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Introduction

Myalgic encephalomyelitis/chronic fatigue syn-
drome (ME/CFS) affects approximately 0.2%–2% 
of the global population.1 All age groups and socio-
economic strata are susceptible to the syndrome, but 
proportionally more women are affected.1,2 As few 
as 5% return to a state of well-being.1 ME/CFS is a 
multifactorial and multisystem illness, impacting the 
neurological, immune, endocrine and musculoskele-
tal pathways, and often the gastrointestinal system.1 
Often ME/CFS onset is described as ‘sudden’, fol-
lowing an acute infectious period, but gradual onset 
is also reported.2 Initiating factors such as chronic 

viral infection, immune activation, exposure to 
chemicals, stress, hypotension, lymphocyte abnor-
malities and neuroendocrine dysfunction have all 
been proposed,2 but none validated as a single unify-
ing cause. A formal medical diagnosis of ME/CFS is 
made after excluding all other recognized illnesses 
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with a similar presentation, and by self-reported 
symptoms that fit within one of several broad sets of 
clinical criteria available.1 They highlight as a key 
symptom disabling physical and mental fatigue, last-
ing over 6 months that is exacerbated by exercise, or 
mental or emotional exertion.2,3 While ME/CFS 
pathophysiology is still poorly understood, it is 
hypothesized that profound dysregulation of the cen-
tral nervous system and immune system, dysfunc-
tion of cellular energy metabolism and cardiovascular 
abnormalities may play important roles in the patho-
physiology of the illness.2

A number of ME/CFS immune cell gene expres-
sion studies have been published. Collectively they 
have identified disturbances in pathways related to 
immune, neuronal, mitochondrial and metabolic 
function, but there is little consensus on the genes 
that are specifically differentially expressed. High-
throughput RNA sequencing technology (RNA-
seq) has only recently been utilized to investigate 
the ME/CFS transcriptome.4 Our RNA-seq study 
described here focuses on peripheral blood mono-
nuclear cells (PBMCs) in a well-characterized 
cohort of ME/CFS patients. PBMCs are reportedly 
stable, accurate reflectors of biological differences 
in healthy and unwell subjects, particularly for 
immunological or inflammatory pathways. We 
identified 27 gene transcripts significantly increased 
in the ME/CFS group when compared to healthy 
controls, and 6 gene transcripts significantly 
decreased (P < 0.01), and found enrichment in 
stress and inflammation pathways, as well as mito-
chondrial and circadian clock functions. These 
results expand the depth of evidence of a patho-
physiological basis to ME/CFS.

Methods

PBMC collection and isolation

The study had approvals from Health and Disability 
Ethics Committees in New Zealand (NTY/12/ 
06/055 and 15426). A total of 10 ME/CFS patients, 
diagnosed according to the canadian consensus crite-
ria (CCC) guidelines3 by an experienced ME/CFS 
clinician, were recruited along with matched controls. 
All participants gave their informed signed consent to 
participate. The control group had no history of sig-
nificant illness, injury or fatigue-related disorders. 
ME/CFS patients completed a detailed questionnaire, 
developed in-house, providing their clinical history 

and current health status (Supplementary Table S1). 
Within 4 h of collection, whole blood samples were 
diluted 1:1 with filter-sterilized phosphate-buffered 
saline (PBS), layered onto Ficoll-Paque PLUS 
(Sigma-Aldrich) and centrifuged at 400g for 40 min. 
The PBMC interface layer was removed and washed 
twice with filter-sterilized PBS (6 mL). The isolated 
PBMCs were then mixed with RNAlater (Thermo 
Fisher Scientific; 1:5 ratio) for storage.

Transcriptome analysis

The transcriptome analysis was performed in col-
laboration with New Zealand Genomics Ltd. 
RNA was isolated from PBMC samples using a 
MirVana™ RNA Isolation Kit (Thermo Fisher 
Scientific) following the manufacturer’s instruc-
tions. All samples passed quality control RNA 
integrity analysis by Fragment Analyzer (RIN 
⩾7). Library preparation used an Illumina TruSeq 
Stranded total RNA library kit (with RiboZero 
Human/Rat/Mouse). Total RNA libraries were 
pooled and sequenced by Illumina HiSeq 
2x125 bp paired-end sequencing. Raw FASTQ 
sequences had an average per base mean quality 
score (Q score) of 35.84. A Q score of >30 indi-
cates >99.9% base call accuracy and is the qual-
ity bench mark for next-generation sequencing. 
Raw FASTQ files were mapped and aligned to 
the human genome (hg38) with TopHat (tophat2) 
and Bowtie (bowtie2), resulting in 13,593 reads 
mapped to coding regions. The data were ana-
lysed in R using EdgeR (bioconductor release 
3.4). A generalized linear model fit was used to 
normalize the data. A t-test identified signifi-
cantly changed gene transcripts between the ME/
CFS patients and controls, identified on the 
UCSC genome browser (https://genome.ucsc.
edu/). The false discovery rate (FDR) reduces 
false positives, but at the inverse cost of increas-
ing the number of false negatives so that the like-
lihood of the data to show real effects, particularly 
with small patient cohorts, can be easily reduced. 
In light of this, statistical analysis was achieved 
by setting the change in gene expression thresh-
old to an un-adjusted P < 0.01 for encoded pro-
tein functional network analysis (FNA). To fully 
explore the dataset by ingenuity pathway analy-
sis (IPA), the threshold was set to an unadjusted 
P < 0.05.

https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://genome.ucsc.edu/
https://genome.ucsc.edu/


Sweetman et al. 3

RT-qPCR validation. Taqman gene expression (RT-
qPCR) assay validation was performed for the 
three most significantly changed gene transcripts 
IL8, NFKBIA and TNFAIP3, with the housekeep-
ing genes GAPDH and 18S as stable references 
(#4448892 for IL8 and NFKBIA, #4453320 for 
TNFAIP3, GAPDH, 18S). RNA was converted to 
complementary DNA (cDNA) with a Super-
Script™ VILO ™ cDNA Synthesis Kit (Thermo 
Fisher Scientific). Triplicate reactions were per-
formed on MicroAmp Optical 96-Well reaction 
plates (Life Technologies) in a ViiA™ 7 Real-Time 
PCR System (Thermo Fisher Scientific) with 
TaqMan® Fast Advanced Master Mix (Thermo 
Fisher Scientific). The normalized relative expres-
sion levels of each gene were calculated using the 
2ΔΔCt method.

FNA. Differentially expressed gene transcripts 
(n = 33, P < 0.01) were assessed for functional 
associations between encoded proteins by STRING 
analysis (http://string-db.org, version 10.5). 
STRING is an extensive database of known and 
predicted protein–protein interactions, centering 
on protein-coding gene loci, with alternative splice 
isoforms or post-translationally modified forms 
collapsed at the level of the gene locus. FDR-
adjusted P-values are calculated for each enriched 
biological process.

IPA. A pool of 125 upregulated and 40 downregu-
lated gene transcripts (P < 0.05, Supplementary 
Table S2) were analysed by IPA. IPA uses causal 
analytics tools to elucidate upstream biological 
causes and probable downstream effects on cellu-
lar biology from the dataset. Underlying these 
algorithms is the ingenuity knowledge base, 
curated from the biomedical literature or third-
party databases. An enrichment score (P-value) 
measures the overlap of observed and predicted 
gene sets. A z-score assesses the match of observed 
and predicted regulation patterns, serving as a pre-
dictor for the activation state of the identified regu-
lator molecule. Pathways with z-scores of >2 or 
<–2 are considered activated or inhibited, 
respectively.

Results and discussion

The concepts of Precision Medicine with appropri-
ate statistical analysis have been applied to this 

small clinically well-characterized patient cohort 
in this RNA-seq transcriptome analysis. This 
approach has been successfully applied to cohorts 
of rare diseases, where available patients are small 
in number. In addition, the RNA-seq analysis itself 
has appropriate sequencing depth to compensate 
for the smaller sample size.

RNA-seq analysis revealed an altered PBMC 
transcriptome

A t-test of normalized RNA-seq data found 27 sig-
nificantly increased gene transcripts and 6 signifi-
cantly decreased gene transcripts in the ME/CFS 
cohort (P < 0.01, Table 1).

qPCR validation of changes in gene expression

The top three significantly changed gene tran-
scripts in the ME/CFS group were evaluated by 
RT-qPCR on the study group. The results were 
consistent with the RNA-seq data for IL8 and 
NFKBIA. As shown in the fold change graph 
(Figure 1(a)) and scatter plot (Figure 1(b)), IL8 
(FC = 4.8; P = 0.01) and NFKBIA (FC = 2.0; 
P = 0.05) were both significantly increased in the 
patient group compared to controls. TNFAIP3 was 
also increased in the patient group (FC = 2.1; 
P = 0.19) with the change trending towards signifi-
cance as is evident in the scatter plot (Figure 1(b)).

Analysis of the transcriptome data

FNA and IPA examined the enriched functional 
interactions and the biochemical and physiological 
pathways derived from the analysis of the differen-
tially expressed gene transcripts in ME/CFS.

FNA. The functional association networks of proteins 
encoded by differentially expressed gene transcripts 
(n = 33, P < 0.01, Table 2) were assessed using the 
STRING portal (http://string-db.org, version 10.5) 
(Figure 2). We found a significant level of network 
enrichment (P-value 6.1 × 10−5) in this list indicating 
the encoded proteins are biologically connected. 
Strong functional associations were observed between 
IL8, NFKBIA, TNFAIP3, JUN, NAMPT, CREM, 
PMAIP1, PPP1R15A, RBBP6, UBE2D3, SOCS3, 
RIPK2 and ZC3H12A (Figure 2). Several compelling 
functional pathways were enriched following 
increases in the encoded proteins (Supplementary 

http://string-db.org
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
http://string-db.org
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
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Table S3). Collectively, these pathways reinforce sig-
nificant immune and inflammatory over-activation 
and dysregulation occurring in the pathology of ME/
CFS.

IPA shows inflammation and oxidative stress in ME/CFS. IPA 
was carried out on the transcriptome dataset with 
significance set at P < 0.05, increasing the pool 
available for analysis to 125 increased and 40 
decreased gene transcripts (Supplementary Table 
S2). This analysis identified a number of overlap-
ping, functionally interlinked canonical pathways. 
Most pathways were directly related to inflamma-
tory signalling and the stress response, supporting 
the FNA results (Supplementary Table S4). Gene 

networks related to oxidative stress, inflammation 
and nervous tissue damage (Supplementary Table 
S5) were also significant. These results support the 
hypothesis that mitochondrial dysfunction and 
impaired energy metabolism lead to fatigue, 
malaise and commonly experienced muscle pain 
and cognitive impairment in ME/CFS.

Anti-inflammatory responders to TNFα and 
NF-κB

The three top upregulated genes in our study, IL8, 
NFKBIA and TNFAIP3, are early responders to 
TNF-induced NF-κB activation.5 The proteins A20 
(TNFAIP3) and IκBα (NFKBIA) are part of the two 

Table 1. Transcripts with altered gene expression in the ME/CFS group compared to healthy controls (P < 0.01).

Gene symbol Gene name P-value Fold change

IL8 Interleukin-8 2.5 × 10−6 5.6
NFKBIA NF-κB inhibitor alpha 2.0 × 10−5 2.4
TNFAIP3 Tumour necrosis factor alpha-induced protein 3 1.3 × 10–4 3.6
JUN Jun proto-oncogene 3.8 × 10−4 2.5
PER1 Period circadian protein homolog 1 8.8 × 10−4 2.3
UBE2D3 Ubiquitin conjugating enzyme E2 D3 2.2 × 10−3 2.0
RBBP6 E3 Ubiquitin-protein ligase RBBP6 2.3 × 10−3 2.1
NAMPT Nicotinamide phosphoribosyltransferase 2.3 × 10−3 1.9
IER3 Immediate early response 3 2.7 × 10−3 2.0
ZC3H12A Zinc finger CCCH-type containing 12A 2.8 × 10−3 1.8
CREM CAMP responsive element modulator 2.8 × 10−3 1.9
RIPK2 Receptor interacting serine/threonine kinase 2 3.3 × 10−3 1.6
PMAIP1 Phorbol-12-myristate-13-acetate-inducing protein 1/

immediate-early-response protein APR
3.3 × 10−3 2.3

PPP1R15A Protein phosphatase 1 regulatory subunit 15A 3.6 × 10−3 1.7
ENC1 Ectodermal-neural cortex 1 4.3 × 10−3 2.2
PMPCB Peptidase, mitochondrial processing beta subunit 4.3 × 10−3 1.9
G3BP2 G3BP stress granule assembly factor 2 4.5 × 10−3 2.0
PIGA Phosphatidylinositol glycan anchor biosynthesis class A 4.9 × 10−3 1.8
CCNL1 Cyclin L1 5.3 × 10−3 1.6
SOCS3 Suppressor of cytokine signalling 3 5.3 × 10−3 1.8
CSRNP1 Cysteine and serine rich nuclear protein 1 5.7 × 10−3 1.6
ZNF274 Zinc finger protein 247 6.1 × 10−3 1.6
USP3 Ubiquitin specific peptidase 3 6.2 × 10−3 1.7
PILRB Paired immunoglobin-like type 2 receptor beta 7.3 × 10−3 1.5
DDX3X DEAD-box helicase 3, X-linked 8.2 × 10−3 1.5
KLHL15 Kelch like family member 15 9.2 × 10−3 1.8
ETF1 Eukaryotic translation termination factor 1 1.0 × 10−2 1.8
ANKRD46 Ankyrin repeat domain-containing protein 46 2.4 × 10−3 0.25
LPAR1 Lysophosphatidic acid receptor 1 4.3 × 10−3 0.15
PCDHGC3 Protocadherin gamma-c3 5.8 × 10−3 0.15
ZNF202 Zinc finger protein 202 6.8 × 10−3 0.14
HS3ST3B1 Heparin sulphate glucosamine-3-o-sulfotransferase 3B1 8.0 × 10−3 0.26
DCUN1D3 DCN1-like protein 3 1.0 × 10−2 0.23

ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome.

https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
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main negative feedback loops of NF-κB-driven 
transcription.5 Furthermore, TNFα is a potent 
inducer of IL-8 secretion, through a transcriptional 
mechanism regulated by NF-κB. Increases in IL-8 
and TNFα have been identified in several cytokine 
and immune ME/CFS studies. Chronic inflamma-
tion is also amplified by the NF-κB signalling 
pathway. The increase in expression of these three 
gene transcripts in the ME/CFS group strongly 
implies an ongoing biological counter-response to 
unwanted excess activity of NF-κB and inflamma-
tion in ME/CFS, driven by TNFα.

Significant biological pathways enriched in the 
ME/CFS group, identified by FNA and IPA

The circadian rhythm. Several elevated gene tran-
scripts in the ME/CFS group encode core proteins 
that regulate the circadian clock (Supplementary 
Table S2), the central mechanism that drives our 
24-h circadian rhythm. A disturbed circadian 
rhythm can be linked directly to many ME/CFS 
symptoms, such as pain, fatigue, sleep disturbance, 
flu-like symptoms, cognitive impairment, post-
exertional malaise and dysfunction of metabolic 
and immune systems.6 These results suggest that 
disruption of the circadian rhythm is likely in ME/
CFS and could be a plausible candidate for sustain-
ing both the symptoms and severity of ME/CFS.

Mitochondrial dysfunction. Mitochondria are essential 
for cellular energy production, metabolism and reg-
ulating stress responses. Results from FNA and IPA 
indicate mitochondrial dysfunction, characterized 
by signs of oxidative stress and downregulation of 
metabolic pathways (Supplementary Tables S3 and 
S4). Three significantly increased gene transcripts 
in the ME/CFS cohort (PMAIP1, PMPCB and 
JUN) play important roles in mitochondrial func-
tion and apoptotic pathways (Table 1 and Figure 2):

1. Respiration. Mitochondrial respiration can 
be inhibited by cytokine changes and oxida-
tive stress. Regulation of cytokine produc-
tion (Supplementary Table S3) and oxidative 
stress pathways (Supplementary Tables S3 
and S5) were both enriched in the ME/CFS 
cohort. Recent ME/CFS studies have found 
key indicators of mitochondrial dysfunction, 
including reduced production of ATP and 
impairment of the oxidative phosphorylation 

pathways.7 Supporting our analysis, a 2017 
study showed lowered maximal respiration 
by mitochondria in ME/CFS PBMCs.7 They 
found metabolic differences that showed an 
inability to fulfil cellular energetic demands, 
in particular when mitochondria were under 
stress.7

2. Downregulation of metabolism. FNA showed 
disturbed regulation of multiple metabolic 
pathways in the ME/CFS cohort, many of 
which involved mitochondria (Supplementary 
Table S3). Metabolic profiling studies of ME/
CFS have linked impaired metabolism to 
post-exertional malaise.8 Importantly, a 2016 
study investigated metabolites in ME/CFS 
patients and controls and discovered a homo-
geneous decrease of diagnostic metabolites 
among all ME/CFS patients, consistent with 

Figure 1. (a) Mean fold-change in expression between ME/
CFS and controls of IL8, NFKBIA and TNFAIP3 after RT-qPCR 
assays (±SEM). (b) Scatter plot of normalized triplicate RT-
qPCR assay Ct values for each gene in the ME/CFS (n = 10) and 
control (n = 10) cohorts. The mean Ct value for each gene in 
the cohorts is also shown (orange line). The Ct value is the 
PCR amplification cycle at which the gene transcript exceeded 
the individually calculated baseline threshold level for that gene.

https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
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hypometabolic syndrome.8 As all of the met-
abolic abnormalities identified were either 
directly regulated by redox or by the availa-
bility of NADPH, they speculated that mito-
chondrial involvement was likely. Lactic acid 
accumulation from impaired metabolism 
may explain myalgia in muscles and joints, 
reported by ME/CFS patients. Furthermore, 
lactate build up in the brain’s ventricular 
spaces and cerebrospinal fluid of ME/CFS 
patients has been reported and could contrib-
ute to the neuroinflammatory-related symp-
toms of ME/CFS.

3. Stress response. FNA showed an increased 
cellular stress response and positive regula-
tion of apoptotic processes in the ME/CFS 
group (Supplementary Table S3). IPA high-
lighted the production of nitric oxide (NO) 
and reactive oxygen species (ROS) in mac-
rophages (Supplementary Table S4). NO 
and ROS production, stimulated by TNFα 
and NF-κβ, plays a central role in the con-
trol of infections, and ROS production is 
also attributed to activated NADPH oxidase, 

a component of the mitochondrial electron 
transport chain. Mitochondria densely popu-
late cells in the CNS, providing essential 
energy for neurons and thereby influencing 
synaptic plasticity.9 Oxidative stress, caused 
by increased ROS in mitochondria, can lead 
to cognitive impairment and apoptosis – 
leading to mitochondrial DNA damage and 
contributing to cognitive disturbance by 
affecting both neurotransmission and Ca2+ 
homeostasis.9 Of relevance, many ME/CFS 
symptoms, such as fatigue, exercise intoler-
ance and myalgia, are shared with primary 
mitochondrial diseases.10

Chronic inflammation. Sustained inflammation is 
emphasized in the ME/CFS transcriptome, with 
NF-κB and TNFα central to two primary canon-
ical pathways predicted to be enriched by IPA 
(Supplementary Table S4). As mentioned previ-
ously, IL8, NFKBIA and TNFAIP3 are compo-
nents of the key affected pathways. The NF-B 
activation pathway (Supplementary Table S4) 
targets a multitude of cytokine and chemokine 
receptors required for immune recognition, anti-
gen presentation and adhesion receptors. The 
TNFR2 signalling pathway (Supplementary 
Table S4) regulates TNFα activity by antago-
nizing TNFα-induced apoptosis, especially in 
highly activated T cells. LPS-stimulated mitogen 
activated protein kinase (MAPK) (Supplemen-
tary Table S4) drives the inflammatory response 
in macrophage immune cells. Peroxisome  
Proliferator-Activated Receptors (PPAR) sig-
nalling was also identified as affected (Supple-
mentary Table S4). PPAR signalling molecules 
regulate metabolic processes in heart muscle 
tissue, inflammation and oxidative stress and 
facilitate interactions between circadian, meta-
bolic (lipid metabolism) and cardiovascular 
pathways. Mitochondrial dysfunction might be 
further influenced by increased chronic activa-
tion of immune-inflammatory stress pathways. 
Inflammatory mediators such as TNFα have 
been associated in vitro with mitochondrial dys-
function and increased ROS. Injury or infection 
can also lead to compromised mitochondrial 
integrity, triggering inflammation via NF-κB, 
MAPKs and interferon regulatory factors and 
promoting pathology in a growing number of 
diseases.

Figure 2. STRING analysis of significantly altered gene 
transcripts in the ME/CFS cohort (n = 33, P < 0.01).
Protein: protein interaction enrichment network (P = 6.1 × 10−5) of 
encoded proteins of differentially expressed gene transcripts in the ME/
CFS group compared to controls. Twenty-four functional interac-
tions were identified. Magenta = fusion evidence: genes fused into 
single open reading frames in other organisms; green = neighbourhood 
evidence: groups of genes frequently observed in the same chromo-
somal location; black = co-expression evidence: genes are observed 
to be correlated in expression across a large number of experiments; 
light blue = database evidence: known metabolic pathways, protein 
complexes and so on from curated databases.

https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
https://journals.sagepub.com/doi/suppl/10.1177/2058738418820402
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These results reinforce the involvement of 
inflammation, disturbed circadian rhythm, meta-
bolic dysregulation and oxidative stress in ME/
CFS.

Previous ME/CFS transcriptome studies support 
inflammation and mitochondrial involvement

To the best of our knowledge, this is the first RNA-
seq that has analysed PBMCs of ME/CFS patients. 
This technology was, however, used in a recent 
whole blood study analysing adolescent ME/CFS 
participants by gene set enrichment.4 Our analysis 
was consistent with their findings, suggesting 
impairment of B cell differentiation and survival, 
enhanced innate antiviral responses and inflamma-
tion. Co-expression patterns and single gene tran-
scripts were associated with neuroendocrine 
markers of altered HPA axis and autonomic nerv-
ous activity, plasma cortisol, blood monocyte and 
eosinophil counts. We have found significant 
molecular changes in our ME/CFS cohort that are 
consistent with those reported in larger comple-
mentary but not identical studies. Previous microar-
ray and differential display studies of gene 
expression in ME/CFS have indicated disturbances 
in immune pathways, mitochondrial function, cell 
stress and apoptosis. A microarray investigation of 
PBMCs from a small group of post-infective ME/
CFS males by Gow et al.10 identified differentially 
expressed genes with roles in immune modulation, 
oxidative stress and apoptosis and, of particular 
interest, also found increased TNFAIP3, in support 
of our results. Of significance to our study, Zhang 
et al.11 have identified a differentially expressed 
gene signature of 88 genes by microarray analysis 
and further substantiated by studies with other ME/
CFS patient cohorts. The gene signature enabled 
sub-grouping of the patient cohorts, and IPA analy-
sis of the gene interactions, disease associations and 
functions identified immunological disease, cancer-
related, cell death, immune response and infection 
pathways, as well as links with Epstein–Barr and 
enterovirus infection indicators.

Our exploratory approach has enabled us to 
obtain a rich differentially expressed gene dataset 
to identify changed biology in ME/CFS. We have 
identified the circadian rhythm dysregulation path-
way as a new possible underlying cause of the 
unrefreshing sleep, fatigue and metabolic abnor-
malities seen in ME/CFS. Furthermore, impaired 

mitochondrial function and resulting oxidative 
stress, coupled with chronic immune-inflammatory 
signalling, provides a compelling explanation for 
the fatigue, cognitive dysfunction and post-exer-
tion malaise experienced in ME/CFS.

Therefore, this study is a further step towards 
gaining an understanding of the disease process 
and identifying putative biomarkers to support 
clinical diagnosis. The biological pathways identi-
fied offer a rational explanation of the complex and 
often multi-systemic nature of ME/CFS.
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