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Abstract
A random-sequence peptide microarray can interrogate serum antibodies in a broad, unbiased fashion to generate disease-specific
immunosignatures. This approach has been applied to cancer detection, diagnosis of infections, and interrogation of vaccine
response. We hypothesized that there is an immunosignature specific to ME/CFS and that this could aid in the diagnosis. We
studied two subject groups meeting the Canadian Consensus Definition of ME/CFS. ME/CFS (n = 25) and matched control (n =
25) sera were obtained from a Canadian study. ME/CFS (n = 25) sera were obtained from phase 1/2 Norwegian trials
(NCT01156909). Sera from six healthy controls from the USAwere included in the analysis. Canadian cases and controls were
tested for a disease immunosignature. By combining results from unsupervised and supervised analyses, a candidate
immunosignature with 654 peptides was able to differentiate ME/CFS from controls. The immunosignature was tested and
further refined using the Norwegian and USA samples. This resulted in a 256-peptide immunosignature with the ability to
separateME/CFS cases from controls in the international data sets.Wewere able to identify a 256-peptide signature that separates
ME/CFS samples from healthy controls, suggesting that the hit-and-run hypothesis of immune dysfunction merits further
investigation. By extending testing of both our signature and one previously reported in the literature to larger cohorts, and
further interrogating the specific peptides we and others have identified, we may deepen our understanding of the origins of ME/
CFS and work towards a clinically meaningful diagnostic biomarker.
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Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS) is a complex syndrome whose symptoms include ex-
treme fatigue that fails to improve with rest [1–4] and for
which a specific cause remains elusive. Various working eti-
ological hypotheses have been proposed, implicating roles for
viruses, bacteria, environmental triggers, immune dysregula-
tion, and mitochondrial dysfunction, but because the biologi-
cal pathways leading to the syndrome remain poorly defined,
there are no reliable biomarker-based tests for ME/CFS and
diagnosis is on clinical grounds. Some have concluded that
ME/CFS is a functional somatic disorder and that biomarkers
may not be forthcoming, but such writing predates next-
generation sequencing—a powerful tool for etiological agent
discovery—and the observation of metabolic differences be-
tween cases and controls [5–7].

Mounting evidence suggests a role for autoimmunity or
dysregulated inflammation [8], including the epidemiological
over-representation of females, aberrant cytokine expression
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in early disease and in cerebrospinal fluid [9, 10], NK cell
dysfunction [11] and the observation that autoantibodies di-
rected against some beta-adrenergic and M-acetylcholine re-
ceptors are elevated in ME/CFS cases [12]. Unfortunately,
encouraging phase 1 and 2 clinical trials of B cell depletion
using rituximab [13–15] has been followed by reports of a
negative phase 3 trial (not yet published) [16, 17]. The search
for specific immunological biomarkers could benefit from a
high-throughput platform able to interrogate a broad spectrum
of antibody expression.

One prevalent etiological hypothesis is that of Bhit and run,^
whereby a pathogen or other immunological insult experienced
by a subject may be gone, but leaves behind physiological dis-
equilibrium [18]. In our initial studies, we employed
metagenomics for pathogen discovery and RNA-seq to explore
differential gene expression—both techniques that would pick
up the Bhit^ but perhaps not the Brun.^ Indeed, we did not iden-
tify important differences between ME/CFS and healthy partic-
ipants that would explain pathophysiology [19–21]. However, if
the hit and run hypothesis were true, we might expect a differ-
ence in the adaptive immune profile—the Brun^—of ME/CFS
cases vs healthy controls and other disease groups.

To explore this hypothesis, we turned to an immunosignature
assay (ISA) that employs a microarray of thousands of random-
sequence peptides to interrogate antibodies in a broad and un-
biased fashion. ISA technology has been applied to cancer de-
tection, diagnosis of infections, and interrogation of vaccine
response [22–25]. We hypothesized that ISA might identify
differences in the adaptive immune history of ME/CFS cases
vs healthy controls from our own case-control study, but also
that anME/CFS immunosignature may be generalizable to peo-
plewithME/CFS from different parts of the globe, such as those
participating in the Norwegian clinical trials of rituximab treat-
ment for B cell depletion [14, 15].

Methods

Canadian Complex Chronic Disease Study Samples

The Complex Chronic Disease Study has been described else-
where [19], and includes 25 ME/CFS subjects meeting the
2003 Canadian Consensus Definition for ME/CFS (all of
whom suffered post-exertional malaise with extreme fatigue
severity scores) [26], and 25 age- and sex-matched healthy
controls. The protocol was approved by the University of
British Columbia’s IRB (H11-01998) and all subjects gave
written informed consent to participate. Upon consent, serum
was collected at baseline for serological tests and stored at −
20 °C until thawed for use. Samples were diluted 1:1 with
reagent-grade glycerol plus 0.025% sodium azide to prevent
freeze-thaw cycle damage.

Norwegian Rituximab Study Samples

A pilot study and two phase-2 studies of B cell depletion using
the monoclonal anti-CD20 antibody rituximab for treatment of
ME/CFS have been previously described [13–15]. In the present
analysis, we used pretreatment sera from 25 individuals drawn
from the pilot study and the KTS-2-2010 single-center, open-
label, one-armed phase II study (NCT01156909) [16], in which
subjects received rituximab (500 mg/m2) infusions 2 weeks
apart, followed by maintenance rituximab infusions after 3, 6,
10, and 15 months, and with follow-up for 36 months. The
study was approved by the Regional Ethical Committee in
Norway, no 2010/1318-4 and by the National Medicines
Agency, and all subjects gave written consent to participate.

In this study, subjects improving according to the
predefined criteria in the protocol were characterized as re-
sponders. For the analyses in this manuscript, we used only
the pretreatment samples from subjects in the trial. The
biobanked samples were aliquoted before freezing at −
80 °C. Samples of 100 μl were diluted to a final concentration
of 50% glycerol for transport to the testing laboratory.
Samples were shipped at − 20 °C, at which temperature they
were kept throughout.

American Healthy Control Samples

Non-affected control samples were obtained from Clinical
Testing Solutions (Tempe, AZ), a national blood testing labora-
tory. Samples were stored at − 20 °C until use. Healthy samples
were obtained from multiple locations throughout the continen-
tal US and consisted of blood donors who were negative for the
presence of infection. We selected samples based on age (30–
62 years of age) but not gender, race, or geography.

Laboratory Methods

Deidentified samples were received and kept frozen at − 20 °C
until use. The immunosignature arrays were synthesized and
completed as described previously but used 125,000 peptides
rather than 330,000 [22]. Peptideswere 12 amino acids long and
were composed of 16 amino acids, excluding threonine, methi-
onine, isoleucine, and cysteine. Microarray slides were blocked
with 1 mM PBS, 3% bovine serum albumin, 0.05% Tween 20,
0.014%mercaptohexanol for 1 h at 25 °C in a darkened humid-
ified chamber, then sera were diluted in 3% bovine serum albu-
min, 1mMPBS, 0.05%Tween 20 pH 7.2 to a 1:500 dilution for
mouse and human sera, and allowed to bind for 1 h at 37 °C at
20 RPM rotation. Slides were washed 3 × 5’ with 1 mM Tris-
buffered saline, 0.05% Tween 20 pH 7.2 followed by three
washes with distilled water. Once incubation was completed,
the slides were dried by centrifugation at 2400g×10’ and
scanned by an Innopsys (Carbonne, France) Innoscan 910
0.5 um 2-color scanner. The images were stored as 16-bit
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uncompressed TIFF’s, aligned using GenePix Pro 6.0
(Molecular Devices, Santa Clara, CA), and stored in a local
relational database prior to analysis. Analysis was done using
R (CRAN) and GeneSpring 7.3.1 (Agilent, Mt. View, CA).
Serum antibodies were detected by labeled secondary antibody.
Labels included either Alexafluor 555 or 647. Secondary anti-
bodies were incubated at a concentration of 5 nM for 1 h at RT.
Single-color experiments were performed exclusively, but dye
choice depends on availability, usually either Innova Biosciences
(Cambridge, UK), Life Technologies (Madison, WI), or
Jackson Labs (Bar Harbor, MA).

Data Preprocessing

For each sample, data for 122,926 peptide abundances were
available, ranging in value from 0 to 65,535 where 65,535
represented the upper detection limit of the 16-bit digitizer.
Samples were typically run in duplicates and data processing
included control peptide averaging as well as replicate sample
testing for outliers before replicate samples were merged
(Online Resource 1). In cases where one of the replicates
was an outlier sample, the corresponding replicate pair was
removed from the analyses (n = 8). Replicates that passed the
outlier testing (n = 78) were merged by calculating the arith-
metic mean of peptide abundances for each of the 122,926
peptides. Samples run as singletons were removed (n = 2) ex-
cept the six American Healthy Control group samples that
were all run as singletons. Each sample was then median-
centered by dividing each peptide abundance by the median
value over all peptides for the corresponding sample, followed
by a log2-transformation of the data. The median normaliza-
tion and log2-transformation put the median peptide value for
each of the processed samples at zero.

Data Partitioning

After replicates were processed, the 84 samples from the three
data sets—Canadian, Norwegian, and American—were used to
create two data partitions: one for immunosignature discovery
and one for immunosignature validation (Fig. 1). The data par-
tition used in the discovery analysis (BDiscovery Set^) com-
prised all Canadian ME/CFS (n = 22) and control (n = 21) sam-
ples. The validation data partition (BValidation Set^) included all
Norwegian ME/CFS samples (n = 22), USA control samples
(n = 6), and a subset of randomly selected Canadian ME/CFS
(n = 6) and control (n = 7) samples, and was intended to evalu-
ate each immunosignature’s potential to distinguish ME/CFS
cases from healthy controls. Samples in the Validation Set were
run in an immunoassay experiment separate from the samples in
the Discovery Set. The Canadian and USA control samples
were included in the Validation Set to compensate for the lack
of Norwegian control samples and still being able to character-
ize the immunosignatures’ ability to distinguish cases from con-
trols. Canadian cases were included to confirm separation of
Canadian cases and controls in the Validation Set.

Discovery Analyses

We performed all analyses using scripts implemented in R
version 3.3.2 [27]. In the Discovery Analysis, we derived
robust candidate peptide signatures based on unsupervised
and supervised univariate and multivariate analysis methods
as shown in Fig. 1, including PCA, hierarchical clustering,
gene shaving, elastic net, and random forest [28–32]. The
unsupervised analyses were carried out blind to group status
while the supervised analyses used group status directly in the
supervising vector.

Fig. 1 Analysis overview
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Three unsupervised and three supervised analyses were run
on the full 122,926 peptide dataset to select peptides best able to
discriminate ME/CSF from control samples. Amongst the un-
supervised methods, we set our sparse PCA (sPCA) and sparse
IPCA (sIPCA) analyses to select 100 peptide features, while the
gene shaving (GS)method automatically selected features. Each
of these three unsupervised methods were instructed to return
ten lists (sPCA1-sPCA10, sIPCA1-sIPCA10, and GS1-GS10).
For each set of ten lists, the ability to separate ME/CFS cases
from controls was reviewed, and subsets of peptide lists were
selected and combined into three panels of peptide features:
sPCA_panel, sIPCA_panel, and GS_panel.

The supervised methods used different feature selection
approaches. Robust limma (RL) used a threshold for the ad-
justed p value and returned all peptides at or below the thresh-
old. Random forest (RF) used internal bootstrapping to calcu-
late feature importance measures that indicated how classifi-
cation performance of the random forest was affected when
the respective peptides were excluded from the analysis, and a
threshold was chosen for a minimum required BMean
Decrease Gini^ value to select peptides. Elastic net (EN) used
internal cross-validation for parameter estimation and auto-
matically performed feature selection. The list of peptides se-
lected by this method was determined by a frequency-based
approach that returned all peptides that were observed in at
least 10% of elastic net panels over 100 runs, where each run
was based on 39 samples with two ME/CFS cases and two
control samples removed at random in each run. The super-
vised methods returned three panels of peptide features:
RL_panel, RF_panel, and EN_panel.

The six panels (A–F) were then combined using different
intersections and unions (Fig. 1) to define seven candidate
peptide signatures (CPS): CPS001–CPS007. To characterize
the predictive ability of these signatures, we calculated the
area under the receiver-operating-characteristic curve (AUC)
from signature scores defined by the mean signed log2
median-centered peptide abundance where the sign was deter-
mined by the sign of principal component 1 of the signature
and known group labels [33].

Validation Analyses and Signature Refinement

The seven candidate peptide signatures (CPS001–CPS007)
were evaluated using the Validation Set, with the results used
to select the most robust discovery signature. This signature
was then further refined based on the ability of its individual
peptides to separate samples from four different comparisons
based on two-sample t tests (assuming unequal variances)
using the limma package in R [34]. Our four comparisons
were (i) 22 Canadian ME/CFS vs 21 Canadian control sam-
ples in the Discovery Set, (ii) six Canadian ME/CFS vs seven
Canadian control samples in the Validation Set, (iii) 22
Norwegian ME/CFS vs seven Canadian control samples in

the Validation Set, and (iv) 22 Norwegian ME/CFS vs six
US control samples in the Validation Set. The final refined
signature—CPS0001A—included only those peptide features
whose p values for each of the four comparisons were less
than 0.05. AUC values were derived from absolute values of
peptide weights for principle component 1 (PC1) based on a
PCA of peptide-standardized data (122,926 peptides). Higher
AUC values indicated a stronger contribution of the tested
signature to the separation of samples along PC1. In addition,
PCA and hierarchical clustering approaches based on pro-
posed signature were used to cluster validation samples in a
blinded fashion, without the use of group status.

Results

Discovery Analysis for Candidate Peptide Signature
Selection

In the discovery phase of our analysis, we used multiple sta-
tistical approaches to find sets of peptides that differentiated
ME/CFS samples from healthy controls in our Discovery Set
of 43 Canadian samples. Supervised and unsupervised ap-
proaches yielded 33 peptide lists—three from supervised ap-
proaches and 30 from unsupervised approaches, with varying
degrees of overlap (Supplementary Table 1 in Online
Resource 1). When we calculated area under the curve
(AUC) values for each of the 33 lists (Supplementary
Table 2 in Online Resource 1), reflecting their ability to dif-
ferentiate case and control samples, AUCs were highest for
the lists derived from the supervised robust limma, random
forest, and elastic net methods. Interestingly, two of the gene
shaving lists (GS2 and GS10) were strongly correlated with
RL_panel and RF_panel, and displayed the largest AUCs of
all of the peptide lists from the unsupervised analyses.

Considering only the three peptide lists resulting from the
supervised approaches—RL_panel (1066 peptides from ro-
bust limma), RF_panel (339 peptides from random forest),
and EN_panel (144 peptides from elastic net)—PCA projec-
tions and heatmaps show a visible, albeit imperfect, separation
ofME/CFS samples and healthy controls (Fig. 2). Along PC1,
five of 22 case samples cluster with controls, while two of 21
control samples cluster with cases across all three signatures.
One ME/CFS sample consistently displayed the largest PC1
value and is prominent in the heatmaps. Of the three panels,
EN_panel was best able to separate ME/CFS samples from

�Fig. 2 PCA projection (PC2 vs PC1) and unsupervised clustering
(heatmap) results for the three peptide panels derived from supervised
analyses on the Discovery Set of 43 Canadian ME/CFS and control
samples (a RL_panel, b RF_panel, and c EN_panel). PCA plots and
heatmaps are based on row-standardized data (Z-scores), where for each
peptide, abundances had their mean value subtracted and were divided by
the standard deviation
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healthy controls in the PCA projection (Fig. 2c). It also had the
largest AUC of all 33 peptide lists in (Supplementary Table 2
in Online Resource 1).

Selected peptide lists from the unsupervised approaches
were combined into three peptide panels—sPCA_panel (200
peptides from sparse PCA panels sPCA4 and sPCA7),
sIPCA_panel (100 peptides from sparse IPCA panel
sIPCA10), and GS_panel (6444 peptides from gene shaving
panels GS2 and GS10)—and were also analyzed with PCA
projections and heatmaps. While sPCA_panel and
sIPCA_panel performed poorly (Supplementary Figure 6 in
Online Resource 1), GS_panel returned an AUC of 0.75, in-
dicating an ability to differentiate cases from controls
(Supplementary Figure 7 in Online Resource 1).

As the final step in deriving candidate peptide signatures,
we combined the six peptide panels (A–F) in various combi-
nations (Fig. 1). Having demonstrated that the panels resulting
from the three supervised methods (RL_panel, RF_panel, and
EN_panel) and the panel resulting from gene shaving
(GS_panel) resulted in the best classification performance on
PCA projections and heatmaps, we created CPS001 from the
intersection of GS_panel and the union of peptides from the
supervised methods (n = 654 peptides). The intersection of
GS_panel with the intersection of peptides from the super-
vised methods was considered as an alternative definition for
CPS001 but it produced a small panel of only eight peptides
and was dropped in favor of the larger, presumably more
robust panel that was also better suited for panel refinement
in the validation phase. Signatures CPS002–CPS007 were
defined as: the union of all peptides in the unsupervised panels
(CPS002, n = 6742 peptides), the intersection of all peptides in
the unsupervised panels (CPS003, n = 0 peptides), the union
of all peptides in the supervised panels (CPS004, n = 1255

peptides), the intersection of all peptides in the supervised
panels (CPS005, n = 35 peptides), the union of all peptides
from all six panels (CPS006, n = 7342 peptides), and the in-
tersection of all peptides from all six panels (CPS007, n = 0
peptides).

Validation Analysis

Excluding the empty candidate peptide signature panels
CPS003 and CPS007 left us with five panels to evaluate in a
series of validation analyses. Using the Validation Set, com-
prising 28ME-CFS cases (22 from the Norwegian dataset and
six from the Canadian data) and 13 healthy controls (six from
the US dataset and seven from the Canadian data), we exam-
ined PCA plots, heatmaps, and AUCs for each signature. All
five candidate signatures displayed a similar ability to separate
ME/CFS and Healthy/Controls in PCA plots, but heatmaps
and AUC values indicated that not all peptides in a signature
contributed equally strongly to the separation. CPS001
showed the strongest validation performance (Fig. 3,
Table 1, Supplementary Figure 9 in Online Resource 1), with
an AUC of 0.82—similar to its AUC of 0.80 in the Discovery
Set—while the other four signatures had AUCs below 0.75
upon validation. AUCs in the validation step were noticeably
lower than those in the discovery step for the supervised sig-
natures CPS004 and CPS005 (Table 1), suggesting that some
over-fitting occurred in the supervised analyses.

Signature Refinement

Given the strong performance of CPS001, we next refined it
using a peptide-by-peptide statistical analysis aimed at identi-
fying those peptides within the signature best capable of

Fig. 3 PCA projection and heatmap for candidate peptide signature CPS001 in the Validation Set
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differentiating cases from controls in the Discovery and
Validation Sets. This returned a list of 256 peptides that de-
fined signature CPS001A.

PCA projection and heatmap results for the refined signa-
ture CPS001A (Fig. 4) in the Validation Set show a clear
separation of the Norwegian ME/CFS, Canadian ME/CFS,
and Canadian control samples vs the American controls along
PC1, but also a separation of all ME/CFS cases and Canadian
controls along PC2.

Discussion

If the Bhit and run^ hypothesis for ME/CFS is true, it may be
possible to identify an immunosignature that clearly delineates
ME/CFS cases from healthy controls based on their antibody
repertoire. We therefore used a peptide-based assay to query
the immune repertoire of participants in a Canadian ME/CFS
case-control study. We then used a second dataset comprising

ME/CFS cases from a Norwegian study and controls from an
American biobank to validate the candidate ME/CFS-
associated immunosignatures.

To avoid over-fitting and obtain a robust classification sig-
nature, we combined supervised and unsupervised approaches
to identify candidate peptide lists, panels, and ultimately sig-
natures. In the discovery phase of our analysis, we found that
supervised methods generally outperformed unsupervised
methods in discriminating the two participant groups. This is
not surprising, given that unsupervised methods are not
instructed to find features that separate specific groups but
rather identify groups of samples that cluster together for
any reason. Supervised methods, with their reliance on sample
labelling, can perform poorly on heterogenous datasets, and
although we have previously observed some heterogeneity in
our study participants [19], the present analysis yielded good
separation between cases and controls.

Using heatmaps, PCA plots, and AUC values, we evaluat-
ed five candidate peptide signatures and selected CPS001 as
our best candidate for an ME/CFE classifier, given its reason-
able size, its roots in both supervised and unsupervised anal-
yses, and its high AUC (0.82) in the Validation Set analysis.
CPS001 was further refined by selecting a subset of 256 pep-
tides optimally separating ME/CFS cases and controls in the
Discovery and Validation Sets—CPS001A. These 256 pep-
tides are positioned throughout a phylogenetic tree derived
from the complete 125 k-peptide dataset (Supplementary
Figure 11 in Online Resource 1), indicating the signature is
comprised of diverse peptides and is not reflecting any under-
lying bias in the design of the array. However, this diversity
does not exclude the possibility that these peptides represent
immune response to a common antigen—the genetic distance
between peptides as represented in a phylogenetic tree does

Table 1 Area under the curve (AUC) values. Values are given for
candidate peptide signatures in the Discovery Set comprising Canadian
ME/CFS cases and controls, and the Validation Set VD0001 comprising
Norwegian and Canadian ME/CFS cases and American and Canadian
controls. Signatures CPS003 and CPS007 with zero peptides are
excluded in the table

Signature (peptides) AUC in Discovery Set AUC in Validation Set

CPS001 (654) 0.80 0.82

CPS002 (6742) 0.75 0.74

CPS004 (1255) 0.83 0.74

CPS005 (35) 0.93 0.60

CPS006 (7342) 0.76 0.73

Fig. 4 PCA projections and heatmaps for the refined signature CPS001A in the Validation Set
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not reflect the physical conformation of epitopes bound by
common antibodies.

In order to make a valid interpretation of the sequence
evaluation of selected peptides, it should be noted that the
peptide microarray was created using sequences selected from
random space. All possible peptide sequences were created in
memory, then compared to each other to select the broadest
coverage of 3mer, 4mer and 5mer space, while reducing re-
dundancy as much as possible. When the library of peptides
was compared by BLASTP to the latest UniProt
UP000005640 proteome consisting of 73,112 sequences,
there were 7,051,312 unique hits covering 32.5% of
UP000005640. Ninety-eight percent of these hits were 2mer
or 3mer perfect matches. Thus, the library is not designed to
exclude sequences of natural origin, and any alignments
would be by pure chance. At this stage of development, the
immunosignature assay is not designed or optimized to allow
accurate inference back to source proteins.

A recent publication using the same immunosignature plat-
form proposed a 25-peptide ME/CFS signature [35]. There was
no direct overlap between this signature and CPS001A, and
little overlap with our other candidate signatures (Online
Resource 1). The exception was peptide LRVVWLSGVASG,
which was found in four of our five candidate signatures, and
which might be a good candidate for further biological explo-
ration, as well as a set of similar peptides (EFRAKQWNSVAL,
H V V W RV S G VA L G , G W K N H RV L S G L S ,
R L R H L Q S W V G V L , V Q WW R PA L G VA L ,
LRVVWLSGVASG , WGAVKVGVALSG , a n d
WPRLHLSGVALG)—many containing a VAL or VAS mo-
tif—found in CPS002 and CPS006.

While our results suggest that it may one day be possible to
use an immunosignature assay to diagnose certain cases of
ME/CFS, the present study has a number of limitations.
Importantly, the heterogenous nature of ME/CFS clinical pre-
sentation and the variance natural present amongst control
samples means that group labels in the Discovery and
Validation Sets are not based on any gold standard. Samples
with the same group label might differ in certain aspects of
disease or health, while some samples might represent transi-
tion stages between health and illness, disease variations, or
diseases with a similar phenotype but a different underlying
cause. We attempted to address this as best as possible by
rigorous discovery analysis and validation; however, separa-
tion of cases and controls was not perfect for any of the su-
pervised methods. Even the best research case definitions are
often subjective and—in the absence of clear biomarkers—
any group of ME/CFS cases likely comprise a heterogeneous
set of pathologies.

Additionally, there is some variation in assay performance
depending on the origin of the samples. While this likely re-
flects sample handling rather than geographic differences, it
underscores the fact that should an immunosignature assay for

ME/CFS or any other condition come to market, extensive
clinical validation and proficiency testing will be required.
Over the last 5 years, the immunosignature platform has
evolved substantially. Current methods of in situ synthesis
reduced the variability across manufactured lots. Synthesis
efficiency has resulted in better sensitivity and specificity.
The commercial manufacturer of immunosignature microar-
rays uses advanced robotics and automation which yields
great improvements in consistency. In the context of MS/
CFS, current manufacturing methods would support time-
course experiments in single individuals which enhances the
ability to identify potential immune fluctuations that presage
or follow changes in symptoms.

In conclusion, despite a small sample size, we were able to
identify a 256-peptide signature that clearly separates ME/
CFS samples from healthy controls, suggesting that the hit-
and-run hypothesis of immune dysfunction merits further in-
vestigation. By extending testing of both our signature and
one previously reported in the literature to larger cohorts,
and by further interrogating the specific peptides we and
others have identified, we may deepen our understanding of
the origins of myalgic encephalomyelitis/chronic fatigue syn-
drome and work towards a clinically meaningful diagnostic
biomarker.

Acknowledgments In addition to the named authors, members of the
Complex Chronic Disease Study Team include A. Mattman, S. Sirrs,
W. D. Reid, P. Phillips, A. Avina-Zubieta, J. Reynolds, H. Wong, A.
Bested, I. Hyams, B. Ng, the late G. Blaney, J. Spinelli, J. Isaac-
Renton, L. Hoang, M. Krajden and M. McCabe, C. Yamabayashi, M.
Morshed, K. Shojania, J. Singer, T. Steiner, P. Tang, C. Chiu, and X.
Kang. Members of the research team in Bergen, Norway, include K.
Risa, K. Alme, and K. Sorland.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Carruthers BM (2007) Definitions and aetiology of myalgic en-
cephalomyelitis: how the Canadian consensus clinical definition
of myalgic encephalomyelitis works. J Clin Pathol 60:117–119.
https://doi.org/10.1136/jcp.2006.042754

2. Afari N, Buchwald D (2003) Chronic fatigue syndrome: a review.
Am J Psychiatry 160:221–236. https://doi.org/10.1176/appi.ajp.
160.2.221

3. Reid S, Chalder T, Cleare A, Hotopf M, Wessely S (2000) Chronic
fatigue syndrome. BMJ 320:292–296

4. Committee on the Diagnostic Criteria forMyalgic Encephalomyelitis/
Chronic Fatigue Syndrome, Board on the Health of Select

Mol Neurobiol

https://doi.org/10.1136/jcp.2006.042754
https://doi.org/10.1176/appi.ajp.160.2.221
https://doi.org/10.1176/appi.ajp.160.2.221


Populations, Institute of Medicine (2015) Beyond myalgic
encephalomyelitis/chronic fatigue syndrome: redefining an illness.
National Academies Press (US), Washington (DC)

5. Barsky AJ, Borus JF (1999) Functional somatic syndromes. Ann
Intern Med 130:910–921

6. Wessely S, Nimnuan C, Sharpe M (1999) Functional somatic syn-
dromes: one or many? Lancet 354:936–939. https://doi.org/10.
1016/S0140-6736(98)08320-2

7. Naviaux RK, Naviaux JC, Li K, Bright AT, AlaynickWA,Wang L,
Baxter A, Nathan N et al (2016) Metabolic features of chronic
fatigue syndrome. Proc Natl Acad Sci U S A 113:E5472–E5480.
https://doi.org/10.1073/pnas.1607571113

8. Morris G, BerkM, Galecki P, Maes M (2014) The emerging role of
autoimmunity in myalgic encephalomyelitis/chronic fatigue syn-
drome (ME/cfs). Mol Neurobiol 49:741–756. https://doi.org/10.
1007/s12035-013-8553-0

9. Hornig M, Montoya JG, Klimas NG, Levine S, Felsenstein D,
Bateman L, Peterson DL, Gottschalk CG et al (2015) Distinct plas-
ma immune signatures inME/CFS are present early in the course of
illness. Sci Adv 1:e1400121. https://doi.org/10.1126/sciadv.
1400121

10. HornigM, Gottschalk CG, EddyML, CheX, Ukaigwe JE, Peterson
DL, Lipkin WI (2017) Immune network analysis of cerebrospinal
fluid in myalgic encephalomyelitis/chronic fatigue syndrome with
atypical and classical presentations. Transl Psychiatry 7:e1080.
https://doi.org/10.1038/tp.2017.44

11. Bansal AS, Bradley AS, Bishop KN, Kiani-Alikhan S, Ford B
(2012) Chronic fatigue syndrome, the immune system and viral
infection. Brain Behav Immun 26:24–31. https://doi.org/10.1016/
j.bbi.2011.06.016

12. LoebelM,Grabowski P, HeideckeH, Bauer S, Hanitsch LG,Wittke
K, Meisel C, Reinke P et al (2016) Antibodies to β adrenergic and
muscarinic cholinergic receptors in patients with chronic fatigue
syndrome. Brain Behav Immun 52:32–39. https://doi.org/10.1016/
j.bbi.2015.09.013

13. Fluge Ø, Mella O (2009) Clinical impact of B-cell depletion with
the anti-CD20 antibody rituximab in chronic fatigue syndrome: a
preliminary case series. BMC Neurol 9:28. https://doi.org/10.1186/
1471-2377-9-28

14. Fluge Ø, Bruland O, RisaK, Storstein A, Kristoffersen EK, Sapkota
D, Næss H, Dahl O et al (2011) Benefit from B-lymphocyte deple-
tion using the anti-CD20 antibody rituximab in chronic fatigue
syndrome. A double-blind and placebo-controlled study. PLoS
One 6:e26358. https://doi.org/10.1371/journal.pone.0026358

15. Fluge Ø, Risa K, Lunde S, Alme K, Rekeland IG, Sapkota D,
Kristoffersen EK, Sørland K et al (2015) B-lymphocyte depletion
in myalgic encephalopathy/ chronic fatigue syndrome. An open-
label phase II study with rituximab maintenance treatment. PLoS
One 10:e0129898. https://doi.org/10.1371/journal.pone.0129898

16. B-cell Depletion Using the Monoclonal Anti-CD20 Antibody
Rituximab in Chronic Fatigue Syndrome - Full Text View -
ClinicalTrials.gov. https://clinicaltrials.gov/ct2/show/
NCT01156909. Accessed 12 Mar 2018

17. Maxmen A (2018) A reboot for chronic fatigue syndrome research.
Nature 553:14–17. https://doi.org/10.1038/d41586-017-08965-0

18. Appel S, Chapman J, Shoenfeld Y (2007) Infection and vaccination
in chronic fatigue syndrome: myth or reality? Autoimmunity 40:
48–53. https://doi.org/10.1080/08916930701197273

19. Patrick DM, Miller RR, Gardy JL, Parker SM, Morshed MG,
Steiner TS, Singer J, Shojania K et al (2015) Lyme disease

diagnosed by alternative methods: a phenotype similar to that of
chronic fatigue syndrome. Clin Infect Dis 61:1084–1091. https://
doi.org/10.1093/cid/civ470

20. Miller RR, Uyaguari-Diaz M, McCabe MN et al (2016)
Metagenomic investigation of plasma in individuals with ME/
CFS highlights the importance of technical controls to elucidate
contamination and batch effects. PLoS One 11:e0165691. https://
doi.org/10.1371/journal.pone.0165691

21. Bouquet J, Gardy JL, Brown S, Pfeil J, Miller RR, Morshed M,
Avina-Zubieta A, Shojania K et al (2017) RNA-seq analysis of gene
expression, viral pathogen, and B-cell/T-cell receptor signatures in
complex chronic disease. Clin Infect Dis 64:476–481. https://doi.
org/10.1093/cid/ciw767

22. Legutki JB, Magee DM, Stafford P, Johnston SA (2010) A general
method for characterization of humoral immunity induced by a
vaccine or infection. Vaccine 28:4529–4537. https://doi.org/10.
1016/j.vaccine.2010.04.061

23. Navalkar KA, Johnston SA, Woodbury N, Galgiani JN, Magee
DM, Chicacz Z, S ta f fo rd P (2014) Appl i ca t ion of
immunosignatures for diagnosis of valley fever. Clin Vaccine
Immunol 21:1169–1177. https://doi.org/10.1128/CVI.00228-14

24. Stafford P, Cichacz Z, Woodbury NW, Johnston SA (2014)
Immunosignature system for diagnosis of cancer. Proc Natl Acad
Sci U S A 111:E3072–E3080. https://doi.org/10.1073/pnas.
1409432111

25. Stafford P, Wrapp D, Johnston SA (2016) General assessment of
humoral activity in healthy humans. Mol Cell Proteomics 15:1610–
1621. https://doi.org/10.1074/mcp.M115.054601

26. Carruthers BM, Jain AK, Meirleir KLD et al (2003) Myalgic
encephalomyelitis/chronic fatigue syndrome. J Chronic Fatigue
Syndr 11:7–115. https://doi.org/10.1300/J092v11n01_02

27. R Core Team (2016) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

28. Ringnér M (2008) What is principal component analysis? Nat
Biotechnol 26:303–304. https://doi.org/10.1038/nbt0308-303

29. Gehlenborg N, Wong B (2012) Points of view: heat maps. Nat
Methods 9:213

30. Hastie T, Tibshirani R, Eisen MB et al (2000) BGene shaving^ as a
method for identifying distinct sets of genes with similar expression
patterns. Genome Biol 1:RESEARCH0003. https://doi.org/10.
1186/gb-2000-1-2-research0003

31. Friedman J, Hastie T, Tibshirani R (2010) Regularization paths for
generalized linear models via coordinate descent. J Stat Softw 33:1–
22

32. Breiman L (2001) Random forests. Mach Learn 45:5–32. https://
doi.org/10.1023/A:1010933404324

33. Lever J, Krzywinski M, Altman N (2016) Points of significance:
classification evaluation. Nat Methods 13:603–604. https://doi.org/
10.1038/nmeth.3945

34. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK
(2015) Limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res 43:e47.
https://doi.org/10.1093/nar/gkv007

35. Singh S, Stafford P, Schlauch KA, Tillett RR, Gollery M, Johnston
SA, Khaiboullina SF, de Meirleir KL et al (2016) Humoral immu-
nity profiling of subjects with myalgic encephalomyelitis using a
random peptide microarray differentiates cases from controls with
high specificity and sensitivity. Mol Neurobiol 55:633–641. https://
doi.org/10.1007/s12035-016-0334-0

Mol Neurobiol

https://doi.org/10.1016/S0140-6736(98)08320-2
https://doi.org/10.1016/S0140-6736(98)08320-2
https://doi.org/10.1073/pnas.1607571113
https://doi.org/10.1007/s12035-013-8553-0
https://doi.org/10.1007/s12035-013-8553-0
https://doi.org/10.1126/sciadv.1400121
https://doi.org/10.1126/sciadv.1400121
https://doi.org/10.1038/tp.2017.44
https://doi.org/10.1016/j.bbi.2011.06.016
https://doi.org/10.1016/j.bbi.2011.06.016
https://doi.org/10.1016/j.bbi.2015.09.013
https://doi.org/10.1016/j.bbi.2015.09.013
https://doi.org/10.1186/1471-2377-9-28
https://doi.org/10.1186/1471-2377-9-28
https://doi.org/10.1371/journal.pone.0026358
https://doi.org/10.1371/journal.pone.0129898
http://clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT01156909
https://clinicaltrials.gov/ct2/show/NCT01156909
https://doi.org/10.1038/d41586-017-08965-0
https://doi.org/10.1080/08916930701197273
https://doi.org/10.1093/cid/civ470
https://doi.org/10.1093/cid/civ470
https://doi.org/10.1371/journal.pone.0165691
https://doi.org/10.1371/journal.pone.0165691
https://doi.org/10.1093/cid/ciw767
https://doi.org/10.1093/cid/ciw767
https://doi.org/10.1016/j.vaccine.2010.04.061
https://doi.org/10.1016/j.vaccine.2010.04.061
https://doi.org/10.1128/CVI.00228-14
https://doi.org/10.1073/pnas.1409432111
https://doi.org/10.1073/pnas.1409432111
https://doi.org/10.1074/mcp.M115.054601
https://doi.org/10.1300/J092v11n01_02
https://doi.org/10.1038/nbt0308-303
https://doi.org/10.1186/gb-2000-1-2-research0003
https://doi.org/10.1186/gb-2000-1-2-research0003
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1038/nmeth.3945
https://doi.org/10.1038/nmeth.3945
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1007/s12035-016-0334-0
https://doi.org/10.1007/s12035-016-0334-0

	Immunosignature Analysis of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS)
	Abstract
	Introduction
	Methods
	Canadian Complex Chronic Disease Study Samples
	Norwegian Rituximab Study Samples
	American Healthy Control Samples
	Laboratory Methods
	Data Preprocessing
	Data Partitioning
	Discovery Analyses
	Validation Analyses and Signature Refinement

	Results
	Discovery Analysis for Candidate Peptide Signature Selection
	Validation Analysis
	Signature Refinement

	Discussion
	References


