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plasma levels of the proinflammatory cytokines interleukin (IL)-
17A (pg/ml, mean ± SEM; cases: 18.3 ± 0.6; controls: 20.6 ± 0.6; P =
0.0043), CXCL8 (IL-8) (cases: 3.4 ± 0.2; controls: 4.0 ± 0.2; P = 0.0437),
CXCL10 [interferon-inducible protein-10 (IP-10)] (cases: 40.5 ± 0.8;
controls: 43.5 ± 1.2; P = 0.0444), tumor necrosis factor–b (TNFb) (cases:
2.4 ± 0.2; controls: 3.3 ± 0.2; P = 0.0028), soluble Fas ligand (sFasL) (cases:
10.2 ± 0.3; controls: 11.4 ± 0.3; P = 0.0129), and IL-6 (cases: 10.2 ±
0.4; controls: 10.9 ± 0.3; P = 0.0401), as well as of the anti-inflammatory
cytokine IL-10 (cases: 6.8 ± 0.2; controls: 7.2 ± 0.2; P = 0.0241) and
CSF1 [macrophage colony-stimulating factor (M-CSF)], a factor asso-
ciated with the immunosuppressive M2 phenotype of macrophages/
microglia (14) (cases: 7.1 ± 0.3; controls: 7.9 ± 0.3; P = 0.0235).
In contrast, the adipose-derived cytokine, leptin, was increased in
the larger ME/CFS case group (short and long duration combined)
as compared to controls (cases: 1506.4 ± 76.4; controls: 1398.4 ± 96.3;
P = 0.0301).
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Short-duration versus long-duration ME/CFS versus controls
GLM comparison of short-duration ME/CFS cases (≤3 years, n = 52),
long-duration ME/CFS cases (>3 years, n = 246), and controls (n = 348)
(with and without sex and age included in the models) showed signif-
icant differences for more than half of the 51 cytokines (tables S4 to S6).
Follow-up t tests showed that short illness duration subjects generally
had higher cytokine levels than controls or long-duration cases. Both
classical proinflammatory cytokines {short duration versus control:
IL-1a, P = 0.0178; CXCL8 (IL-8), P = 0.0112; IL-12p40, P = 0.0009;
IL-17A, P = 0.0243; TNFa, P = 0.0261; TRAIL [TNF-related apoptosis-
inducing ligand (TNFSF10)], P = 0.0079; CC chemokine ligand (CCL)-2
[monocyte chemoattractant protein 1 (MCP1)], P = 0.0208; stem cell
factor (SCF) [steel factor (SF)], P = 0.0110; resistin, P = 0.0024} and
anti-inflammatory cytokines [short duration versus control: IL-1 recep-
tor antagonist (IL-1RA), P = 0.0105; IL-4, P = 0.0028; IL-13, P = 0.0198]
were elevated (representative cytokines meeting GLM criteria are
Table 1. Characteristics of study population.
Variable

All ME/CFS
(n = 298)
Short-duration
ME/CFS

(_<3 years)
(n = 52)
Long-duration
ME/CFS

(>3 years)
(n = 246)
Control
(n = 348)
All ME/CFS
versus control
Short- versus
long-duration

ME/CFS
versus control
P*
 P
Sex, n (%)
 0.80
 0.95
Female
 220 (73.8)
 39 (75.0)
 181 (73.6)
 260 (74.7)
Male
 78 (26.2)
 13 (25.0)
 65 (26.4)
 88 (25.3)
Age [mean (SD)]
 48.5 (12.4)
 40.5 (13.6)
 50.2 (11.4)
 48.5 (12.0)
 0.95
 <0.0001†
Illness duration, years [mean (SD)]
 13.2 (9.2)
 1.7 (0.8)
 15.6 (8.2)
 —
MFI mental fatigue subscale score [mean (SD)]
 15.3 (3.6)
 15.2 (3.7)
 15.3 (3.6)‡
 6.2 (2.7)§
 <0.0001
 <0.0001¶
Race, n (%)
 0.54
 0.77
White
 292 (98.0)
 52 (100.0)
 240 (97.6)
 337 (96.8)
African American
 1 (0.3)
 0 (0.0)
 1 (0.4)
 5 (1.4)
Asian
 3 (1.0)
 0 (0.0)
 3 (1.2)
 4 (1.1)
Other
 2 (0.7)
 0 (0.0)
 2 (0.8)
 2 (0.6)
Site, n (%)
 0.80
 0.22
Boston, MA
 54 (18.1)
 4 (7.7)
 50 (20.3)
 55 (15.8)
Miami, FL
 57 (19.1)
 9 (17.3)
 48 (19.5)
 67 (19.3)
New York, NY
 67 (22.5)
 15 (28.8)
 52 (21.1)
 72 (20.7)
Palo Alto, CA
 23 (7.7)
 1 (1.9)
 22 (8.9)
 23 (6.6)
Salt Lake City, UT
 46 (15.4)
 11 (21.2)
 35 (14.2)
 65 (18.7)
Sierra, NV
 51 (17.1)
 12 (23.1)
 39 (15.9)
 66 (19.0)
Months of sample acquisition, n (%)||
 0.02
 <0.0001**
January to March
 77 (25.9)
 11 (21.2)
 66 (26.9)
 95 (27.3)
April to June
 72 (24.2)
 17 (32.7)
 55 (22.4)
 90 (25.9)
July to September
 26 (8.8)
 11 (21.2)
 15 (6.1)
 53 (15.2)
October to December
 122 (41.1)
 13 (25.0)
 109 (44.5)
 110 (31.6)
*Sex, race, site, and months of sample acquisition, c2 test; age and MFI, Kruskal-Wallis test (three-group comparisons) and Mann-Whitney U tests (two-group comparisons). †Significant
intergroup comparisons for age: short versus long duration and short duration versus control, both P < 0.0001. ‡n = 238 (MFI scores missing for 8 long-duration subjects). §n = 341 (MFI
scores missing for 7 control subjects). ¶Significant intergroup comparisons for MFI subscale: short duration versus control and long duration versus control, both P < 0.0001. ||Blood
draw date missing for one ME/CFS case. **Significant intergroup comparisons for months of sample acquisition: short versus long duration, P = 0.001.
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shown in Fig. 1; all means, SEM, and t-test
data are in table S6). In contrast, only 2 of
the 51 cytokines were reduced in short-
duration subjects as compared with con-
trols: CD40 ligand (CD40L) (P = 0.0037) and
platelet-derived growth factor BB (PDGFBB)
(P = 0.0004).

Similar patterns were obtained when
comparing short-duration with long-duration
subjects. For cytokines that differed between
short- and long-duration groups, levels were
correlated with duration of illness, and in
the expected direction: inverse correlations
with duration of illness for cytokines that
were increased in the short-duration group,
and positive correlations for the two cyto-
kines with reduced levels in the short-
duration group (CD40L and PDGFBB)
(table S7). For this same set of cytokines,
when long-duration subjects were compared
to healthy controls, we observed the oppo-
site pattern to that observed when short-
duration cases were compared to controls:
the same cytokines that were higher than
controls in short-duration cases were lower
than controls in long-duration cases, except
for levels of CD40L and PDGFBB, which
were increased (table S6). The inclusion of
the MFI mental fatigue subscale score to
GLM analyses as an additional continuous
covariate did not change these results (data
not shown).

Feature selection and logistic
regression model comparing
short-duration versus
long-duration groups
After feature selection procedures, cyto-
kines and predictor variables meeting ei-
ther the LASSO (least absolute shrinkage
and selection operator) or principal com-
ponents analysis (PCA)/partial least square
(PLS) criteria (table S8) were selected for
inclusion in a final logistic regression model
with short- versus long-duration ME/CFS
as the outcome. Younger age was asso-
ciated with short-duration ME/CFS sub-
group status, as anticipated [odds ratio (OR),
0.953; 95% confidence interval (CI), 0.926
to 0.981; P = 0.001].

Two proinflammatory cytokines had a
prominent association with short-duration
ME/CFS (Table 2). This association was
markedly elevated for interferon-g (IFNg),
with an OR of 104.77 (95% CI, 6.975 to
1574.021; P = 0.001), and more modestly
elevated for IL-12p40 (OR, 1.501; 95% CI,
1.075 to 2.096; P = 0.017). Short-duration
Hornig et al. Sci. Adv. 2015;1:e1400121 27 Februa
Fig. 1. Comparison of plasma cytokine levels
in short-duration ME/CFS, long-duration ME/CFS,
and control subjects. (A) Proinflammatory cy-
tokines. (B) Anti-inflammatory cytokines. The
means ± SEM for each cytokine are shown. Only
cytokines meeting significance criteria (P < 0.05)
in either the one-way or the two-way GLM are
represented. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 by two-sample t-test comparisons.
ry 2015
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subgroup status was also associated with lower plasma levels of TNFa
(OR, 0.866; 95% CI, 0.765 to 0.980; P = 0.023), CSF2 [granulocyte-
macrophage colony-stimulating factor (GM-CSF)] (OR, 0.970; 95%
CI, 0.947 to 0.995; P = 0.017), and IL-12p70 (OR, 0.783; 95% CI,
0.650 to 0.942; P = 0.010).

Network associations
Network diagrams of intercytokine correlations revealed unusual reg-
ulatory relationships among cytokines in the short-duration ME/CFS
group that were not apparent in either the long-duration case group
or healthy controls (Fig. 2). Whereas CD40L drove most of the inverse
relationships with other immune molecules in long-duration ME/CFS
and controls, CD40L was only related to five other cytokines in the
short-duration ME/CFS group; furthermore, only one of these associa-
tions, PDGFBB, was negative. PDGFBB was a negative driver of many
other cytokines in long-duration ME/CFS subjects and healthy
controls, but had no inverse associations with other cytokines within
the short-duration subset. Among short-duration subjects, the levels of
the adipose-related cytokine leptin were only correlated with IL-12p40,
CSF2 (GM-CSF), and serpin E1 [plasminogen activator inhibitor-1 (PAI1)],
whereas leptin was tightly related to most of the other 51 cytokines in
both the long-duration ME/CFS and the control groups. Leptin also had
an inverse relationship to PDGFBB among controls.

CART analysis
The CART (Classification and Regression Tree) decision tree machine
learning method was applied to plasma cytokine and clinical covariate
data to find predictors that distinguished ME/CFS cases of short illness
duration (≤3 years) from those with a long illness duration (>3 years).
Predictor variables and cutoffs at each node in the decision tree are
those with the maximum capacity to differentiate between the differ-
ent levels of the dependent variable (here, the diagnostic subgroups of
short-duration versus long-duration ME/CFS cases). Resulting cyto-
Hornig et al. Sci. Adv. 2015;1:e1400121 27 February 2015
kine classifiers are dependent on subject age within both the short-
duration and long-duration ME/CFS subgroups, but predictor patterns
varied differently with age across different cytokines (Fig. 3). Results
show that cytokine differences are not solely due to older mean age
of the long-duration ME/CFS subgroup.

Among subjects between 25.4 and 56.7 years of age, short-duration
subjects were more likely than long-duration subjects to have higher
plasma levels of IL-12p40 (>6.39 pg/ml) in association with lower
levels of CCL11 (eotaxin; <36.36 pg/ml), IL-1RA (<37.58 pg/ml),
and IL-1a (<5.37 pg/ml). When restricting to short-duration subjects
between 29.3 and 56.7 years of age, the short-duration group was best
distinguished from the long-duration group by the combination of
elevated IL-12p40 (≥6.39 pg/ml), IL-1RA (≥37.58 pg/ml), and
transforming growth factor–a (TGFa) (≥2.3 pg/ml) along with lower
levels of CCL11 (<36.36 pg/ml) and resistin (<514 pg/ml).

Cytokine predictors of long-duration ME/CFS status also varied
with age. Low levels of IL-17F (<0.54 pg/ml) were characteristic only
of younger long-duration subjects (<25.4 years of age). Among sub-
jects >25.4 years, two subsets of long-duration ME/CFS cases were ap-
parent: one distinguished by lower levels of IL-12p40 (<6.39 pg/ml)
and another subgroup of long-duration cases who had higher levels
of IL-12p40 (>6.39 pg/ml) in combination with higher CCL11 levels
(≥36.36 pg/ml).
DISCUSSION

This is the first study to demonstrate altered plasma immune signa-
tures early in the course of ME/CFS that are not present in subjects
with longer duration of illness. No substantive differences were found
between cases and controls when short- and long-duration cases were
combined and compared with healthy control subjects. However,
analyses that considered duration of illness revealed that early ME/CFS
cases had a prominent activation of both pro- and anti-inflammatory
cytokines as well as a dissociation of characteristic intercytokine reg-
ulatory networks. Previous studies of immune disturbances in ME/CFS
may have missed these findings because they were collected from het-
erogeneous study populations, without characterization of the duration
of illness. We found a stronger correlation of cytokine alterations with
duration of illness than with global measures of severity of illness, sug-
gesting that the immunopathology of ME/CFS is not static.

The marked association of IFNg with the early phase of illness that
was detected through logistic regression modeling is consistent with a
viral trigger or disrupted immune regulatory networks. IFNg is a product
of activated T cells [particularly CD8+ and CD4+ T helper 1 (TH1) cells],
natural killer cells, as well as activated macrophages in the periphery
(15, 16) and microglia in the central nervous system (17–19). IFNg
may disrupt immune cell homeostasis, resulting in a TH2-type skew
and greater vulnerability toward the development of certain types of
autoimmune responses (20–23). Some studies in ME/CFS (7), but not
all (24–26), have found plasma levels of IFNg to be elevated, with
effects restricted to males in one study (27). Postviral fatigue in West
Nile virus infection has also been reported to be associated with ele-
vations of IFNg (28). Individuals experiencing more severe fatigue
as part of an acute sickness response to infection have been noted
to have specific genetic polymorphisms in IFNG (29). IFNg may ac-
celerate degradation of tryptophan, resulting in depletion of the neu-
rotransmitters serotonin and melatonin in the central nervous system
Table 2. Final logistic regression model for association of plasma
cytokines and covariates with short-duration versus long-duration
ME/CFS. Final model includes cytokines meeting LASSO and/or PCA/PLS
criteria (see Materials and Methods and Supplementary Materials and
Methods). Bold text indicates P values <0.05.
Variable
 OR
 95% CI
 P
Age
 0.953
 0.926–0.981
 0.001
Sex
 0.669
 0.296–1.512
 0.334
IL-12p40
 1.501
 1.075–2.096
 0.017
IL-12p70
 0.783
 0.650–0.942
 0.010
IL-17A
 0.988
 0.866–1.127
 0.857
IFNg
 104.777
 6.975–1574.021
 0.001
TNFa (TNFSF2)
 0.866
 0.765–0.980
 0.023
sFasL
 0.981
 0.856–1.126
 0.789
CCL11 (eotaxin)
 0.966
 0.929–1.004
 0.075
CSF1 (M-CSF)
 1.068
 0.901–1.267
 0.448
CSF2 (GM-CSF)
 0.970
 0.947–0.995
 0.017
PDGFBB
 0.998
 0.994–1.002
 0.370
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through activation of indoleamine-
2,3-dioxygenase, a rate-limiting enzyme
in the kynurenine pathway. Activa-
tion of this pathway also results in
increased levels of quinolinic acid, a
neurotoxic compound that acts as
an agonist at glutamatergic [NMDA
(N-methyl-D-aspartate)] receptors (30–32).
Psychomotor changes, including cog-
nitive problems (deficits of memory
and attention) as well as affective dis-
turbances, are correlated with changes
in the kynurenine pathway in disor-
ders ranging from Alzheimer’s disease
(33) to major depression (34). We hy-
pothesize that IFNg-mediated lesions
in kynurenine metabolismmay culmi-
nate in the depression and psycho-
motor retardation that contribute to
disability in some patients withME/CFS
(34–36).

Our observation that the levels of
CD40L were both decreased and dis-
sociated from normal intercytokine
regulation early in the course of ill-
ness in ME/CFS is intriguing. CD40L
(CD154), a TNF superfamily trans-
membrane protein found on immune
(especially CD4+ T cells), endothelial,
and smooth muscle cells, is essential
for regulation of B cell maturation
and isotype switching (37); however,
abnormally high levels have been as-
sociated in some studies with risk of
adverse neurovascular events (38) as
well as mild cognitive impairment (39)
and Alzheimer’s disease (40). Of poten-
tial relevance for ME/CFS, constitutive
CD40L deficiency (X-linked hyper-
immunoglobulin M syndrome) not
only is associated with susceptibility
to recurrent infections of the sinuses
and pulmonary tracts but also can
present with a pattern of cognitive and
neurologic decline that is unexplained
by the presence of any known pathogen
or clear clinical signs of encephalitis
(41). Additional immunophenotyping
studies, including isotype analyses and
in vitro studies comparing peripheral
blood mononuclear cells from short-
and long-duration subjects, may also
reveal immune signaling pathway differ-
ences early in the course of illness that
may bemore amenable to modification
and help clarify this pattern of results.

We were surprised to find that
the levels of so many cytokines were
A Inverse correlations 
CD40L IL-12p40 

Inverse correlations 
CD40L IL-1�, IL-4, IL-6, IL-10, IL-12p40, IL-17A, 
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CCL5, CXCL8, CSF1, resistin 

CCL5 LIF, PDGFBB 
IL6  CCL11 
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VCAM1 CD40L, �NGF 
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C Inverse correlations 
CD40L IL-1�, IL-1 �, IL-4, IL-6, IL-10, IL-12p40, 

IL-12p70, IL-13, IL-17A, TNF�, TNF �, 
sFasL, TRAIL, IFN� 2, CCL3, CCL5, 
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PDGFBB IL12p40, TNF� , sFasL, IFN� 2, CCL5, 
leptin, resistin, sICAM1, VCAM1 

CCL5 IL-5, IL-6, IL-12p70, IL-13, IFN�2, TGF�, 
LIF, PDGFBB 

IL6  CD40L, CCL5, VCAM-1 
LIF CCL5, sICAM-1, VCAM-1 
NGF VCAM-1 

TGF  CCL5, IL-12p40, VCAM-1 
sICAM1 IFN� 2, LIF 
VCAM1 IL-2, IL-5, IL-6, IL-12p70, IL-13, IFN�2, 

CCL7, TGF� , LIF, �NGF, PDGFBB 
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Fig. 2. Network cytokine-cytokine associations differ for short-duration versus long-duration ME/CFS
versus control subjects. (A to C) Network diagrams for short-duration ME/CFS subjects (A, n = 52), long-

duration ME/CFS subjects (B, n = 246), and healthy controls (C, n = 348). Network diagrams of the 51
measured cytokines were created in NodeXL (http://nodexl.codeplex.com) using a 0.01 family-wise false dis-
covery rate (FDR) to adjust for multiple comparisons (A, short-duration group, P = 0.0065; B, long-duration
group, P = 0.0081; C, control group, P = 0.0075). Red lines (edges) indicate negative correlations, and gray
lines indicate positive cytokine-cytokine correlations with associated P values that fall below the corrected P
value criterion for each group. Note that whereas CD40L drives most of the inverse relationships with other
immune molecules in both the long-duration ME/CFS and the control groups, CD40L is only related to five
other cytokines in the short-duration ME/CFS group, and only one of these associations is negative (inverse
relationship with IL-12p40). Similarly, PDGFBB is a negative driver of many other cytokines in both long-duration
ME/CFS and control subjects, but shows no negative correlations with other cytokines in the short-duration subset.
5 of 10


