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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease with poorly understood

. etiology. Increasing evidence suggest that inflammation may play a critical role in the pathogenesis
of ALS. Several studies have demonstrated altered levels of blood cytokines in ALS, but results were
inconsistent. Therefore, we did a systematic review of studies comparing blood inflammatory cytokines
between ALS patients and control subjects, and quantitatively combined the clinical data with a meta-

. analysis. The systematic review of Pubmed and Web of Science identified 25 studies encompassing 812

. ALS patients and 639 control subjects. Random-effects meta-analysis demonstrated that blood tumor
necrosis factor-o. (TNF; Hedges’ g=0.655; p=0.001), TNF receptor 1 (Hedges’ g=10.741; p < 0.001),
interleukin 6 (IL-6; Hedges’ g=0.25; p=0.005), IL-13 (Hedges’ g=0.296; p =0.038), IL-8 (Hedges’
g=0.449; p < 0.001) and vascular endothelial growth factor (Hedges’ g=0.891; p =0.003) levels were
significantly elevated in patients with ALS compared with control subjects. These results substantially
enhance our knowledge of the inflammatory response in ALS, and peripheral blood inflammatory
cytokines may be used as diagnostic biomarkers for ALS in the future.

. Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a fatal neurodegenerative disease
. characterized by the degeneration of motor neurons in brain and spinal cord'. The loss of motor neuros in ALS
. patients usually cause death within 2-5 years after diagnosis due to respiratory failure?. The prevalence of the dev-
astating disease is unknow for much of the world, and a prevalence of 3.9 cases of ALS per 100, 000 persons in the
. U.S was found during October 2010 to December 2011°. Although 5-10% cases identified as familial ALS which
. linked to genetic mutations, 90-95% cases being sporadic with the cause remains unknown®. There is no cure for
ALS, the only drug approved by FDA is riluzole which was found to modestly extend life by approximately two
. to three months®. Therefore, there is an urgent need to better understand the etiology of ALS and subsequently
. develop more effective therapy for the devastating disease.
: Increasing evidence suggest that inflammatory response in the central nervous system (CNS) that includes
. proinflammatory cytokines contribute to the pathogenesis of ALS®. Neuroinflammation has been identified as a
. prominent pathological signature in ALS, both post-mortem and PET imaging studies revealed microglial acti-
vation in the patients with ALS”-8. Moreover, infiltration of immune cells have been found in the CNS of ALS
. patients, these include macrophages and T-cells at sites of motor neuron injury®-'1.
: In addition, clinical studies have also suggested that peripheral inflammation is implicated in ALS, and the
. peripheral immune abnormalities include T-cells, cytokines, chemokines and other markers of inflammation!!.
: The easy access to blood have led to more and more researchers to study peripheral blood cytokine and chemok-
ine aberrations in ALS, in hope of gaining novel insights into the pathogenesis of ALS and potential early diagno-
. sis of the disease, and even disease modifying treatments. A number of studies have demonstrated elevated blood
. levels of inflammatory cytokines and chemokines in patient with ALS, such as tumor necrosis factor-o (TNF-av),
. interleukin-6 (IL-6) and monocyte chemotactic protein 1 (MCP-1)'>"°, However, other studies suggested that the
. levels of cytokines in ALS patients were unchanged compared to control subjects!®!%. To address the inconsistent
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Figure 1. PRISMA flowchart of the literature search.

results from clinical studies, we aim to search the literature systematically and quantitatively summarize the clin-
ical data comparing blood cytokine levels between ALS patients and control subjects.

Methods
This systematic review and meta-analysis was performed according to the guidelines that are reccommended by
the PRISMA statement (Preferred Reporting Items for Systematic reviews and Meta-Analysis)".

Search strategy and study selection. Two independent researchers (Y.H. and C.C.) performed a system-
atic review of peer-reviewed English-language articles from Pubmed and Web of Science. The database search
term was: (inflammation or cytokine or chemokine or interleukin or tumor necrosis factor or interferon) AND
(Amyotrophic lateral sclerosis or ALS). The search date started on May 11, 2016 and ended on January 1, 2017.
Original studies that comparing peripheral blood cytokines between patients with ALS and control subjects were
included, and we undertook meta-analysis whenever individual inflammatory cytokine data were available in
three or more articles.

Data extraction. Data were extracted by two of us (Y.H. and C.C.). We extracted data on mean cytokine
concentrations, standard deviation, p value and sample size to calculate effective size (ES) for meta-analysis. We
also extracted data on age, sex, disease duration, control type and sampling source for potential between-study
heterogeneity analysis (Supplementary Table).

Statistical analysis. Comprehensive Meta-analysis software (version 2; Biostat Inc) was used to perform
all the statistical analyses in this study. ESs were generated from sample size and mean cytokine concentrations
with standard deviation, or sample sizes and P values. In some studies, P values were reported as inequality rather
than exact values, or reported as no significant differences of cytokine concentrations between ALS patients and
control subjects. We then contacted the corresponding authors of the original articles to request the necessary
data to generate effective sizes. When the data were not available from the original articles or corresponding
authors, we calculated the ESs as described previously®” 2. ESs were calculated as the standardized differences
in mean cytokine concentrations between ALS patients and controls, and then converted to Hedges g statistic,
which adjusted the ESs based on sample sizes*>. An ES estimate was calculated for individual cytokine when-
ever the cytokine data were reported in at least three studies. A random-effects model was undertaken for the
meta-analysis as we hypothesized that both within-study and between-study heterogeneity modulated the true
ES?. Sensitivity analysis was undertaken to test the robustness of the outcome of the meta-analysis, this was
achieved by excluding one study at a time to perform meta-analysis.

The I statistic and Cochrane Q test were used to analyze the between-study heterogeneity as described
previously?. I? statistic of 0.25, 0.5, 075 indicated small, moderate, and high levels of variance among studies.
Unrestricted maximum-likelihood random-effects meta-regressions of ES** were performed to test whether sam-
ple size, patient age and gender (proportion of male individuals), and disease duration had moderating effects on
the outcomes of the meta-analysis. Publication bias was determined by the Egger test as described previously?.
All values for significances in this study were set at P < 0.05 except statistical difference for the Cochrane Q test,
which was set at P < 0.10.
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Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit p-Value
Babu et al. 2008 2200 1.442 2958 0.000 —
Balsco et al. 2016 0.706 -0.183 1.595 0.120 p—
Cereda et al. 2008 0.907 0519 1.295 0.000 +
Ehrhart et al. 2015 0.049 -0.831 0.929 0913
Furukawa et al. 2014 0.003 -0.683 0.689 0.992
Luetal. 2016 0.497 0.204 0.791 0.001 —.—
Moreau et al. 2005 0.000 -0.607 0.607 1.000
Ngo et al. 2015 0.425 0.013 0.838 0.043
Poloni et al. 2000 0912 0.468 1.356 0.000 +
Tanaka et al. 2006 0.000 -0.464 0.464 1.000
Terenghi et al. 2006 3.460 2237 4682 0.000
Viam et al. 2015 0.000 -0.475 0.475 1.000
Overall 0655 0.284 1.026 0.001 ’
-2.00 1.00 0.00 1.00 2.00
TNF-a decreased in ALS TNF-a increased in ALS
Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit p-Value
Poloni et al. 2000 0.788 0.349 1.227 0.000
Furukawa et al. 2014 0.720 0.011 1.429 0.047
Cereda etal. 2008 0711 0.329 1.093 0.000
Overall 0.741 0.474 1.007 0.000
2.00 1.00 0.00 1.00 2.00
TNFRI1 decreased in ALS TNFRI increased in ALS

Figure 2. Studies of peripheral blood TNF-a and TNFR1. Forest plot displaying random effects meta-analysis
results of the association between TNF- o (A), TNFR1 (B) and ALS. The sizes of the squares are proportional to
study weights.

Results

The systematic review of the literature identified 1224 records from PubMed and 1024 from Web of Science.
After screening the titles and abstracts, 53 articles were selected for full text review. 28 studies were excluded
because they reported individual cytokine data in less than three studies (13 studies), lacked necessary data (11
studies), lacked a control group (2 studies), reported cytokine levels in vitro (2 studies). Therefore, 25 articles
comparing 14 blood inflammatory cytokines between 812 ALS patients and 639 controls were included in this
meta-analysis!?~1826-43 (Fig. 1).

Main association of ALS with blood cytokine levels. Random-effects meta-analysis demonstrated that
blood TNF-o (Hedges’ g =0.655; 95% CI, 0.284 to 1.026; p=0.001), TNF receptor 1 (TNFR1; Hedges’ g =0.741;
95% CI, 0.474 to 1.007, p < 0.001), IL-6 (Hedges’ g = 0.25; 95% CI, 0.074 to 0.427; p =0.005), IL-103 (Hedges’
g=0.296; 95% CI, 0.017 to 0.575; p=10.038), IL-8 (Hedges’ g=0.449; 95% CI, 0.258 to 0.641; p < 0.001) and
vascular endothelial growth factor (VEGF; Hedges’ g=0.891, 95% CI: 0.298, 1.485; p=0.003) levels were signifi-
cantly elevated in patients with ALS compared with control subjects (Figs 2-4 and Table 1). In contrast, blood IL2,
IL-4, IL-5,IL10, IL17, IFN-gamma, endothelial leukocyte adhesion molecule (ELAM-1), monocyte chemotactic
protein-1 (MCP-1) levels did not show significant differences between ALS patients and controls (Table 1)

Investigation of heterogeneity. This meta-analysis found significant heterogeneity for 8 of 14 cytokines.
IL-2, IL-4, IL-17, VEGF showed moderate levels of heterogeneity, whereas TNF-o, MCP-1, IFN-gamma, IL-5
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0.655
TNF- 12 456/366 (0.284 to 3.462 0.001 63.726 1 |0 82.739 1.98 0.33
1.026)

0.351
MCP-1 8 317/245 (=0.100to | 1.526 0.127 33.374 6 0 82.022 3.00 0.60
0.801)

0.250
IL6 7 267/242 (0.074 to 2.776 0.005 5.252 6 0.512 0 —0.28 0.81
0.427)

0.449
IL8 6 242/192 (0.258 to 4.591 <0.001 4.566 5 0.471 0 0.20 0.87
0.641)

0.130
IL2 5 186/193 (—0.239to | 0.689 0.491 10.350 4 0.035 61.353 —2.84 0.17
0.498)

0.643
IFN-r 4 206/172 (—0.418to | 1.188 0.235 64.651 3 0 95.36 11.71 0.11
1.703)

0.296
IL1-beta 4 161/143 (0.017 to 2.076 0.038 3.816 3 0.282 21.374 —1.24 0.50
0.575)

0.305
IL10 4 154/138 (—0.038t0 | 1.742 0.081 3.166 2 0.205 36.823 —1.52 0.65
0.648)

0.069
1L4 3 145/128 (—0.496to | 0.241 0.81 7.642 2 0.022 73.828 —4.00 0.14
0.634)

0.042
IL5 3 145/128 (—0.552to0 | 0.138 0.89 8.395 2 0.015 76.178 —4.20 0.12
0.635)

0.550
IL17 3 102/62 (—0.079to | 1.713 | 0.087 7.009 2 |0.03 71.467 7.90 0.25
1.178)

0.741
TNFRI 3 155/91 (0474t0 | 5442 | <0.001 |0.071 2 10965 |0 0.01 1.00
1.007)

0.301
ELAM-1 |3 51/42 (—0.101to | 1.468 | 0.142 1.132 2 |0568 |0 325 0.83
0.703)

0.891
VEGF 3 107/92 (0.298t0 | 2.943 | 0.003 7.091 2 0029 |71.796 464 0.37
1.485)

Table 1. Summary of comparative outcomes for peripheral blood cytokine measurements. N, sample size; CI,
confidence interval; ALS, amyotrophic lateral sclerosis; TNE, tumor necrosis factor-o; TNFR1, TNF receptor
1; IFN, interferon; IL, interleukin; ELAM, endothelial leukocyte adhesion molecule; MCP-1, Monocyte
chemotactic protein-1; VEGE, vascular endothelial growth factor; df, degree of freedom; Q, Cochran’s Q test; z
(test of null hypothesis); p (statistical significance); I (heterogeneity level).

showed high levels of heterogeneity (Table 1). Next, we attempted to explore the moderators that explained the
heterogeneity among studies in the meta-analysis. These potential moderators include categorical variables (sam-
ple source and control type) and continuous variables (age, gender, sample size, disease duration). As shown
in the eTable in the supplement, the number of studies were limited for most of the cytokines with significant
between-study heterogeneity. In addition, only 4 of 25 studies included in this meta-analysis analyzed plasma
cytokine levels. We therefore performed sub-group (based on control type) and meta-regression (based on age,
gender, sample size and disease duration) analyses for TNF-c.

Sub-group analyses revealed that blood TNF-a levels were significantly increased in ALS patients compared
with normal control subjects (Supplementary Figure 1, Hedges’ g=0.972; 95% CI, 0.43 to 1.514; p < 0.001), and
the high levels of heterogeneity remained for normal control group (Q,=48.459; P < 0.001; I*=85.555). In con-
trast, no significant difference was found between ALS patients and disease control subjects (Hedges’ g=0.201;
95% CI, —0.106 to 0.509; p=0.2) for blood TNF-a levels, and the disease control group did not show significant
between-study heterogeneity (Q; =4.949; P=0.176; I*=39.377).

Meta-regression analyses suggested that gender, disease duration and sample size had no moderating effects
on the outcome of the meta-analysis for studies measuring blood TNF-« levels (supplementary Figure 2).
However, meta-regression on age showed a significant association between age and ES for studies analyzing
TNF-o (Supplementary Figure 2A) (regression coefficient [SE], —0.056 [0.018]; 95% CI, —0.093 to —0.020;
P=0.002), suggesting that age had moderating effects on the outcome the meta-analysis.

Sensitivity analyses demonstrated that no individual study significantly influenced the statistically significant
differences in blood TNF-a, TNF-R1 and IL-8 levels between ALS patients and control subjects. In contrast, we
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Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit p-Value
Ehrhart et al. 2015 0.444 -0.447 1.334 0.329 .
Lu etal. 2016 0.497 0.204 0.791 0.001 '
Tanaka et al. 2006 0.000 -0.464 0.464 1.000
Furukawa et al. 2014 0.068 -0618 0.755 0.845
Overall 0.296 0.017 0.575 0.038 ‘
-2.00 -1.00 0.00 1.00 2.00
IL-1B decreased in ALS IL-1 increased in ALS
Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit p-Value
Balsco etal. 2016 0.754 -0.139 1.647 0.098
Ehrhart et al. 2015 0.333 -0.553 1.219 0.461 L
Luetal. 2016 0.402 0.110 0.694 0.007 —.—
Moreau et al. 2005 0.000 -0.607 0.607 1.000 ——
Ngo etal. 2015 0.324 -0.087 0.735 0.122 -_._
Tanaka et al. 2006 0.000 -0.464 0.464 1.000
Vlam et al. 2015 0.000 -0.475 0.475 1.000
Overall 0.250 0.074 0.427 0.005 ‘
-2.00 -1.00 0.00 1.00 2.00

IL-6 decreased in ALS IL-6 increased in ALS

Figure 3. Studies of peripheral blood IL-103 and IL-6. Forest plot displaying random effects meta-analysis
results of the association between IL-13 (A), IL-6 (B) and ALS. The sizes of the squares are proportional to study
weights.

found that a single study could influence the statistically significant differences in blood IL-13, IL-6 and VEGF
levels between ALS patients and control subjects.

Results from the Egger test suggested that no significant risk for publication bias for cytokines analyzed in the
meta-analysis (Egger intercept range, —4.20 to 11.71; P> 0.10 in all analyses) (Table 1).

Discussion

This meta-analysis included 25 case-control studies assessing 812 ALS patients and 639 control subjects, and
found evidence of significant elevations of peripheral blood inflammatory cytokines for TNF-o, TNFRI1, IL13,
IL-6, IL-8 and VEGF in ALS patients compared with controls. For those cytokines significantly associated with
ALS, medium to large ESs were found for TNF-a, TNFR1 and VEGF, whereas IL1(3, IL-6, IL-8 showed small to
medium ESs. Sensitivity analyses suggested that the significant associations between blood TNF-a, TNFR1 or
IL-8 levels and ALS were not influenced by an individual study, suggesting the robustness of these associations.
However, the statistically significant associations observed in this meta-analysis for cytokines IL1{3, IL-6 and
VEGF could be influenced by a single study. This is due to the small ESs associated the results for IL13 and IL-6,
and the limited number of studies for VEGF (3 studies).

Neuroinflammation is a prominent feature in neurodegenerative diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and ALS which are characterized by the appearance of reactive microglial and astroglial
cells in central nervous system*.. Moreover, a substantial number of studies suggested that peripheral inflam-
mation may also contribute to the pathological mechanisms of neurodegenerative diseases, with interests on
the aberrant levels of peripheral blood inflammatory cytokines in patients with AD, PD and ALS'»**. Previous
meta-analyses have been performed for peripheral blood cytokine levels in AD and PD. Similar to the findings of
our present meta-analysis in ALS, levels of TNF-q, IL-6 and IL-103 were elevated in patients with AD and PD*6-%8,

SCIENTIFICREPORTS |7: 9094 | DOI:10.1038/541598-017-09097-1 5



www.nature.com/scientificreports/

Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit p-Value
Balsco et al. 2016 0.538 -0.339 1.415 0.230 L
Ehrhart et al. 2015 0.643 -0.259 1.645 0.162 L
Kuhle et al. 2009 0614 -0.009 1.236 0.053 L
Luetal 2016 0.497 0.204 0.791 0.001 *
Ngo etal. 2015 0580 0.164 0.996 0.006 ——
Tanaka et al. 2006 0.000 -0.464 0.464 1.000
Overall 0.449 0.258 0641 0.000 ‘
-2.00 -1.00 0.00 1.00 2.00
IL-8 decreased in ALS IL-8 increased in ALS
Study name Statistics for each stud Hedges's g and 95% Cl
Hedges's Lower Upper
] limit limit p-Value
Gupta et al. 2011 0.401 0.008 0.794 0.045
Gupta et al. 2012 1.088 0.592 1.585 0.000
Nygren et al. 2002 1.393 0.558 2228 0.001
Overall 0.891 0.298 1.485 0.003
-2.00 -1.00 0.00 1.00 2.00
VEGF decreased in ALS VEGF increased in ALS

Figure 4. Studies of peripheral blood IL-8 and VEGE Forest plot displaying random effects meta-analysis
results of the association between IL-8 (A), VEGF (B) and ALS. The sizes of the squares are proportional to
study weights.

suggesting that the elevations of blood inflammatory cytokine TNF-q, IL-6 and IL-1f3 are not specific in ALS.
Furthermore, the increased concentrations of blood TNFR1 in ALS patients found in this meta-analysis may also
not be specific in ALS, because two studies have consistently demonstrated that patients with PD had increased
levels of TNFR1 compared with control subjects*”*°. However, the inflammatory cytokine IL-8, which the present
meta-analysis showed significant association with ALS from 6 studies, and which zero heterogeneity was found
among studies, was not associated with AD or PD in the respective meta-analyses*” *5. Another inflammatory
cytokine VEGEF, which the meta-analysis identified as the cytokine with largest ES in ALS studies, and which is
also well known for its roles in angiogenesis and neuroprotection *', may be specifically elevated in ALS. This
is due to the two studies which showed no association between blood VEGF and PD>>%3, and our unpublished
meta-analysis suggests that blood VEGF is not significantly associated with AD. These above results indicate that
major neurodegenerative diseases including AD, PD and ALS may have both shared and distinct inflammatory
responses.

A biomarker was defined as “a characteristic that is objectively measured and evaluated as an indicator of nor-
mal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.” by the
National Institutes of Health Biomarkers Definitions Working Group**. Biomarker research from blood have con-
ducted intensively over the past two decades in neurodegenerative diseases including ALS, as it is non-invasive,
easy to access and handle with low cost. ALS is diagnosed based on clinical evaluations and can be easy identified
at its full-blown presentation. However, there is a pronounced delay between the onset of symptoms and diag-
nosis, with the diagnostic process as long as between 13 to 18 months®. Although only one drug (riluzole) with
modest disease-modifying potency is available for ALS, it is generally accepted that the more effective therapeu-
tic interventions with earlier diagnosis. In addition, the lack of validated biomarkers in disease progression and
patient prognosis of ALS may contribute to the failed effort for clinical trials over the last half century. Therefore,
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there is an urgent need to find molecular biomarkers that could give reliable information on the onset and/or pro-
gression of ALS. Peripheral blood inflammatory cytokine would be of particularly attractive biomarkers, because
there are multiple assays available for peripheral cytokines, and potentially additional mechanistic research to
better understand the role of inflammation in the devastating disease and subsequent therapeutic interventions.
Indeed, clinical results from different groups suggested that the inflammatory cytokines are promising biomark-
ers for ALS, with a variety number of studies showed alterations of blood inflammatory cytokines in patients with
ALS when compared with controls'?-'*. In addition, one study showed that serum MCP-1 protein, MCP-1 mRNA,
VEGF mRNA, smoking and alcohol consumption are the independent variables that differentiated ALS and con-
trols, with a sensitivity of 93.2% and specificity of 86.2%. However, the alterations of cytokines were inconsistent
for individual cytokines and between studies'>~”?’. In this meta-analysis, we for the first time showed consistent
aberrations of several cytokines in ALS from published literature. Concentrations of peripheral blood TNF-q,
TNFR1, IL-6, IL-183, IL-8, VEGF were significantly higher in patients with ALS when compared with controls.
For those cytokines significantly associated with ALS, the ESs associated with the results of TNF-c, TNFR1 and
VEGF were large, suggesting the potential usefulness of these cytokines as practical diagnostic biomarkers for
ALS in the future. Additionally, these potential inflammatory cytokine biomarkers from blood may be used to
better estimate the rate of ALS progression and stratify patients with ALS in clinical trials. In fact, Babu et al.
found that blood TNF-a levels are positively correlated with disease duration of ALS'. Lu et al. followed a cohort
of ALS patients longitudinally and demonstrated IL-6 had significantly increased expression towards end-stage
disease in the longitudinal analysis'.

The heterogeneity for the individual cytokines in our present meta-analysis varied from zero to high. For
the cytokines significantly associated with ALS, high and moderate levels of heterogeneity were found for
TNF-aand VEGF studies, respectively, whereas studies for TNFR1, IL13, IL-6 and IL-8 did not show significant
heterogeneity in this meta-analysis. The strength of this study is that meta-analytic technique with subgroup
and meta-regression analyses were used to adjust for the potential confounders that explained the high level
between-study heterogeneity for TNF-q, although the limited number of studies for VEGF prevented us to fur-
ther analyze the heterogeneity. Subgroup analysis stratified by control type suggested that the ES and statisti-
cal significance were increased for TNF-a studies when compared ALS patients with normal controls, whereas
TNF-a levels were not significantly elevated in patients with ALS when compared with disease controls, although
the heterogeneity remained high for studies comparing ALS patients and normal controls. This is reasonable as
we have discussed above that the alterations of TNF-« levels in ALS may be not specific in neurodegenerative dis-
eases, and most disease control subjects in this meta-analysis were neurological disease. Meta-regression analysis
demonstrated that age had moderating effect on the outcome of the meta-analysis, whereas other potential con-
founders including gender, disease duration and samples size did not have moderating effects on the outcome of
the meta-analysis, suggesting that the moderating effect of age was unlikely to be secondary to disease duration.

Although this meta-analysis provided strong evidence of peripheral inflammatory response in ALS, and
the between-study heterogeneity was partially addressed by meta-regression analyses for TNF-« studies, this
meta-analysis has some limitations. First, the meta-analysis of peripheral blood levels of inflammatory cytokines
in patients with ALS compared with controls provided us pooled results from case-control (cross-sectional) stud-
ies, thus it is unclear whether the increased releases of cytokines are a cause or consequence for ALS onset.
Second, studies on the associations between cytokines and disease duration or disease severity are limited, there-
fore prevented us from assessing whether the blood inflammatory cytokines have potential to be validated bio-
markers to predict disease progression and/or patient diagnosis for ALS, and future studies are necessary to
address this question. Third, the limited number of studies with smaller sample sizes may have made observation
of significant associations difficult for some cytokines. As examples are IL-10 and IL-17 which showed increased
levels in patients with ALS, but did not research statistical significance (p=0.081 and 0.087 respectively, see
Table 1). Therefore, data from future studies on the cytokine levels in ALS that added into this meta-analysis may
generate more cytokines that significantly associate with ALS. Fourth, what is the significance of the increased
peripheral inflammatory response related to CNS remains unclear, thus future analyses of CNS cytokine levels in
ALS are necessary to better understand the etiology of the disease. These limits highlight the need for continued
investigations into the aberrations of inflammatory cytokines in ALS.

In conclusion, this meta-analysis is the first undertaken to investigate the alterations of inflammatory cytokine
levels in ALS patients, and demonstrated increased peripheral blood TNF-a, TNFR1, IL-1f3, IL-6, IL-8 and VEGF
levels in ALS patients compared to control subjects. These results strengthen the clinical evidence of an increased
inflammatory response in patients with ALS, thus providing a new insight into a potential molecular pathway that
confers vulnerability to the onset and/or development of ALS, and underscores the potential role of cytokines as
biomarkers for ALS, giving the robust and consistent associations between some cytokines and ALS. Therefore,
more studies are needed in the future, hopefully with international cooperation, to translate the potential blood
cytokine biomarkers into benefit of ALS patients.

References

1. Rowland, L. P. & Shneider, N. A. Amyotrophic lateral sclerosis. The New England journal of medicine 344, 1688-1700, doi:10.1056/
NEJM200105313442207 (2001).

2. Rothstein, J. D. Current hypotheses for the underlying biology of amyotrophic lateral sclerosis. Annals of neurology 65(Suppl 1),
$3-9, d0i:10.1002/ana.21543 (2009).

. Mehta, P. et al. Prevalence of amyotrophic lateral sclerosis - United States, 2010-2011. MMWR supplements 63, 1-14 (2014).

. Kiernan, M. C. et al. Amyotrophic lateral sclerosis. Lancet 377, 942-955, doi:10.1016/S0140-6736(10)61156-7 (2011).

. Miller, R. G., Mitchell, J. D. & Moore, D. H. Riluzole for amyotrophic lateral sclerosis (ALS)/motor neuron disease (MND). The
Cochrane database of systematic reviews, CD001447, d0i:10.1002/14651858.CD001447.pub3 (2012).

6. Calvo, A., Moglia, C., Balma, M. & Chio, A. Involvement of immune response in the pathogenesis of amyotrophic lateral sclerosis: a

therapeutic opportunity? CNS & neurological disorders drug targets 9, 325-330 (2010).

U W

SCIENTIFICREPORTS |7: 9094 | DOI:10.1038/541598-017-09097-1 7


http://dx.doi.org/10.1056/NEJM200105313442207
http://dx.doi.org/10.1056/NEJM200105313442207
http://dx.doi.org/10.1002/ana.21543
http://dx.doi.org/10.1016/S0140-6736(10)61156-7
http://dx.doi.org/10.1002/14651858.CD001447.pub3

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

. McGeer, P. L. & McGeer, E. G. Inflammatory processes in amyotrophic lateral sclerosis. Muscle & nerve 26, 459-470, doi:10.1002/

mus.10191 (2002).

. Winkeler, A., Boisgard, R., Martin, A. & Tavitian, B. Radioisotopic imaging of neuroinflammation. Journal of nuclear medicine:

official publication, Society of Nuclear Medicine 51, 1-4, d0i:10.2967/jnumed.109.065680 (2010).

. Graves, M. C. et al. Inflammation in amyotrophic lateral sclerosis spinal cord and brain is mediated by activated macrophages, mast

cells and T cells. Amyotrophic lateral sclerosis and other motor neuron disorders: official publication of the World Federation of
Neurology, Research Group on Motor Neuron Diseases 5,213-219 (2004).

Kawamata, T., Akiyama, H., Yamada, T. & McGeer, P. L. Immunologic reactions in amyotrophic lateral sclerosis brain and spinal
cord tissue. The American journal of pathology 140, 691-707 (1992).

McCombe, P. A. & Henderson, R. D. The Role of immune and inflammatory mechanisms in ALS. Current molecular medicine 11,
246-254 (2011).

Babu, G. N. et al. Elevated inflammatory markers in a group of amyotrophic lateral sclerosis patients from northern India.
Neurochem Res 33, 1145-1149, doi:10.1007/s11064-007-9564-x (2008).

Baron, P. et al. Production of monocyte chemoattractant protein-1 in amyotrophic lateral sclerosis. Muscle & nerve 32, 541-544,
doi:10.1002/mus.20376 (2005).

Cereda, C. et al. TNF and sTNFR1/2 plasma levels in ALS patients. Journal of neuroimmunology 194, 123-131, doi:10.1016/].
jneuroim.2007.10.028 (2008).

Lu, C. H. et al. Systemic inflammatory response and neuromuscular involvement in amyotrophic lateral sclerosis. Neurol
Neuroimmunol Neuroinflamm 3, €244, doi:10.1212/NXI1.0000000000000244 (2016).

Tanaka, M. et al. Intrathecal upregulation of granulocyte colony stimulating factor and its neuroprotective actions on motor neurons
in amyotrophic lateral sclerosis. ] Neuropathol Exp Neurol 65, 816-825, doi:10.1097/01.jnen.0000232025.84238.e1 (2006).

Vlam, L. et al. Cytokine profiles in multifocal motor neuropathy and progressive muscular atrophy. Journal of neuroimmunology 286,
1-4, doi:10.1016/j.jneuroim.2015.06.008 (2015).

Wilms, H. et al. Intrathecal synthesis of monocyte chemoattractant protein-1 (MCP-1) in amyotrophic lateral sclerosis: further
evidence for microglial activation in neurodegeneration. Journal of neuroimmunology 144, 139-142 (2003).

Mobher, D., Liberati, A., Tetzlaff, J., Altman, D. G. & Group, P. Preferred reporting items for systematic reviews and meta-analyses:
the PRISMA statement. PLoS medicine 6, e1000097, doi:10.1371/journal. pmed.1000097 (2009).

Molendijk, M. L. et al. Serum BDNF concentrations as peripheral manifestations of depression: evidence from a systematic review
and meta-analyses on 179 associations (N = 9484). Molecular psychiatry 19, 791-800, doi:10.1038/mp.2013.105 (2014).

Qin, X. Y. et al. Association of Peripheral Blood Levels of Brain-Derived Neurotrophic Factor With Autism Spectrum Disorder in
Children: A Systematic Review and Meta-analysis. JAMA pediatrics 170, 1079-1086, doi:10.1001/jamapediatrics.2016.1626 (2016).
Qin, X. Y., Wu, H. T,, Cao, C., Loh, Y. P. & Cheng, Y. A meta-analysis of peripheral blood nerve growth factor levels in patients with
schizophrenia. Molecular psychiatry, doi:10.1038/mp.2016.235 (2017).

Qin, X. Y. et al. Decreased peripheral brain-derived neurotrophic factor levels in Alzheimer’s disease: a meta-analysis study
(N=7277). Molecular psychiatry 22, 312-320, doi:10.1038/mp.2016.62 (2017).

Lau, J., Ioannidis, J. P. & Schmid, C. H. Quantitative synthesis in systematic reviews. Annals of internal medicine 127, 820-826
(1997).

Egger, M., Davey Smith, G. & Schneider, M. & Minder, C. Bias in meta-analysis detected by a simple, graphical test. Bmj 315,
629-634 (1997).

Blasco, H. et al. Panel of Oxidative Stress and Inflammatory Biomarkers in ALS: A Pilot Study. Can ] Neurol Sci 44, 90-95,
doi:10.1017/cjn.2016.284 (2017).

Ehrhart, J. et al. Humoral factors in ALS patients during disease progression. ] Neuroinflammation 12,127, doi:10.1186/s12974-015-
0350-4 (2015).

Fiala, M. et al. IL-17A is increased in the serum and in spinal cord CD8 and mast cells of ALS patients. ] Neuroinflammation 7, 76,
doi:10.1186/1742-2094-7-76 (2010).

Furukawa, T. et al. Increased proinflammatory cytokines in sera of patients with multifocal motor neuropathy. J Neurol Sci 346,
75-79, doi:10.1016/j.jns.2014.07.059 (2014).

Gupta, P. K., Prabhakar, S., Sharma, S. & Anand, A. Vascular endothelial growth factor-A (VEGF-A) and chemokine ligand-2
(CCL2) in amyotrophic lateral sclerosis (ALS) patients. ] Neuroinflammation 8, 47, doi:10.1186/1742-2094-8-47 (2011).

Gupta, P. K, Prabhakar, S., Sharma, S. & Anand, A. A predictive model for amyotrophic lateral sclerosis (ALS) diagnosis. ] Neurol
Sci 312, 68-72, doi:10.1016/j.jns.2011.08.021 (2012).

Kubhle, J. et al. Increased levels of inflammatory chemokines in amyotrophic lateral sclerosis. European journal of neurology 16,
771-774, d0i:10.1111/j.1468-1331.2009.02560.x (2009).

Liu, J., Gao, L. & Zang, D. Elevated Levels of IFN-gamma in CSF and Serum of Patients with Amyotrophic Lateral Sclerosis. PLoS
One 10, e0136937, doi:10.1371/journal.pone.0136937 (2015).

Moreau, C. et al. Elevated IL-6 and TNF-alpha levels in patients with ALS: inflammation or hypoxia? Neurology 65, 1958-1960,
do0i:10.1212/01.wnl.0000188907.97339.76 (2005).

Ngo, S. T. et al. Altered expression of metabolic proteins and adipokines in patients with amyotrophic lateral sclerosis. ] Neurol Sci
357,22-27, doi:10.1016/j.jns.2015.06.053 (2015).

Nygren, L, Larsson, A., Johansson, A. & Askmark, H. VEGF is increased in serum but not in spinal cord from patients with
amyotrophic lateral sclerosis. Neuroreport 13, 2199-2201, doi:10.1097/01.wnr.0000045003.52875cf (2002).

Oka, N., Akiguchi, I., Kawasaki, T., Ohnishi, K. & Kimura, J. Elevated serum levels of endothelial leukocyte adhesion molecules in
Guillain-Barre syndrome and chronic inflammatory demyelinating polyneuropathy. Annals of neurology 35, 621-624, doi:10.1002/
ana.410350518 (1994).

Poloni, M. et al. Circulating levels of tumour necrosis factor-alpha and its soluble receptors are increased in the blood of patients
with amyotrophic lateral sclerosis. Neuroscience letters 287, 211-214 (2000).

Rentzos, M. et al. The role of soluble intercellular adhesion molecules in neurodegenerative disorders. ] Neurol Sci 228, 129-135,
doi:10.1016/}.jns.2004.11.001 (2005).

Rentzos, M., Michalopoulou, M., Nikolaou, C., Rombos, A. & Dimitrakopoulos, A. Serum levels of soluble intercellular adhesion
molecule-1 (s-ICAM-1) and soluble endothelial leukocyte adhesion molecule-1(s-ELAM-1) in amyotrophic lateral sclerosis.
Amyotrophic lateral sclerosis and other motor neuron disorders: official publication of the World Federation of Neurology, Research
Group on Motor Neuron Diseases 6, 118121, doi:10.1080/14660820410021311 (2005).

Rentzos, M. et al. Interleukin-17 and interleukin-23 are elevated in serum and cerebrospinal fluid of patients with ALS: a reflection
of Th17 cells activation? Acta Neurol Scand 122, 425-429, doi:10.1111/j.1600-0404.2010.01333.x (2010).

Terenghi, F, Allaria, S. & Nobile-Orazio, E. Circulating levels of cytokines and their modulation by intravenous immunoglobulin in
multifocal motor neuropathy. J Peripher Nerv Syst 11, 67-71, doi:10.1111/j.1085-9489.2006.00065.x (2006).

Zhang, R. et al. MCP-1 chemokine receptor CCR2 is decreased on circulating monocytes in sporadic amyotrophic lateral sclerosis
(sALS). Journal of neuroimmunology 179, 87-93, doi:10.1016/j.jneuroim.2006.06.008 (2006).

Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C. & Gage, F. H. Mechanisms underlying inflammation in neurodegeneration. Cell
140, 918-934, d0i:10.1016/j.cell.2010.02.016 (2010).

SCIENTIFICREPORTS |7: 9094 | DOI:10.1038/541598-017-09097-1 8


http://dx.doi.org/10.1002/mus.10191
http://dx.doi.org/10.1002/mus.10191
http://dx.doi.org/10.2967/jnumed.109.065680
http://dx.doi.org/10.1007/s11064-007-9564-x
http://dx.doi.org/10.1002/mus.20376
http://dx.doi.org/10.1016/j.jneuroim.2007.10.028
http://dx.doi.org/10.1016/j.jneuroim.2007.10.028
http://dx.doi.org/10.1212/NXI.0000000000000244
http://dx.doi.org/10.1097/01.jnen.0000232025.84238.e1
http://dx.doi.org/10.1016/j.jneuroim.2015.06.008
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1038/mp.2013.105
http://dx.doi.org/10.1001/jamapediatrics.2016.1626
http://dx.doi.org/10.1038/mp.2016.235
http://dx.doi.org/10.1038/mp.2016.62
http://dx.doi.org/10.1017/cjn.2016.284
http://dx.doi.org/10.1186/s12974-015-0350-4
http://dx.doi.org/10.1186/s12974-015-0350-4
http://dx.doi.org/10.1186/1742-2094-7-76
http://dx.doi.org/10.1016/j.jns.2014.07.059
http://dx.doi.org/10.1186/1742-2094-8-47
http://dx.doi.org/10.1016/j.jns.2011.08.021
http://dx.doi.org/10.1111/j.1468-1331.2009.02560.x
http://dx.doi.org/10.1371/journal.pone.0136937
http://dx.doi.org/10.1212/01.wnl.0000188907.97339.76
http://dx.doi.org/10.1016/j.jns.2015.06.053
http://dx.doi.org/10.1097/01.wnr.0000045003.52875cf
http://dx.doi.org/10.1002/ana.410350518
http://dx.doi.org/10.1002/ana.410350518
http://dx.doi.org/10.1016/j.jns.2004.11.001
http://dx.doi.org/10.1080/14660820410021311
http://dx.doi.org/10.1111/j.1600-0404.2010.01333.x
http://dx.doi.org/10.1111/j.1085-9489.2006.00065.x
http://dx.doi.org/10.1016/j.jneuroim.2006.06.008
http://dx.doi.org/10.1016/j.cell.2010.02.016

www.nature.com/scientificreports/

45. Cappellano, G. et al. Inmunity and inflammation in neurodegenerative diseases. American journal of neurodegenerative disease 2,
89-107 (2013).

46. Alcalay, R. N. Cytokines as Potential Biomarkers of Parkinson Disease. JAMA neurology 73, 1282-1284, doi:10.1001/
jamaneurol.2016.3335 (2016).

47. Qin, X. Y., Zhang, S. P, Cao, C,, Loh, Y. P. & Cheng, Y. Aberrations in Peripheral Inflammatory Cytokine Levels in Parkinson
Disease: A Systematic Review and Meta-analysis. JAMA neurology 73, 1316-1324, doi:10.1001/jamaneurol.2016.2742 (2016).

48. Swardfager, W. et al. A meta-analysis of cytokines in Alzheimer’s disease. Biological psychiatry 68, 930-941, doi:10.1016/j.
biopsych.2010.06.012 (2010).

49. Rocha, N. P. et al. Plasma levels of soluble tumor necrosis factor receptors are associated with cognitive performance in Parkinson’s
disease. Movement disorders: official journal of the Movement Disorder Society 29, 527-531, doi:10.1002/mds.25752 (2014).

50. Scalzo, P., Kummer, A., Cardoso, F. & Teixeira, A. L. Increased serum levels of soluble tumor necrosis factor-alpha receptor-1 in
patients with Parkinson’s disease. Journal of neuroimmunology 216, 122-125, doi:10.1016/j.jneuroim.2009.08.001 (2009).

51. Storkebaum, E., Lambrechts, D. & Carmeliet, P. VEGF: once regarded as a specific angiogenic factor, now implicated in
neuroprotection. BioEssays: news and reviews in molecular, cellular and developmental biology 26, 943-954, doi:10.1002/bies.20092
(2004).

52. Infante, J., Mateo, I., Rodriguez-Rodriguez, E., Berciano, J. & Combarros, O. VEGF serum levels are not associated with Parkinson’s
disease. European journal of neurology 14, 6, doi:10.1111/j.1468-1331.2007.01709.x (2007).

53. Mihci, E., Ozkaynak, S. S., Sallakci, N., Kizilay, F. & Yavuzer, U. VEGF polymorphisms and serum VEGF levels in Parkinson’s disease.
Neuroscience letters 494, 1-5, d0i:10.1016/j.neulet.2011.02.027 (2011).

54. Biomarkers Definitions Working, G. Biomarkers and surrogate endpoints: preferred definitions and conceptual framework. Clinical
pharmacology and therapeutics 69, 89-95, d0i:10.1067/mcp.2001.113989 (2001).

55. Robelin, L. & Aguilar, G. D. J. L. Blood biomarkers for amyotrophic lateral sclerosis: myth or reality? BioMed research international
2014, 525097, doi:10.1155/2014/525097 (2014).

Acknowledgements
This study was supported by the Minzu University Research Fund (SYL170510, ydzxxk201619&18, 2016SHXY01)
and the MUC 111 project.

Author Contributions
Y.C. conceived and designed the project. Y.H. and C.C. performed the search and extracted the data. Y.Y. and J.Y.
performed the statistical analysis. Yong Cheng drafted the manuscript with critical revisions from X.Y.Q. and Y.Z.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09097-1

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 9094 | DOI:10.1038/s41598-017-09097-1 9


http://dx.doi.org/10.1001/jamaneurol.2016.3335
http://dx.doi.org/10.1001/jamaneurol.2016.3335
http://dx.doi.org/10.1001/jamaneurol.2016.2742
http://dx.doi.org/10.1016/j.biopsych.2010.06.012
http://dx.doi.org/10.1016/j.biopsych.2010.06.012
http://dx.doi.org/10.1002/mds.25752
http://dx.doi.org/10.1016/j.jneuroim.2009.08.001
http://dx.doi.org/10.1002/bies.20092
http://dx.doi.org/10.1111/j.1468-1331.2007.01709.x
http://dx.doi.org/10.1016/j.neulet.2011.02.027
http://dx.doi.org/10.1067/mcp.2001.113989
http://dx.doi.org/10.1155/2014/525097
http://dx.doi.org/10.1038/s41598-017-09097-1
http://creativecommons.org/licenses/by/4.0/

	Increased peripheral blood inflammatory cytokine levels in amyotrophic lateral sclerosis: a meta-analysis study

	Methods

	Search strategy and study selection. 
	Data extraction. 
	Statistical analysis. 

	Results

	Main association of ALS with blood cytokine levels. 
	Investigation of heterogeneity. 

	Discussion

	Acknowledgements

	Figure 1 PRISMA flowchart of the literature search.
	Figure 2 Studies of peripheral blood TNF-α and TNFR1.
	Figure 3 Studies of peripheral blood IL-1β and IL-6.
	Figure 4 Studies of peripheral blood IL-8 and VEGF.
	Table 1 Summary of comparative outcomes for peripheral blood cytokine measurements.




