
ORIGINAL ARTICLE

Cytokine network analysis of cerebrospinal fluid in myalgic
encephalomyelitis/chronic fatigue syndrome
M Hornig1,2, G Gottschalk3, DL Peterson3, KK Knox4,5, AF Schultz1, ML Eddy1, X Che1 and WI Lipkin1,2,6

Myalgic encephalomyelitis/chronic fatigue syndrome is an unexplained debilitating disorder that is frequently associated with
cognitive and motor dysfunction. We analyzed cerebrospinal fluid from 32 cases, 40 subjects with multiple sclerosis and 19 normal
subjects frequency-matched for age and sex using a 51-plex cytokine assay. Group-specific differences were found for the majority
of analytes with an increase in cases of CCL11 (eotaxin), a chemokine involved in eosinophil recruitment. Network analysis revealed
an inverse relationship between interleukin 1 receptor antagonist and colony-stimulating factor 1, colony-stimulating factor 2 and
interleukin 17F, without effects on interleukin 1α or interleukin 1β, suggesting a disturbance in interleukin 1 signaling. Our results
indicate a markedly disturbed immune signature in the cerebrospinal fluid of cases that is consistent with immune activation in the
central nervous system, and a shift toward an allergic or T helper type-2 pattern associated with autoimmunity.
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INTRODUCTION
Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is a
debilitating and heterogeneous disorder of an unknown cause
characterized by severe fatigue that may be associated
with cognitive and motor dysfunction. Assays of blood in some
patients indicate altered T helper (Th)1 and Th2 cytokine profiles,
natural killer cell function and activation of the 2-5A synthetase/
RNase L antiviral pathway.1–3 Infection has been reported with a
wide range of viruses and bacteria,4 including Epstein–Barr
virus,5–8 human herpes viruses 6 and 7,9–11 enteroviruses,7,12

cytomegalovirus13,14 and lentiviruses,15 as well as chlamydia,7

mycoplasma16 and borrelia species.17 An association of ME/CFS
with central nervous system (CNS) dysfunction is supported by
imaging studies documenting cerebral hypoperfusion and
increased white matter T2 signal consistent with chronic
inflammation18 in addition to regional differences in gray19 and/
or white matter.19,20

Routine cerebrospinal fluid (CSF) studies in patients with ME/
CFS, including white blood cell count, glucose and protein, are
typically unremarkable;21 however, high resolution mass spectro-
metry has shown abnormalities in the CSF proteome, including an
increase in proteins related to the complement cascade.22,23 PCR
assays of CSF that target human adenoviruses, alphaviruses,
herpes viruses (human herpesvirus-1, 2, 3, 4, 5 or 8), human
parvovirus B19, dengue viruses 1–4, West Nile virus, Japanese
encephalitis virus, Saint Louis encephalitis virus, enteroviruses A–
D, coxsackieviruses and xenotropic murine leukemia virus-related
virus have been negative;24 however, neither human herpesvirus 6
or 7 were assayed. Decreases in proteins related to axonal
guidance pathways were also observed, specifically, proteins
associated with integrin-mediated adhesion. These findings are
intriguing in light of evidence that human herpesvirus-6 can
interfere with cellular adhesion and differentiation.25–27 Other

neurotropic viruses, including Borna disease virus and tick-borne
encephalitis virus, interfere with neurite outgrowth and neural
plasticity.28,29 Here we report discrete immunological profiles in
subjects with ME/CFS as compared with subjects with multiple
sclerosis (MS) or no known disease that can be detected using
efficient immunoassays that may enable diagnosis and provide
insights into pathogenesis and treatment.
The current study compared immune signatures in the CSF

of subjects with a diagnosis of ME/CFS, the neuroimmune,
demyelinating disorder, MS, or without known disease (no disease
(ND) controls) using multiplexed immunoassays (a total of 51
cytokines). Several factors drove our decision to use MS patients as
a comparator group for ME/CFS: first, fatigue is common in both
MS and in ME/CFS;30 second, white matter abnormalities, a core
feature in MS,31 have recently been described in ME/CFS;19–20

third, cytokine abnormalities are found in the CSF of MS
patients.32

MATERIALS AND METHODS
Study population
The study population was comprised of ME/CFS case (n=32) and
comparator/control (n= 59) subjects who had contributed CSF samples
to biobanks at either Sierra Internal Medicine (SIM), a private internal
medicine clinic in Incline Village, Nevada, owned and operated by Daniel
Peterson, MD, or the University of California Los Angeles (UCLA) Brain Bank.
All case subjects met both the 1994 Fukuda criteria33 for a CFS diagnosis
and the 2003 Canadian Consensus Criteria for ME/CFS15 at the time of
initial assessment. The comparator/control group consisted of 40 subjects
with MS (comparators), with 19 relapsing-remitting MS (RRMS) and
21 secondary progressive MS (SPMS), and 19 subjects who had undergone
CSF sampling to rule out CNS infection or hemorrhage (ND controls)
(Table 1). Comparator/control subjects were frequency-matched for age
(±5 years) and sex to ME/CFS subjects.
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Human subjects and ME/CFS biological sample collection
CSF collections were performed following the standardized office protocol
at SIM. Potential side effects or adverse events associated with specific
clinically indicated procedures such as lumbar puncture, as well as the
clinical reason for these procedures, were discussed with patients in the
course of their diagnostic work-up and treatment planning. In addition,
informed consent was obtained at the same time to allow any excess
sample to be de-identified for use in any future research investigations
of SIM.

Selection of case and comparator samples
CSF samples were retrieved from repositories of SIM (ME/CFS) and the
UCLA Brain Bank and shipped on dry ice to the Wisconsin Viral Research
Group where they were kept frozen at − 80 °C until preparation of aliquots.
The UCLA Brain Bank specimen set included samples from comparator
subjects with MS as well as from subjects free of any infectious or
immunologic abnormalities on routine CSF testing to rule out such
diagnoses (ND controls). Biobank specimens had been collected over time
and maintained at –80 °C. CSF samples derived from the ME/CFS subjects
had previously been clinically analyzed for oligoclonal banding, total
protein, glucose and amino-acid profiles, helping to rule out other known
contributory diagnoses such as MS. In addition, control subjects had no
evidence of ongoing infectious or inflammatory processes on their routine
clinical CSF analyses. All CSF specimens submitted for viral diagnostic
testing to Wisconsin Viral Research Group represent archived diagnostic
specimens exempt from HIPAA and Institutional Review Board considera-
tion (46.101 (b)(4), Code of Federal Regulations). All samples were de-
identified prior to shipment to the Center for Infection and Immunity at
Columbia University for analysis.

Cytokine analyses
The CSF concentrations of the following immune molecules were
determined using a magnetic bead-based 51-plex immunoassay: inter-
leukin (IL)1 superfamily—IL2, IL4, IL7, IL13, IL15; type I IL/β chain family—
IL5, GMCSF (CSF2); IL6 (gp130) family—IL6, LIF; IL12 family—IL12p40,
IL12p70; IL10 family—IL10; IL17 family—IL17A, IL17F; type I interferons
(IFNs)—IFNα2, IFNβ; type II IFN—IFNγ; tumor necrosis factor (TNF)
superfamily—TNFα (TNFSF2), TNFβ (TNFSF1), CD40 ligand (CD40L), sFasL
(TNFSF6), TRAIL (TNFSF10); CC chemokines—CCL2 (MCP1), CCL3 (MIP1α),
CCL4 (MIP1β), CCL5 (RANTES), CCL7 (MCP3), CCL11 (eotaxin); CXC
chemokines—CXCL1 (GROα), CXCL5 (ENA78), CXCL8 (IL8), CXCL9 (MIG),
CXCL10 (IP10); PDGF family/VEGF subfamily—PDGFBB, VEGFA; cell
adhesion molecules—sICAM1 (CD54), VCAM1 (CD106); serine protease
inhibitor—serpin E1 (PAI1); adipose-derived hormones—leptin, resistin;
and neurotrophic/growth/cellular factors—TGFα, TGFβ, FGFb, βNGF, HGF,
SCF, MCSF (CSF1), GCSF (CSF3) (customized Procarta immunoassay,
Affymetrix, Santa Clara, CA, USA). This cytokine panel was developed as
an assay for investigating acute phase (‘sickness’) responses and
neuroimmune dysregulation in neuropsychiatric disorders that are

postulated to be triggered by immune/infectious factors. It includes a
wide range of cytokines, chemokines and cellular factors that reflect key
processes relating to systemic activation of inflammatory/immune signal-
ing pathways involved in autoimmunity and antiinflammatory responses,
as well as others implicated in CNS inflammation and neurovascular
disruption.
Subject CSF samples were run in duplicate along with serial standards,

buffer controls and in-house human control plasma samples.34 Mean
fluorescence intensities of analyte-specific immunoassay bead sets were
detected by a flow-based Luminex 3D suspension array system (Luminex,
Austin, TX, USA).35 Cytokine concentrations were calculated by xPONENT
build 4.0.846.0 (Luminex Corporation, Austin, TX, USA) and Milliplex Analyst
software v.3.5.5.0 (EMD Millipore, Billerica, MA, USA) using a standard curve
derived from the known reference concentrations supplied by the
manufacturer. A five-parameter model was used to calculate final
concentrations by interpolation. Values are expressed in pgml− 1.
Concentrations obtained below the sensitivity limit of detection of the
method were recoded to the mid-point between zero and the limit of
detection for that analyte for statistical comparisons. Values obtained from
the reading of samples that exceeded the upper limit of the sensitivity
method were further diluted and cytokine concentrations calculated
accordingly.

Statistical analyses
Descriptive statistics. Descriptive statistics were computed for demo-
graphic variables across diagnostic groups. Sex and age were included as
possible confounders. Differences across diagnostic groups and subgroups
in proportion of females and males and in year of sample acquisition were
assessed by the χ2-test. Differences in median age were examined using
the nonparametric Mann–Whitney U-test (two-group comparisons) and
the Kruskal–Wallis (three-group comparisons) test.

Data transformations. Because distributions deviated from normality, raw
cytokine levels were first transformed using Box–Cox transformation
defined as:

yðλÞi ¼
yλi - 1
λ ; if λ≠0;

log yið Þ; if λ ¼ 0:

(

where for each cytokine variable, the optimal λ was identified to maximize
the log-likelihood function.36 After transformation, all variables failed to
reject the null hypothesis using the Kolmogorov–Smirnov test at the 0.05
level, confirming at the 95% confidence level that all transformed variables
followed a normal distribution.

GLM and t-tests. General linear model (GLM) analyses were applied to
examine both the main effect of diagnosis and the main and interaction
effects of different fixed factors including diagnosis (three-level ME/CFS
case vs MS comparator vs ND control comparisons) and sex, with age
adjusted as a continuous covariate. Additional GLM analyses including

Table 1. Characteristics of the study population

Variable ME/CFS
(n=32)

MSa(n=40) ND control
(n= 19)

ME/CFS vs MS vs ND control
P-valueb

Sex, n (%) 0.92
Female 21 (65.6) 28 (70.0) 13 (68.4)
Male 11 (34.4) 12 (30.0) 6 (31.6)

Age, years (mean (s.d.)) 49.9 (11.2) 44.2 (7.1) 50.5 (8.5) 0.001c

Duration of Illness, years (mean (s.d.)) 7.6 (7.3) — — —

Year sample acquired, n (%) o0.0001d

1973− 1992 1 (2.5) 40 (100.0) 19 (100.0)
1994− 2012 31 (77.5) 0 (0.0) 0 (0.0)

Abbreviations: ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; MS, multiple sclerosis; ND, no disease; NS, not significant; RRMS, relapsing-
remitting multiple sclerosis subtype; SPMS, secondary progressive multiple sclerosis subtype. aMS comparator group included 19 of the RRMS (mean
age± s.d., 44.5± 6.5 years; 73.7% female) and 21 of the SPMS (mean age± s.d., 43.9± 7.7 years; 66.7% female); RRMS vs SPMS for age and % female, P=NS.
bSex and year sample acquired, χ2-test; age, Kruskal–Wallis test (three-group comparisons) and Mann–Whitney U-tests (two-group comparisons). cSignificant
intergroup comparisons for age: ME/CFS vs MS (P= 0.001), MS vs ND (P= 0.004). dSignificant intergroup comparisons for year sample acquired: ME/CFS vs MS,
ME/CFS vs ND (both Po0.0001).
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storage time as an additional continuous covariate were also performed.
Because GLM uses the family-wise error rate, no additional adjustments for
multiple comparisons were applied. When the main effect of diagnosis

(one-way analysis of variance/GLM or more complex models) or the
interaction term of diagnosis × sex was significant (α=0.05), two-sample
t-tests, also using a nominal α-level of 0.05, were conducted to compare

Figure 1. Comparison of CSF levels of proinflammatory cytokine in ME/CFS, MS comparator and ND controls. Figures show mean ± s.e.m. for
each cytokine. Only cytokines meeting significance criteria (Po0.05) in GLM analyses are represented. *Po0.05, **Po0.01, ***Po0.001,
****Po0.0001 indicate P-values from two-sample t-test comparisons. (a) Cytokines with proinflammatory potential that are elevated in ME/
CFS vs ND controls; (b) cytokines with antiinflammatory potential or proinflammatory cytokines that are decreased in ME/CFS vs ND controls.
GLM, general linear model; ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; MS, multiple sclerosis; ND, no disease.
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the mean CSF levels of each transformed cytokine between diagnostic
groups: cases vs ND controls, cases vs MS comparators and MS
comparators vs ND controls.

Logistic regression modeling. Data for the 51 cytokines as a whole and all
clinical covariates were also used to develop a logistic regression model for
prediction of the binary response variable (cases vs ND controls, cases vs
MS comparators and MS comparators vs ND controls). To eliminate
multicollinearity among cytokines, we used a supervised feature selection
method known as LASSO (least absolute shrinkage and selection
operator)37 to guide selection of variables for inclusion in a final logistic
regression model. The LASSO dimensionality reduction procedure
regularizes the least squares by using the constraint that the L1 norm of
the parameter vector is no greater than a given value, whereby increasing
the penalty will cause more and more of the parameters to be driven to
absolute zero. To avoid overfitting, we selected variables that had non-zero
coefficients when the cross-validation deviance reached the minimum plus
one s.e.m. The odds ratios (ORs), their associated 95% confidence intervals
(CIs) and the P-values for the selected cytokines (the ‘features’ meeting
LASSO criteria for inclusion) for all three pairwise comparisons were
calculated accordingly.

NodeXL diagrams. The NodeXL platform was used to produce a network
diagram of 51-plex assays within each subgroup.38 The platform provides a
display of the relationships among the analytes, thereby facilitating
discovery of different cytokine–cytokine structures across the different
group populations. Bivariate Pearson’s correlations were first calculated
between every pairwise combination of cytokine variables using their
power-transformed (Box–Cox) values. We then used the Benjamini and
Hochberg method to adjust for multiple comparisons with a 0.01 family-
wise false discovery rate.39 Significantly correlated cytokine pairs were fed
into the algorithm in NodeXL to produce the network diagram. Cytokines
are represented by the ‘nodes’ in the diagram and significantly correlated
cytokines are connected by ‘lines’ or edges. Red lines represent negative
correlations and gray lines represent positive correlations.

Classification and regression tree (CART) analyses. The CART40 method was
used to analyze differences among diagnostic subgroups (ME/CFS, MS and
ND controls) by examining data from 51-plex cytokine assays from another
perspective. CART is a nonparametric decision tree learning technique that
produces a classification tree for dependent variables. It works by
recursively splitting the feature space (the values of all the independent
variables, or 'features,' included in the CART analysis) into a set of non-
overlapping regions and then predicting the most likely value of the
dependent variable within each region. The decision rule at each node of
the tree is determined by searching over all independent variables and all
possible values to provide the split that will best differentiate observations
based on the dependent variable (here, diagnostic groups of ME/CFS, MS
and ND controls). Once a rule is selected and splits each node into two, the
same process is applied to each subsequent ‘child’ node in the
classification tree. Partitioning stops when CART detects there is no further
gain to be made: when diagnostic groups can be best distinguished by the
criterion values associated with specific variables. To maximize predictive
accuracy, the tree is pruned to optimize cross-validation. This is
accomplished by repetitively resampling two subsets from the overall
population, establishing one subset as a training set and allowing the other
subset to function as a test set. This resampling procedure is repeated 100
times; selection of the final tree is based on the algorithm that best fits the
data for the population in the test set.
Statistical analyses were run in SPSS version 22.0.0.0 (Chicago, IL, USA),

MATLAB version R2013a (Natick, MA, USA) and R version 3.0.2 (Vienna,
Austria).

RESULTS
Table 1 shows the demographic features of the overall study
group, including 32 subjects with ME/CFS, 40 MS subjects and 19
ND controls. MS subjects were slightly younger (MS; 44.2 ± 7.1
years) than the ME/CFS group (49.9 ± 11.2 years, P= 0.001) as well
as in comparison with ND controls (50.5 ± 8.5 years, P= 0.004), but
the mean age of the ME/CFS group did not differ from that of ND

Figure 1. Continued.
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controls. CSF samples were collected from MS and ND control
subjects at earlier time points as compared with the ME/CFS group
(Po0.0001), but sample storage time was similar for the MS and
ND control groups.

ME/CFS cases vs MS comparators vs ND controls
We compared cytokine levels of ME/CFS subjects with those of MS
comparator and ND control subjects by one-way (diagnosis) and

three-way (diagnosis, sex and age) GLM and found significant
differences across the three groups in a large proportion of the 51
analytes (Supplementary Tables S1 and S2). Post hoc t-tests
revealed prominent decreases in the levels of many pro- and
anti-inflammatory cytokines in ME/CFS as compared with ND
controls, including IL1ra, IL1β, IL5, IL6, IL8, IL10, IL12p40, IL17F,
TNFβ, SCF (SF), CSF1 (MCSF), CSF2 (GMCSF), CSF3 (GCSF), PDGFBB,
FGFb, VEGFA, LIF, resistin, serpin E1 (PAI1), sICAM1 (CD54) and
VCAM1 (CD106). In contrast, only two analytes were increased in

Table 2. Comparison of CSF immune markers in ME/CFS, MS and ND controls

Analyte ME/CFS MS ND control ME/CFS vs ND control ME/CFS vs MS MS vs ND control

mean (s.e.m.) mean (s.e.m.) mean (s.e.m.) P-valuea,b P-valuea,b P-valuea,b

IL1ra 11.0 (0.3) 14.9 (1.2) 19.2 (6.0) 0.014 0.0003 0.9726
IL1α 1.1 (0.2) 1.8 (0.2) 0.8 (0.2) 0.0723 0.0007 o0.0001
IL1β 0.5 (0.0) 0.6 (0.0) 0.8 (0.1) 0.0003 0.0018 0.0655
IL2 0.05 (0.01) 0.02 (0.00) 0.05 (0.01) 0.8921 0.0062 0.0118
IL4 16.7 (0.7) 19.1 (0.8) 19.1 (1.6) 0.1595 0.041 0.9122
IL5 0.5 (0.1) 0.4 (0.1) 0.9 (0.2) 0.0431 0.5587 0.0107
IL6 0.5 (0.1) 0.8 (0.4) 18.7 (13.5) 0.0074 0.0274 o0.0001
IL7 0.9 (0.0) 0.7 (0.0) 1.0 (0.2) 0.8861 0.0029 0.0891
CXCL8 (IL8) 4.9 (0.3) 4.9 (0.4) 19.7 (11.6) 0.033 0.5284 0.0149
IL10 0.5 (0.0) 0.6 (0.0) 0.7 (0.1) 0.0036 0.0002 0.8026
IL12p40 0.1 (0.0) 0.4 (0.1) 0.5 (0.1) 0.0026 0.0001 0.9642
IL12p70 0.5 (0.1) 0.4 (0.0) 0.6 (0.1)
IL13 0.3 (0.0) 0.3 (0.0) 0.3 (0.1)
IL15 0.8 (0.1) 0.8 (0.1) 1.1 (0.2)
IL17A 0.8 (0.1) 0.3 (0.1) 1.3 (0.4) 0.7906 o0.0001 o0.0001
IL17F 0.3 (0.0) 0.3 (0.0) 0.3 (0.0) 0.0136 0.6969 0.0055
IFNα2 0.8 (0.3) 0.4 (0.1) 0.3 (0.1)
IFNβ 3.8 (0.3) 3.9 (0.1) 4.1 (0.3)
IFNγ 0.05 (0.00) 0.04 (0.00) 0.09 (0.03) 0.2816 0.0083 0.0038
TNFα 0.4 (0.0) 0.4 (0.0) 0.6 (0.1) 0.076 0.8246 0.0338
TNFβ 0.3 (0.0) 0.2 (0.0) 0.6 (0.1) 0.0071 0.0001 o0.0001
CD40L 1.5 (0.3) 1.4 (0.1) 1.2 (0.3)
sFasL 1.2 (0.1) 0.8 (0.1) 1.4 (0.2) 0.4183 0.0017 0.0037
TRAIL (TNFSF10) 11.9 (0.8) 9.3 (0.7) 15.8 (2.5) 0.1368 0.0171 0.0024
CCL2 (MCP1) 129.4 (6.1) 82.4 (5.1) 157.9 (26.9) 0.5134 o0.0001 0.0003
CCL3 (MIP1α) 4.2 (0.4) 4.8 (0.5) 5.4 (0.9)
CCL4 (MIP1β) 45.5 (4.8) 55.4 (6.8) 67.2 (12.4)
CCL5 (RANTES) 1.4 (0.5) 1.5 (0.7) 0.8 (0.2)
CCL7 (MCP3) 6.2 (0.6) 6.6 (0.5) 6.3 (1.4)
CCL11 (eotaxin) 3.0 (0.3) 3.4 (0.2) 2.1 (0.3) 0.0189 0.1518 0.0003
CXCL1 (GROα) 3.5 (0.2) 3.6 (0.3) 24.0 (20.5)
CXCL5 (ENA78) 0.7 (0.2) 0.5 (0.1) 2.8 (2.3)
CXCL9 (MIG) 16.7 (5.3) 9.8 (1.8) 27.6 (10.5)
CXCL10 (IP10) 65.9 (13.9) 118.1 (12.9) 43.1 (14.0) 0.0261 0.0004 o0.0001
TGFα 2.6 (0.1) 2.0 (0.1) 2.6 (0.3) 0.9098 0.0003 0.017
TGFβ 3.5 (0.6) 0.4 (0.1) 10.5 (4.6) 0.165 o0.0001 o0.0001
SCF (SF) 3.2 (0.3) 4.5 (0.3) 6.3 (1.3) 0.001 0.0012 0.1926
CSF1 (MCSF) 4.4 (0.5) 3.1 (0.3) 7.9 (1.1) 0.0016 0.0143 o0.0001
CSF2 (GMCSF) 0.6 (0.1) 0.6 (0.0) 0.7 (0.1) 0.034 0.6146 0.0068
CSF3 (GCSF) 1.0 (0.2) 0.6 (0.1) 2.4 (0.6) 0.0211 0.0829 0.0001
PDGFBB 0.3 (0.0) 0.4 (0.0) 0.4 (0.0) 0.0065 0.0688 0.1408
βNGF 1.0 (0.1) 1.1 (0.1) 1.9 (0.5)
FGFb 0.6 (0.0) 0.6 (0.1) 0.9 (0.1) 0.0278 0.5902 0.0576
HGF 29.6 (2.1) 35.2 (1.8) 23.6 (2.6) 0.0665 0.0294 0.0002
VEGFA 6.5 (0.3) 6.0 (0.5) 13.4 (4.1) 0.0138 0.0862 0.0011
LIF 0.3 (0.0) 0.3 (0.0) 1.8 (1.0) o0.0001 0.8727 o0.0001
Resistin 5.5 (0.6) 6.9 (0.8) 26.2 (12.4) 0.0132 0.2641 0.071
Leptin 68.2 (9.8) 85.1 (7.8) 41.6 (10.2) 0.0596 0.0609 0.0001
Serpin E1 (PAI1) 134.1 (7.9) 165.8 (17.4) 341.2 (111.5) 0.0043 0.093 0.0394
sICAM1 (CD54) 136.0 (7.7) 206.3 (11.9) 381.9 (106.5) o0.0001 o0.0001 0.0327
VCAM1 (CD106) 353.5 (14.8) 465.0 (20.7) 605.7 (69.9) o0.0001 o0.0001 0.0519

Abbreviations: CSF, cerebrospinal fluid; ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; MS, multiple sclerosis; ND, no disease. aP-value included
for analytes meeting GLM criteria; green cells represent upregulated analytes and red cells represent downregulated analytes (two-group comparisons). bt-test
with an independent variable of diagnosis (ME/CFS vs MS, ME/CFS vs ND control and MS vs ND control). Bold text indicates P-values o0.05.
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ME/CFS subjects relative to ND controls: CCL11 (eotaxin;
P= 0.0189) and CXCL10 (IP10; P= 0.0261) (Figure 1 and Table 2).
Profiles of ME/CFS subjects also differed from those of MS

subjects, with ME/CFS cases showing a markedly greater degree of

CNS immune activation as compared with those with MS. Most
notable among these were increases in IL2 (P= 0.0062), IL7
(P= 0.0029), IL17A (Po0.0001), IFNγ (P= 0.0083), TNFβ
(P= 0.0001), sFasL (P= 0.0017), TRAIL (TNFSF10; P= 0.0171), CCL2

Figure 2. Network cytokine–cytokine associations differ for ME/CFS, MS comparators and ND controls. Network diagrams for ME/CFS subjects
(a, n= 32), MS comparators (b, n= 40) and ND controls (c, n= 19). Network diagrams of the 51 measured cytokines were created in NodeXL
(http://nodexl.codeplex.com) using a 0.01 family-wise false discovery rate (FDR) to adjust for multiple comparisons (a, ME/CFS, P= 0.0010; b,
MS, P= 0.0013; c, ND controls, P= 0.0025). Red lines (edges) indicate negative correlations and gray lines indicate positive cytokine–cytokine
correlations with associated P-values that fall below the FDR-corrected P-value criterion for each group. ME/CFS, myalgic encephalomyelitis/
chronic fatigue syndrome; MS, multiple sclerosis; ND, no disease.
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(MCP1, Po0.0001), TGFα (P= 0.0003), TGFβ (Po0.0001) and CSF1
(MCSF) (P= 0.0143). In addition, levels of some analytes were
significantly reduced in the ME/CFS group as compared with MS
comparators: IL1ra (P= 0.0003), IL1α (P= 0.0007), IL1β (P= 0.0018),
IL4 (P= 0.041), IL6 (P= 0.0274), IL10 (P= 0.0002), IL12p40
(P= 0.0001), CXCL10 (IP10, P= 0.0004), SCF (SF, P= 0.0012), HGF
(P= 0.0294), sICAM1 (CD54; Po0.0001) and VCAM1 (CD106;
Po0.0001). Cytokine levels of RRMS and SPMS comparator
subjects were similar except for slightly lower levels of IL5 in
RRMS vs SPMS (P= 0.0098) and higher leptin levels in RRMS as
compared with SPMS (P= 0.0227) (Supplementary Table S3).
Levels of immune molecules were largely decreased in MS

subjects as compared with those of ND controls, with the
exception of IL1α (Po0.0001), CCL11 (eotaxin; P= 0.0003), CXCL10
(IP10; Po0.0001), HGF (P= 0.0002) and leptin (P= 0.0001), which
were all increased (Table 2).

Logistic regression models
After data reduction through feature selection procedures,
variables meeting LASSO criteria (Supplementary Tables S4–6)
were included along with clinical covariates (age and sex) to
construct the final logistic regression model and calculate the
associated ORs, 95% CIs and P-values. Tables 3A–C show results
for ME/CFS cases vs ND controls, ME/CFS cases vs MS and MS vs
ND controls, respectively. In ME/CFS vs ND comparisons, higher
levels of CCL11 (the allergy-associated CC chemokine, eotaxin)
were strongly associated with ME/CFS caseness (OR, 33.3711; 95%
CI, 2.0975, 530.9223; P= 0.0130) as were lower levels of IL1β (OR,
0.0000; 95% CI, 0.0000, 0.9822; P= 0.0498) (Table 3A). In ME/CFS vs
MS comparisons, ME/CFS was associated with markedly higher
levels of TGFβ (OR, 22.2495; 95% CI, 1.0910, 453.7519; P= 0.0437),
as well as elevated levels of CCL2 (OR, 1.1071; 95% CI, 1.0263,
1.1943; P= 0.0085). ME/CFS was also associated with decreased
levels of VCAM1 (OR, 0.9581; 95% CI, 0.9270, 0.9903; P= 0.0112)
(Table 3B). In MS vs ND comparisons, MS was associated with
lower levels of CSF1 (MCSF) and higher levels of HGF and leptin
(Table 3C).

Network associations
Network diagrams revealed unusual regulatory relationships
among CSF cytokines in the case group as compared with ND
controls (Figure 2). MS cytokine–cytokine correlations showed a
pattern that differed from ND controls as well; however, these
inter-cytokine structures were also distinct from the CSF profile of
the case group. Whereas in ND controls no inverse relationships
were found across any of the cytokines, several such associations
were found in the CSF of case subjects with IL1ra (IL1ra-CSF1
(MCSF); IL1ra-CSF2 (GMCSF); IL1ra-IL17F) and in CSF of MS subjects
in association with IL4 (IL4-PDGFBB, IL4-IL17F). We also found an
unusual influence of PDGFBB on other cytokines in ME/CFS and
MS that is not a factor in CSF cytokine regulatory networks in ND
controls.

CART analysis
The CART decision tree machine-learning method was applied to
cytokine and clinical covariate data (age and sex) to find
predictors associated with diagnostic group (ME/CFS, MS or ND
control). Predictor variables and cutoffs at each node in the
decision tree are those with the maximum capacity to differentiate
between the diagnostic groups. CART analysis produced no
predictors relating to age or sex. The most informative cytokine
classifiers in the CART-derived decision rules involve TGFβ,
CXCL10, CXCL9, CCL7, sICAM1, IL12p70, LIF and IL7. Three ME/
CFS immune phenotypes emerge from the CART analysis com-
paring ME/CFS subjects with MS comparators and ND controls: (1)
an ME/CFS subgroup with lower TGFβ (o2.14 pgml− 1) and

CXCL10 (o59.78 pgml− 1) with higher CXCL9 (⩾4.79 pgml− 1)
and CCL7 (⩾3.50 pgml− 1); (2) another group with lower TGFβ
(o2.14 pgml− 1) and LIF (o0.73 pgml− 1) but higher CXCL10
(⩾59.78 pgml− 1) and IL7 (⩾1.10 pgml− 1) and (3) a third sub-
group with higher TGFβ (⩾2.14 pgml− 1) and lower sICAM1
(o207.50 pgml− 1) (Supplementary Figure S1).

DISCUSSION
Others have reported cytokine abnormalities in CSF from subjects
with ME/CFS;21 however, this study is the first to employ
comprehensive cytokine panels, include both normal control
and MS comparator subjects and apply logistic regression and
network analysis models. Our results indicate a markedly

Table 3A. Feature selection (LASSO)-driven logistic regression model
predicting ME/CFS vs ND control group membershipa

Variable OR 95% CI P-value

Age 1.0149 0.9078 1.1346 0.7955
Sex 1.4617 0.1323 16.1526 0.7568
IL1β 0.0000 0.0000 0.9822 0.0498
CCL11 (eotaxin) 33.3711 2.0975 530.9223 0.0130
VCAM1 0.9947 0.9805 1.0091 0.4657

Abbreviations: CI, confidence interval; LASSO, least absolute shrinkage and
selection operator; ME/CFS, myalgic encephalomyelitis/chronic fatigue
syndrome; ND, no disease; OR, odds ratio. Bold text indicates P-values
o0.05. aOnly analytes meeting LASSO feature selection criteria were
included in the final models.

Table 3B. Feature selection (LASSO)-driven logistic regression model
predicting ME/CFS vs MS group membershipa

Variable OR 95% CI P-value

Age 1.0272 0.8924 1.1824 0.7083
Sex 1.7667 0.0219 142.6401 0.7995
IL17A 3.1874 0.0612 166.0476 0.5655
CCL2 (MCP1) 1.1071 1.0263 1.1943 0.0085
TGFβ 22.2495 1.0910 453.7519 0.0437
sICAM1 0.9903 0.9622 1.0192 0.5075
VCAM1 0.9581 0.9270 0.9903 0.0112

Abbreviations: CI, confidence interval; LASSO, least absolute shrinkage
and selection operator; ME/CFS, myalgic encephalomyelitis/chronic fatigue
syndrome; MS, multiple sclerosis; OR, odds ratio. Bold text indicates
P-values o0.05. aOnly analytes meeting LASSO feature selection criteria
were included in the final models.

Table 3C. Feature selection (LASSO)-driven logistic regression model
predicting MS vs ND control group membershipa

Variable OR 95% CI P-value

Age 0.9063 0.7619 1.0780 0.2662
Sex 16.7336 0.2328 1202.9978 0.1965
CSF1 (MCSF) 0.4092 0.2341 0.7152 0.0017
HGF 1.2422 1.0407 1.4828 0.0163
Leptin 1.0392 1.0046 1.0751 0.0261

Abbreviations: CI, confidence interval; LASSO, least absolute shrinkage and
selection operator; ME/CFS, myalgic encephalomyelitis/chronic fatigue
syndrome; MS, multiple sclerosis; ND, no disease; OR, odds ratio. Bold text
indicates P-valueso0.05. aOnly analytes meeting LASSO feature selection
criteria were included in the final models.
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disturbed immune signature in the CSF of ME/CFS subjects that is
consistent with immune activation in the CNS. Persistent secretion
of cytokines by activated microglia, brain immune cells of
macrophage-monocyte lineage, may contribute to this pattern.
IL1ra, an endogenous downregulator of IL1 and its inflamma-

tory cascades, has been used to address pathological fatigue in
conditions other than ME/CFS, such as histiocytosis.41 Our finding
that IL1ra has a negative influence on CSF1, CSF2 and IL17F in ME/
CFS, without effects on IL1α or IL1β, suggests a disturbance in IL1
signaling pathways. The role of IL1ra in inhibition of allergic
responses42,43 is consistent with reports of an increased pre-
valence of allergic disorders in some studies of ME/CFS.44,45 IL1ra-
mediated downregulation of responses to allergic stimuli is
associated with lower levels of CSF2 (GMCSF), a key regulator of
granulocyte and macrophage maturational pathways.46 The
inverse relationship we found between IL1ra and CSF2 in the
CSF of cases using a network analysis approach suggests that
neuroimmune responses may be shifted toward allergic or Th2
(autoimmune) patterns in the CNS of individuals with ME/CFS.
One prior study of CSF cytokines in ME/CFS also found decreased
levels of CSF2 (GMCSF),21 a molecule that shifts macrophages
toward an M1-like, or inflammatory, phenotype.47 The presence of
an allergic-type diathesis in the CNS of individuals with ME/CFS is
further supported by the finding of increased CSF levels of CCL11
(eotaxin, a chemokine involved in the selective recruitment of
eosinophils, an allergy-associated white blood cell subset48) in
ME/CFS subjects relative to ND control subjects.
CSF, as a reflection of the microenvironment of the CNS, may

provide unique clues to the pathogenesis of ME/CFS. Although
increased CSF CCL11 and CXCL10 levels in ME/CFS subjects, along
with dysregulation of IL1 signaling, suggest the possibility of an
allergic process in central compartments,49,50 such patterns may
also be seen in a wide range of CNS infections.51–54 Additional
studies focused on delineating the relationships of clinical
phenotypes of ME/CFS to immune profiles in both the CSF and
the peripheral blood are of paramount importance to investigat-
ing potential causes and biomarkers for disease. Recent reports
indicate regional changes in white matter volume19 and
abnormalities in myelin in white matter tracts in ME/CFS.20

Accordingly, future work should also include comparisons with
larger numbers of MS subjects representing different clinical
subgroups, as well as additional control subjects with neurode-
generative disorders not primarily associated with white matter
pathology such as Alzheimer disease or Parkinson disease. Better
delineation of the neuroimmune signaling pathways that are
specifically dysregulated in ME/CFS may accelerate discovery of
effective treatments.
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