 −0.558951 −1.47319768164628 2.8792E-05

MTOR −0.389873 −1.31027805177497 3.1103E-05

NEK6 −0.5891655 −1.50437632878134 5.3333E-05

RPS6 KA4 −0.4077403 −1.32660635121345 6.6127E-05

STRADA* −0.3801652 −1.30149092031533 6.9352E-05

SCYL2 −0.2888867 −1.221697182452 7.9998E-05

CDK5 −0.6222848 −1.53931100962719 8.9234E-05

MATK −0.4030913 −1.32233832612649 0.00012599

MKNK2* −0.3089365 −1.2387942073133 0.00018668

IRAK4 −0.2873769 −1.22041933524919 0.00024716

MAP4K1 −0.3408634 −1.26651431108808 0.00023847

FGR −0.4531449 −1.36902131325874 0.0002525

STRADB −0.4698047 −1.38492196665588 0.00041397

PDK2 −0.3431478 −1.26852134203618 0.00074842

STK38 −0.3263961 −1.2538771887434 0.00076823

CSNK1G1 −0.3344949 −1.26093582766866 0.00075652

LCK −0.3682158 −1.29075559167157 0.00084175

RPS6KB2 −0.3343033 −1.26076837855786 0.00087291

ADCK1 −0.5383807 −1.4523414325738 0.00103763

PSKH1 −0.3536634 −1.27780121275442 0.00137302

DMPK* −0.6344797 −1.55237781407717 0.00173864

ZAP70 −0.2369642 −1.17851014268712 0.00217501

CASK* −0.613404 −1.52986460162053 0.00231632

SCYL1 −0.2825376 −1.21633247573329 0.00258513

CSNK1E −0.2937711 −1.22584036043603 0.00270961

(Continued)
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Table 3. (Continued)

Gene name Log2 (fold change) Fold change P value

SRPK1 −0.2377855 −1.17918129362078 0.0037189

GSK3A −0.2383325 −1.17962839725324 0.00476715

MAPK3 −0.3200085 −1.24833788560516 0.0048246

MAP2K7 −0.2578818 −1.19572179661143 0.00538244

FLJ25006 −0.4910571 −1.40547433375186 0.00567251

NUAK2 −0.4855813 −1.40014988319066 0.0061345

MAP2K2 −0.1521624 −1.11123380921446 0.00689828

TESK1 −0.3332313 −1.2598319881576 0.00752948

TLK2 −0.1859512 −1.13756674520991 0.00846469

MAST3 −0.3216447 −1.24975444044161 0.00968208

Notes: *Specific calcium-dependent kinase genes as described by NCBI; however, other genes may also require calcium.

Figure 1. Heat map of protein kinase gene expression showing significantly upregulated and downregulated genes from severe CFS/ME patients 
compared with nonfatigued controls.

namely, Lck and ZAP-70. NK cells contain a zeta chain, 
associated with the Fc receptor CD16 (FcgRIIIA), where 
Zap-70 phosphorylates, as well as the associated transducing 
gamma chain.32 The cytoplasmic tails of adhesion molecules 

and activating receptors of the NK cells recruit Src family 
of kinases to phosphorylate immunoreceptor tyrosine-based 
activation motifs.33–36 Subsequently, the signaling molecules 
including Lck, Zap-70, linker activation for T-cells, and SH2 
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domain-containing leukocyte protein of 76 kDa (SLP-76) are 
phosphorylated. This mechanism continues to phosphorylate 
and mobilize multiple downstream signaling proteins, which 
results in the activation of NK cells and the initiation of granule-
dependent exocytosis.37–39 Given the significant reduction of 
both ZAP-70 and Lck, these being Ca2+-dependent protein 
kinases, the intracellular downstream effect may be significant 
for effector functions of NK cells. We and others have previ-
ously described significant reduction in NK lysis, changes in 
cytokine production and mobilization, and redistribution of 
cytoplasmic perforin and granzyme B toward the contact zone 
with target cells in CFS/ME patients.13, 17, 19,40–43

The significant reduction in ERK1/2 and MEK1/2 
reported in this study aligns to our previous investigation that 
reported a significant decrease in ERK1/2 in CD56dimCD16+ 
NK cells compared with nonfatigued controls.44 A significant 
reduction in MEK1/2 suggests further compromise in effec-
tor NK cell function. Following the activation of triggers,  
a signaling cascade via sequential phosphorylation of MAPK, 
MEK, and ERK results in the lytic granule polarization medi-
ated by TUBB,45 which regulates the reorientation of the 
microtubule and microtubule-organizing centre (MTOC) 
toward target cells to release perforin and granzymes. Activa-
tion of ERK1/2 facilitates polarization of cytotoxic granules 
toward the MTOC.46,47 MAPK intracellular signals activate 
reorganization and polarization of the actin cytoskeleton, 
which facilitates movement of the cytotoxic granules along 
the MTOC microtubules toward the immune synapse.46,47 

A critical threshold for signaling of MAPK, MEK, and ERK 
is required for NK cells to mount an effector cell response. 
A significant reduction in the expression of MEK2, ERK1, 
and TUBB may disrupt these distal events that contribute to 
reduced NK cytotoxicity. This reduced NK cytotoxicity may be 
particularly due to a reduction in the ERK1/2 phosphorylation, 
reducing the polarization of the secretory granule toward the 
immune synapse for degranulation.13,17 We and other research-
ers have also observed a significant reduction in lytic granules, 
such as granzyme B in CFS/ME patients.13,17,19,40–43

Binding of NK cells to target cells triggers phosphati-
dylinositol (PI)-3 kinase (PI3 K) to be rapidly activated by Src 
family tyrosine kinases and/or SYK, leading to calcium influx48 
and protein kinase C (PKC) activation. In this investigation, 
we report significant increases in PKC-alpha in the severe 
CFS/ME group compared with the nonfatigued control group. 
PKC-alpha is a member of PKC family of Ca2+ and/or lipid-
activated serine/threonine kinases, and functions downstream 
in many membrane-associated signal transduction pathways.49 
For example, PKC-alpha activation triggers a signaling cascade 
via sequential phosphorylation of MAPK, MEK, ERK, and 
JNK pathways. Ca2+ ions, magnesium ions, and diacylglycer-
ols (DAGs) are the most important molecules for regulating 
PKC-alpha activity, as low concentrations of these molecules 
increase the PKC-alpha activity. Hence, the present study 
highlights the importance of Ca2+ transport ion channels.

Moreover, JNK is activated by PKC-alpha, where JNK 
modifies the activity of numerous proteins located in the mito-
chondria or activates inflammation and pro-inflammatory 
cytokines such as IL-2, IL-6, and TNF-α. Increased acti-
vation of PKC-alpha may provide possible explanation for 
the increase in JNK along p38, resulting in pro-inflamma-
tory cytokine production such as IFN-γ, TNF-α, IL-2, and 
IL-6, from NK cells.50 The significant increase in PKC-alpha 
may suggest a shift toward a Th1/pro-inflammatory immune 
response. Previous researchers report significant increases in 
IFN-γ, IL-2, TNF-α, and IL-6  in CFS/ME patients.51–57 
Moreover, anti-inflammatory IL-10 exerts inhibitory effects 
on cytokine secretion and impedes pro-inflammatory 
cytokine secretion by multiple cells including NK cells 
(IFN-γ and TNF-α).14 A decrease in IL-10 favors an increase 
in pro-inflammatory responses, and this may increase the 
prevalence of Th1-like cytokines. Importantly, we and 
others have reported significant reductions in IL-10 from 
CFS/ME patients.58,59

CFS/ME is a heterogeneous condition in regard to 
symptoms and severity; hence, this study stratified findings 
according to moderate and severe patient groups. No dif-
ference in expression of protein kinase genes was observed 
between moderate CFS/ME patients and nonfatigued con-
trols. This lack of observable difference in gene expression 
between moderate CFS/ME patients and nonfatigued con-
trols may be due to clinical variability among this patient 
group. By comparison, salient changes in pathology may 
be predominant in a clinically severe, homogenous patient 
group, as observed in the findings of this study. The kinase 
genes identified in this study control a large number of pro-
cess networks within cells affecting synaptic function, sig-
nal transduction, inflammation pathways, apoptosis, muscle 
contraction, microtubule cytoskeleton spindle assembly, cir-
cadian rhythm, calcium transport, and nitric oxide signal-
ing. Metabolic effects, predominantly insulin gene expression 
pathways, were identified. Protein phosphorylation and 
protein modification pathways predominated in gene asso-
ciation analysis. Thus, this study revealed that multiple gene, 
metabolic and signaling pathway perturbations manifest in 
calcium-sensitive kinase genes. Kinase pathways control or 
regulate numerous physiologies including cardiovascular, 
urogenital, gastrointestinal, neurological, and respiratory 
systems. Kinase perturbations suggest the likely demonstra-
tion of an inflammatory profile along with other dysregulated 
physiological mechanisms, adding to widespread inflamma-
tory mechanism dysregulation in virtually all cells.60 Fur-
thermore, Ca2+ dysregulation is an important consequence of 
altered membrane receptor signaling and likely to have effects 
in neuronal function, such as impulse transmission,61 as well 
as muscle contraction.62 Impaired neurological and motor 
control are common symptoms associated with CFS/ME.25 
Therefore, it is suggested that Ca2+ and kinase signaling 
dysregulation be further investigated in the central nervous  
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system, given the high dependence on Ca2+ signaling for glial 
and neuronal cell functioning and their potential role in the 
pathomechanism of CFS/ME.

Conclusion
This study identifies, for the first time, 92 protein kinase genes 
differentially regulated in NK cells of CFS/ME patients 
compared with healthy nonfatigued controls. Specifically, 
37 genes were upregulated and 55 genes were downregulated, 
which are involved in numerous cell signaling and metabolic 
pathways including inflammation. While primarily indicating 
functional impairment in NK cytotoxic activity and immuno-
logical dysfunction, kinases are located throughout cells in the 
body and may be associated with other clinical manifestations 
reported in CFS/ME.
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Supplementary Figure  1.  Natural killer cell purity. 

NK  cell purity measurements are represented as total% of 
CD3− CD56+ cells. Data are presented as mean  ±  SD for 
CFS/ME group (n = 24) and control group (n = 11).

Supplementary Table 1. Significant calcium-dependent 
kinase gene networks associated with the severe CFS/ME 
patients compared with nonfatigued controls.
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