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Background: Although increasing evidence suggests an association between
alterations in peripheral cytokines and autism spectrum disorder (ASD), a consensus
is lacking. To determine whether abnormal cytokine profiles in peripheral blood were
associated with ASD, we performed this systemic review and meta-analysis.

Methods: A systematic literature search was conducted through the Embase,
PubMed, Web of Knowledge, PsycINFO, and Cochrane databases up to 4 June 2020.
Clinical studies exploring the aberration of peripheral cytokines of autistic patients and
controls were included in our meta-analysis. We pooled extracted data using fixed- or
random-effects models based on heterogeneity tests with Comprehensive Meta-analysis
software. We converted standardized mean differences to Hedges’ g statistic to obtain
the effect sizes adjusted for sample size. Subgroup analyses, sensitivity analyses,
meta-regression, and publication bias tests were also carried out.

Results: Sixty-one articles (326 studies) were included to assess the association
between 76 cytokines and ASD. We conducted our meta-analysis based on 37 cytokines
with 289 studies. Since there were fewer than three studies on any of the other 39
cytokines, we only provided basic information for them. The levels of peripheral IL-6,
IL-1B, IL-12p70, macrophage migration inhibitory factor (MIF), eotaxin-1, monocyte
chemotactic protein-1 (MCP-1), IL-8, IL-7, IL-2, IL-12, tumor necrosis factor-o (TNF-a),
IL-17, and IL-4 were defined as abnormal cytokines in the peripheral blood of ASD
patients compared with controls. The other 24 cytokines did not obviously change in
ASD patients compared with the controls.

Conclusions: The findings of our meta-analysis strengthen the evidence for an
abnormal cytokine profile in ASD. These abnormal cytokines may be potential biomarkers
for the diagnosis and treatment of ASD in the future.
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BACKGROUND

Autism  spectrum disorders (ASDs) are a group of
neurodevelopmental disorders classically characterized by
impaired social communication, restricted, repetitive patterns
of behavior, and selective attention (1). Recent surveys indicate
that ~1.5% of children and 0.8% of adolescents in the USA and
UK are diagnosed with ASD (2). Although some investigations
have suggested that genetic and environmental factors may affect
ASD development, the biological mechanisms of these disorders
remain poorly understood, and there are no specific medicines
for ASD (3). Consequently, there is a pressing need to better
understand the etiology of ASD and further develop appropriate
intervention techniques and drugs.

The immune system is classically divided into two main
branches: adaptive and innate immunity. Growing evidence
suggests that the immune system plays a key role in ASD
development (4). Adaptive immune cells, such as B cells
and T cells, can develop antigen-specific responses, and give
rise to immunological memory in the central nervous system
(CNS) (5). In different parts of the brain of autistic patients,
the increase in lymphocytes and immune dysfunction may
lead to astrocyte damage, affecting the CSF-brain barrier, and
contributing to the development of ASD (6). Innate immune
cells, such as microglia and monocytes, can recognize conserved
structures expressed by pathogens in the central nervous system.
Abnormal synaptic pruning caused by microglia may affect
synaptic plasticity and result in ASD (7). In addition, a series
of inflammatory reactions involving microglia and cytokines are
closely related to ASD (8). Cytokines, as a group of cell-signaling
molecules, play vital roles in the regulation of the host immune
response, and altered expression of cytokines is associated with
ASD development (9). We usually classify cytokines into three
groups according to the type of immune response: adaptive
immunity, proinflammatory signaling, and anti-inflammatory
signaling (10, 11). Cytokines, such as interleukin-6 (IL-6)
and tumor necrosis factor-o (TNF-a), mediate communication
between the immune system and brain (12). Animal studies
have indicated an association between cytokines and psychiatric
disorders, such as depression, schizophrenia, and ASD (13-
15). Moreover, abnormal cytokine profiles were found in ASD
patients compared to healthy controls in brain biopsies (16-18).
On the other hand, peripheral cytokines can cross the blood-
brain barrier and signal to the brain, which plays important
roles in the development of the brain. Therefore, comprehensive
analysis of the levels of peripheral cytokines may provide a new
approach to improve the prognosis of autistic patients.

Several meta-analyses have been performed to review the
associations between peripheral cytokine levels and ASD (19-21).
However, some chemokines were not included or some data were
included repeatedly. Moreover, in the past decade, an increasing
number of studies have been conducted to detect the peripheral

Abbreviations: ASD, autism spectrum disorder; MIE, Macrophage migration
inhibitory factor; MCP-1, Monocyte chemotactic protein-1; TNF-a, Tumor
necrosis factor-a; SD, standard deviation; ESs, effect sizes; SMDs, standardized
mean differences; Cls, confidence intervals.

blood levels of different cytokines in autistic patients compared
with controls. Considering the above content, we carried out a
systemic review and meta-analysis.

METHODS
Search Strategy and Study Selection

Two independent investigators (JG and HZ) conducted a
systematic search of peer-reviewed records in the Embase,
PubMed, Web of Knowledge, PsycINFO and Cochrane databases
up to 4 June 2020 to identify the relevant studies. The keywords in
our strategy were as follows: “cytokine [All Fields],” “chemokine
[All Fields],” “interleukin [All Fields],” “interferon [All Fields],”
“inflammation [All Fields],” or “tumor necrosis factor [All
Fields];” AND “autism [All Fields],” “autistic [All Fields],” or
“ASD [All Fields].” The combination of search keywords was
used in all five databases. In addition, we checked the references
according to the retrieved studies. Authors were also contacted to
obtain original data not revealed in the original human articles,
which could maximize the sample size.

The records retrieved were screened according to the
inclusion and exclusion criteria. In our meta-analysis, the
inclusion criteria were as follows: (1) original human articles; (2)
clinical studies exploring the aberration of cytokines in autistic
patients and controls; (3) cytokines detected in plasma or serum;
(4) each cytokine concentration was presented as a mean with
corresponding standard deviation (SD), or sample size and P-
value. In addition, some concentrations were calculated based
on the original data. The exclusion criteria were as follows:
(1) studies with insufficient information such as concentration
or P-value; (2) animal study, review, comment or abstract; (3)
cytokines determined in CSF or other tissues; (4) studies reported
levels of cytokines after cell stimulation tests. If some studies
contained overlapping populations, only the study with the
largest sample size was included. We did not estimate some data
based on graphical figures or other formats (median, interquartile
range) for the unwanted error. Our meta-analysis followed the
guidelines recommended by the Preferred Reporting Items for
Systematic Reviews and Meta-analysis (the PRISMA statement).

Data Extraction

Two investigators (JG and HZ) independently screened the full
text of the articles and extracted useful data to reduce personal
error. Useful data were collected as follows: first author’s name
and publication year, country, sample type (serum or plasma),
detection method, mean and SD of each cytokine in cases and
controls, or P-value from the original studies. When a P-value
was reported as an inequality rather than an exact value, we
performed two extreme processing of the P-value to decrease type
IT errors. Pre-designed standard data forms were used for the
information collected. Disagreement was resolved by discussion.

Statistical Analysis

We calculated the effect sizes (ESs) as standardized mean
differences (SMDs) in different levels of cytokines between cases
and controls according to the extracted sample size, mean,
and SD, or sample size and P-value when the mean and SD
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were unavailable. Then, we converted these SMDs to Hedges’ g
statistic to obtain the effect sizes adjusted for sample size. ESs
and their 95% confidence intervals (CIs) were used to assess
the association between different peripheral levels of cytokines
and ASD. Heterogeneity across studies was evaluated with the
I? value and Cochrane Q-test. We selected a random-effects
model in our meta-analysis when obvious heterogeneity was
detected across studies; otherwise, a fixed-effects model was
used. Publication bias was examined by Egger’s test qualitatively
(the more symmetrical, the lower risk of publication bias) and
quantitatively (P-value).

Due to the limitation of the number of studies, the source
of heterogeneity was only discussed in cytokines with a number
of more than 10 studies. We conducted unrestricted maximum
likelihood random-effects meta-regressions of ESs to verify
whether some theoretical covariates, such as age and sample
size, would serve as confounders to affect our results. Moreover,
Galbraith plots were also employed to further investigate the
source of heterogeneity across studies. Sensitivity analysis was
performed for statistically significant ES estimates by sequentially
removing individual studies to determine whether a single study
could turn the relevance of results or otherwise change the
direction of ES in our study. Comprehensive Meta-analysis
software 2.0 and Stata 15.0 were selected to carry out all the
statistical analyses in our study. P < 0.05 was considered
significantly different in our study.

RESULTS

Study Characteristics

There were 9,144 records identified in the databases (2,805 from
Embase, 1,457 from PubMed, 2,163 from Web of Knowledge,
2,618 PsycINFO, and 97 from Cochrane databases) updated
to June 4, 2020, and four records were identified from the
references. There were 2,984 duplications and 6,091 records
with unmatched titles or abstracts that were excluded from
the retrieved results. In addition, eight records were removed
from the last 69 records by full text reading (six records with
insufficient data and two with overlapping data). Then, 61
records were eligible for the next qualitative synthesis (22-82).
When a record reported different cytokines, we treated them as
separate studies. Therefore, a total of 326 studies were identified
in our meta-analysis. The study selection process is shown
in Figure 1.

There were 76 cytokines included in our study, 37 of which
were analyzed based on extracted data. The diagnosis of ASD
in most studies was made according to the Diagnostic and
Statistical Manual of Mental Disorders. Most controls were
healthy children. The concentrations of all cytokines were
measured either in plasma or serum. Since some records
contained multiple studies and the sample size of each study
was different, we only exhibited the largest sample size. Eight
cytokines (IL-6, IFNy, IL-8, TNF-a, IL-1p, IL-10, IL-17, and IL-
4) were detected in more than nine studies. Details are shown
in Supplementary Table 1. In addition, we also assessed the
association between the concentrations of some chemokines
(such as eotaxin, MIP-1a, and Mig) and ASD.

The other 39 cytokines presented some basic characteristics
for fewer than three studies. Eleven cytokines were detected in
the two studies while 28 cytokines were measured in one study.
Most of the 50 studies suggested no obvious association between
the concentrations of these cytokines and ASD. More studies
are required to further confirm the results. Details are shown
in Table 1.

Quantitative Data Synthesis

In our present meta-analysis, 289 studies were included to assess
the association between the levels of 37 cytokines in peripheral
blood and ASD. The results are shown in Supplementary Table
2. Eight cytokines were significantly elevated in the peripheral
blood of ASD patients compared with controls (for IL-6: Hedges’
g = 0.455, 95% CI 0.264-0.645, P < 0.001; for IL-1B: Hedges’ g
= 0.504, 95% CI 0.280-0.728, P < 0.001; for eotaxin-1: Hedges’
g = 0.388, 95% CI 0.211-0.566, P < 0.001; for MIF: Hedges’ g
= 0.555, 95% CI 0.124-0.985, P = 0.012; for IL-12p70: Hedges’
g = 0.939, 95% CI 0.090-1.788, P = 0.030; for MCP1: Hedges’
g = 0.225, 95% CI 0.073-0.378, P = 0.004; for IL-8: Hedges’
g = 0572, 95% CI 0.227-0.918, P = 0.001; for IL-7: Hedges’
g = 0.262, 95% CI 0.036-0.488, P = 0.023; Figures 2-9). In
contrast, there were no obvious associations between the other
29 cytokine concentrations and ASD. Subgroup analyses were
also performed in our meta-analysis based on different sample
types. Six cytokines significantly increased in the plasma of ASD
patients compared with controls (for IL-6: Hedges g = 0.439,
95% CI 0.145-0.732, P = 0.003; for eotaxin-1: Hedges’ g = 0.430,
95% CI 0.242-0.619, P < 0.001; for IL-8: Hedges g = 0.542,
95% CI 0.235-0.849, P = 0.001; for MCP1: Hedges’ g = 0.176,
95% CI 0.009-0.344, P = 0.039; for IL-18: Hedges’ g = 0.395,
95% CI 0.141-0.648, P = 0.002; for IL-12p70: Hedges' g = 1.224,
95% CI 0.409-2.038, P = 0.003), which was consistent with the
overall analysis. Four cytokines were also significantly increased
in the serum of ASD patients (for IL-6: Hedges g = 0.511, 95%
CI 0.301-0.722, P < 0.001; for IL-1f: Hedges g = 0.726, 95%
CI 0.345-1.106, P < 0.001; for IL-2: Hedges’ g = 0.421, 95%
CI 0.083-0.760, P = 0.015; for MCP1: Hedges’ g = 0.461, 95%
CI 0.094-0.827, P = 0.014). Moreover, patients with ASD had
significantly higher IL-12 levels in plasma (Hedges ¢ = 1.763,
95% CI 0.431-3.095, P = 0.010) than controls.

Heterogeneity Analysis

The I? value and Q-test were used to evaluate heterogeneity
across the studies. The results of eotaxin-1, MCP1, TNEF-,
IL-2, IL-7, IL-9, and GM-CSF showed no obvious heterogeneity
across studies. However, obvious heterogeneity was observed
in the overall comparisons of the other 30 cytokines.
Although subgroup analyses based on sample type were
conducted, the heterogeneity did not decrease -effectively
(Supplementary Table 2). Due to the limited number of studies,
heterogeneity analyses were mainly conducted for eight cytokines
(IL-6, IFNy, IL-8, TNF-a, IL-1f, IL-10, IL-17, and IL-4).

First, we tried to identify some potential moderators that may
affect the heterogeneity of our meta-analysis. These potential
moderators were usually divided into methodological and clinical
sources. Due to the lack of information about methodological
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FIGURE 1 | Flow diagram of study identification.

moderators, such as assay procedures, sample collection,
separation and storage, and clinical moderators, such as gender
(most data about these were inconsistent with the actual samples)
and course of ASD, we could only perform meta-regression
analyses on sample size, publication year, and age (only IL-17).
However, meta-regression analyses suggested that the sample
size, publication year, and age had no moderating effects on
the results of our meta-analysis (Supplementary Figures 1-8).
Then, we attempted to draw Galbraith plots, which revealed
that some results deviated from the central for IL-6 (6 studies),
IFNy (3 studies), IL-8 (3 studies), TNF-a (8 studies), IL-1p
(5 studies), IL-10 (3 studies), IL-17 (5 studies), and IL-4 (5
studies) (Supplementary Figures 9-16). After removing them
separately, the heterogeneity across studies for each cytokine
was significantly reduced. Associations between peripheral levels
of these cytokines and ASD were not changed, except for
TNF-a, IL-17, and IL-4. Patients with ASD had significantly
elevated peripheral blood TNF-a and IL-4 levels compared with
controls after removing the studies outside the boundaries in the
Galbraith plot (for TNF-a: Hedges' ¢ = 0.135, 95% CI 0.005-
0.265, P = 0.042; for IL-4: Hedges’ g = 0.213,95% CI 0.023-0.402,

P =0.028). In addition, patients with ASD had significantly lower
IL-17 levels in peripheral blood (Hedges’ g = —0.208, 95% CI
—0.398 to —0.017, P = 0.033) than controls (Table 2).

Sensitivity analyses indicated that the associations were
generally similar when we removed any study for these cytokines,
except for IL-4 (Supplementary Figure 17). The study (39)
conducted by (37) could affect the statistically significant
difference in the levels of IL-4 between patients with ASD and
controls. This made sense, since this study also contributed to
the heterogeneity.

Publication Bias

Eggers test was carried out to quantitatively evaluate the
publication bias in the included studies. The results did not show
any clear evidence of obvious publication bias in these cytokines,
except for IL-23 and IP-10. This is not surprising because only a
few studies were included in the analysis of these cytokines. More
studies should be carried out for further exploration. The results
of our meta-analyses were unlikely to be affected by publication
bias (Supplementary Table 2).

Frontiers in Psychiatry | www.frontiersin.org

July 2021 | Volume 12 | Article 670200


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Zhao et al. Peripheral Cytokines and ASD

TABLE 1 | Summary of studies on the unanalyzed cytokines.

Cytokine Sample type Sample size (n) Results References
Case Control
IL-6sR Plasma 25 25 NA (48)
Eotaxin-2 Plasma 25 25 NA (48)
Eotaxin-3 Serum 30 29 The concentration of Eotaxin-3 in ASD group was significantly decreased (54)
Fractalkine Plasma 87 41 NA (78)
Plasma 99 40 The concentration of Fractalkine in ASD group was significantly decreased (44)
IFNa2 Plasma 28 28 NA (40)
IL-1 Serum 77 7 The concentration of IL-1 in ASD group was significantly increased (27)
Serum 23 33 NA (22)
MCP-3 Plasma 99 40 The concentration of MCP-3 in ASD group was significantly decreased (44)
Plasma 28 28 NA (40)
MIP-18 Plasma 25 25 NA (48)
TNF sRI Plasma 25 25 NA (48)
TNF sRIl Plasma 25 25 NA (48)
EGFR Plasma 33 34 The concentration of EGFR in ASD group was significantly increased (53)
HB-EGF Serum 30 29 The concentration of HB-EGF in ASD group was significantly decreased (54)
NGF Plasma 21 16 The concentration of NGF in ASD group was significantly increased (77)
Plasma 28 28 NA (40)
IL-17F Serum 32 28 NA (76)
IL-22 Serum 32 28 NA (76)
IL-21 Serum 32 28 NA (76)
GRO-a Serum 65 30 NA (72)
Plasma 28 28 The concentration of GRO-a in ASD group was significantly increased (40)
Basic FGF Serum 12 8 NA (69)
M-CSF Plasma 25 25 NA (48)
Plasma 28 28 NA (40)
PDGF-AA Serum 31 31 NA (36)
PDGF-AB Serum 31 31 NA (36)
ENA-78 Serum 62 62 The concentration of ENA-78 in ASD group was significantly increased (59)
Serum 21 15 NA (41)
IL-33 Plasma 30 18 NA (56)
Serum 38 13 NA 61)
ST2 Plasma 30 18 NA (56)
NT-3 Plasma 24 24 The concentration of NT-3 in ASD group was significantly decreased (45)
BLC Plasma 25 25 NA (48)
1-309 Plasma 25 25 NA (48)
IL-11 Plasma 25 25 NA 48)
IL-16 Plasma 25 25 NA (48)
Plasma 28 28 NA (40)
MDC Serum 56 32 The concentration of MDC in ASD group was significantly increased (46)
Serum 37 37 The concentration of MDC in ASD group was significantly decreased (49)
TARC Serum 56 32 The concentration of TARC in ASD group was significantly increased (46)
IL-3 Serum 37 37 The concentration of IL-3 in ASD group was significantly decreased (49)
Plasma 28 28 NA (40)
I-TAC Serum 21 15 NA (41)
CTACK Plasma 28 28 NA (40)
SCF Plasma 28 28 NA (40)
SCGF-B Plasma 28 28 NA (40)
SDF-1a Plasma 28 28 NA (40)
TRAIL Plasma 28 28 NA (40)
IL-31 Serum 38 13 NA (55)

NA, not association.

Frontiers in Psychiatry | www.frontiersin.org 5 July 2021 | Volume 12 | Article 670200


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Zhao et al.

Peripheral Cytokines and ASD

Study name Statistics for each study Hedges' g and 95% ClI
Hedges' Standard Lower Upper

g error Variance limit limit Z-Value p-Value
Ning 2019 0.862 0.146 0.021 0.576 1.147 5906  0.000 J —i-
Xie 2017 0.446 0.259 0.067 -0.060 0.953 1.726 0.084
Guloksuz 2017 -0.395 0.231 0.054 -0.849 0.058 -1.709 0.087 L
Pecorelli 2016 -0.295 0.440 0.193 -1.156 0.567 -0.670 0.503 S L
Yan 2015 0.891 0.170 0.029 0.557 1.225 5228 0.000 —_i
Ricci 2013 0.468 0.350 0.123 -0.219 1.154 1.335 0.182 L
Tostes 2012 0.306 0.286 0.082 -0.254 0.866 1.070 0.285 L
Tobiasova 2011 0.000 0.331 0.109 -0.648 0.648 0.000 1.000 L
Suzuki 2011 0.314 0.265 0.070 -0.206 0.834 1.183 0.237 L
Emanuele 2010 0.595 0.287 0.082 0.033 1.157 2.075 0.038 L
Croonenberghs 2002 0.222 0.381 0.145 -0.525 0.969 0.582 0.561 L
Tsilioni 2015 0.461 0.320 0.102 -0.165 1.088 1.443 0.149 L
El Wakkad 2006 1.505 0.344 0.119 0.830 2180 4.370  0.000 —
Gomez 2018 0.294 0.203 0.041 -0.103 0.691 1.451 0.147 L
Shaker 2016 0.902 0.290 0.084 0.333 1.471 3.106  0.002 ——l
Jacome 2016 1.190 0.376 0.141 0453 1.927 3.166  0.002
Yang 2015 0.833 0.252 0.064 0.339 1.328 3.303 0.001 ——
Napolioni 2013 0.057 0.278 0.078 -0.489 0.602 0.203 0.839 i
Manzardo 2012 -0.487 0.189  0.036 -0.856 -0.117 -2.581 0.010 —_——
Ashwood 2011 0.290 0.148 0.022 0.000 0.580 1.963 0.050 —{—
Al-Ayadhi 2005 0.317 0.161 0.026 0.001 0.633 1.963 0.050 B
Shen 2020 0.367 0.220 0.048 -0.065 0.798 1.666 0.096 L
Alzghoul 2019 0.876 0.162 0.026 0.559 1.193 5411 0.000 —_—p
Kordulewska 2019 0.928 0.281 0.079 0.378 1.479 3.304 0.001 —_ —.l

0.455 0.097 0.009 0.264 0.645 4.674 0.000 -

-1.00 -0.50 0.00 0.50 1.00
Decreased concentration in ASD Increased concentration in ASD
Meta Analysis
FIGURE 2 | Forest plot for the random-effects meta-analysis (IL-6).

DISCUSSION

To the best of our knowledge, this study is the most
comprehensive review and meta-analysis of the relationship
between peripheral cytokines and ASD so far. Many cytokines
were included in the meta-analysis for the first time. Overall,
the results showed significant elevation of peripheral blood
proinflammatory cytokine levels for IL-6, IL-1f, IL-7, and IL-
12p70 in ASD patients compared with controls, which was
in line with previous studies and our forecast. Persistent
elevation of peripheral cytokines may reflect an ongoing
inflammatory process in organisms. The presence of chronic
inflammation in ASD has become increasingly well-documented.
Large numbers of experimental studies have revealed that these
cytokines play important roles in the development of ASD (83).
Peripheral upregulated inflammation (IL-6, IL-1B, etc.) could
worsen autistic symptoms in mice (84). These proinflammatory
cytokines cross the blood-brain barrier and activate microglia.
Dysfunctional microglia have a negative effect on synaptic
pruning, influencing the signal transmission of neurons, which
contributes to ASD development-a brain disorder characterized
by an imbalance between inhibitory and excitatory responses

(85). In addition, peripheral blood levels of MIF, eotaxin-1,
MCP-1, and IL-8 were also markedly increased in ASD patients
compared with controls. MIE, a conserved cytokine found
as a homotrimer protein, directly or indirectly promotes the
production or expression of a large panel of proinflammatory
cytokines (such as IL-1P, IL-6, and IL-8) and mediates both
acute and chronic inflammatory responses (9, 86, 87). Eotaxin-
1, IL-8, and MCP-1 contribute to the selective recruitment of
eosinophils, neutrophils, and leukocytes into inflammatory sites
and participate in a skewed immune response (88, 89). Many
previous studies have reported early neuroimmune dysfunction
in children with ASD. These elevated chemokines indicate the
existence of neuroimmune dysfunction, which is in line with
the development of ASD (90). In fact, the exact mechanism
of these altered cytokines on the pathogenesis of ASD is still
unclear. Compared with the overall results, subgroup analyses
suggested that the levels of IL-8 in serum and the levels of IL-
7 in plasma of ASD patients were not significantly increased.
This surprising finding may be caused by different components
in serum and plasma. The sensitivity of the same chemokine
may vary in different blood components. Similarly, IL-2 was
heightened in the serum of ASD patients compared with the
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Study name Statistics for each study
Hedges' Standard Lower Upper
g error  Variance limit  limit
Xie 2017 0.579 0.261 0.068 0.067 1.090
Guloksuz 2017 0.112 0.229 0.053 -0.338 0.561
Pecorelli 2016 -0.451 0.443 0.196 -1.319 0.417
Barbosa 2015 0.217 0.294 0.086 -0.360 0.793
Ricci 2013 1.376 0.316 0.100 0.756 1.996
Tostes 2012 0.647 0.292 0.085 0.076 1.219
Suzuki 2011 0.740 0.273 0.074 0.205 1.274
Emanuele (a) 2010 0.860 0.293 0.086 0.285 1.435
Sweeten 2004 0.352 0.266 0.071 -0.169 0.873
El Wakkad 2006 1.629 0.351 0.123 0.941 2.317
Gomez-Fernandez 2018  -0.127 0.560 0.313 -1.223 0.970
Saresella 2016 0.713 0.275 0.076 0.173 1.253
Jacome 2016 1.124 0.373 0.139 0.394 1.855
Tonhajzerova 2015 0.000 0.334 0.111 -0.654 0.654
Napolioni 2013 0.088 0.279 0.078 -0.458 0.634
Ashwood (a) 2011 0.290 0.148 0.022 0.000 0.580
Shen 2020 -0.100 0.218 0.048 -0.528 0.328
Kordulewska 2019 0.928 0.281 0.079 0.378 1.479

0.504 0.114 0.013 0.280 0.728

Hedges' g and 95% CI

Z-Value p-Value

2218  0.027 = - |
0.486  0.627 B

-1.019  0.308 |3 -

0.736  0.461 L

4352  0.000 —_
2221 0.026 L

2.713  0.007 l;j
2931  0.003

1.324  0.185 =

4640  0.000 3
-0.226  0.821 |3 =

2589  0.010 L
3.016  0.003

0.000  1.000 i

0.316  0.752 B

1.963  0.050 ——1
-0.458  0.647 )

3.304  0.001

4412 0.000 - .l

-1.00 -0.50 0.00 0.50 1.00

Decreased concentration in ASD Increased concentration in ASD

Meta Analysis

FIGURE 3 | Forest plot for the random-effects meta-analysis (IL-1).

Study name Statistics for each study Hedges' g and 95% CI
Hedges' Standard Lower Upper

g error  Variance limit limit Z-Value p-Value

Shen 2020 0.606 0.223 0.050 0.169 1.044 2715 0.007 J L

Pecorelli 2016 -0.025 0.437 0.191 -0.882 0.832 -0.057  0.954

Tobiasova 2011 0.130 0.331 0.109 -0.518 0.779 0.393 0.694 =

Suzuki 2011 0.471 0.267 0.071 -0.053 0.995 1.763 0.078

Hu 2018 0.552 0.191 0.037 0.177 0.927 2.884  0.004

Napolioni 2013 0.092 0.279 0.078 -0.454 0.638 0.331 0.741 i

Ashwood (b) 2011 0.339 0.173 0.030 0.001 0.678 1.964 0.050 .
0.388 0.090 0.008 0.211 0.566 4.293  0.000 q

-1.00 -0.50 0.00 0.50 1.00
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FIGURE 4 | Forest plot for the fixed-effects meta-analysis (eotaxin-1).

controls. In addition, we observed that IL-12 was greatly elevated
in the plasma of ASD patients. However, we should note
that only a few studies were included in the analysis of each
cytokine. More clinical studies are needed to further demonstrate
these results.

Generally, these cytokines in peripheral blood may be helpful
for the diagnosis and treatment of ASD. Our study strengthened
the clinical evidence of an increased inflammatory response
in ASD patients. There was no clear evidence of significant
alteration of peripheral blood levels of the remaining 27 cytokines
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FIGURE 5 | Forest plot for the random-effects meta-analysis (MIF).

Study name Statistics for each study Hedges' g and 95% CI
Hedges' Standard Lower Upper

g error  Variance limit limit Z-Value p-Value
Ning 2019 0.862 0.146 0.021 0576 1.148 5908 0.000 —.-1
Han 2017 0.371 0.345 0.119 -0.304 1.047 1.078 0.281 K
Suzuki 2011 0.090 0.264 0.070 -0.427 0.606 0.339 0.734 B
Grigorenko 2008 0.883 0.451 0.203 0.000 1.766  1.961 0.050

0.555 0.220 0.048 0.124 0.985 2523 0.012
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Study name Statistics for each study
Hedges' Standard Lower Upper
g error Variance limit limit
Ashaat 2017 2.052 0.225 0.050 1.612 2.492
Tobiasova 2011 -0.220 0.332 0.110 -0.870 0.430
Suzuki 2011 1.259 0.289 0.084 0.692 1.825
Jacome 2016 1.305 0.382 0.146 0.556 2.053
Napolioni 2013 0.252 0.280 0.078 -0.296 0.800
0.939 0.433 0.188 0.090 1.788

Z-Value p-Value
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FIGURE 6 | Forest plot for the random-effects meta-analysis (IL-12p70).

in ASD patients compared with controls. Since there were
fewer than three studies on each of the other 39 cytokines,
we only provided some basic information about these studies.
More clinical studies with larger sample sizes are required
for analysis.

There was obvious heterogeneity in our analysis for most
cytokines, which may be caused by different processing methods
and clinical samples. We attempted to find the cause of
heterogeneity across studies by subgroup analysis and meta-
regression analyses. However, limited information, such as
sample size, publication year, and age, could not effectively
explain the generation of heterogeneity. Galbraith plots helped us
distinguish studies contributing to the heterogeneity in our meta-
analysis. After excluding these studies, heterogeneity decreased

effectively. Moreover, patients with ASD had significantly
increased peripheral blood levels of TNF-a, IL-17, and IL-4
compared with controls. Excessive TNF-a has been proven to be
involved in autistic behaviors, such as impaired social interaction
and repetitive behaviors (91), which may also participate in the
imbalance between the inhibitory and excitatory behaviors of the
brain. This was consistent with our result. However, we noted
that the results of peripheral IL-17 and IL-4 were contrary to
other altered proinflammatory and anti-inflammatory cytokines
in our meta-analysis. These results suggested that peripheral
altered IL-17 and IL-4 may be the result of negative feedback
conditions. Therefore, TNF-a, IL-17, and IL-4 may also be
members of the abnormal cytokine profile in peripheral blood of
ASD patients, and it was hidden by heterogeneity.
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FIGURE 7 | Forest plot for the fixed-effects meta-analysis (MCP1).

Study name Statistics for each study Hedges' g and 95% CI
Hedges' Standard Lower Upper

g error  Variance limit limit Z-Value p-Value
Han 2017 0.680 0.351 0.123 -0.008 1.369 1.936  0.053 =
Shen 2020 -0.148 0.219 0.048 -0.577 0.280 -0.679  0.497 L
Pecorelli 2016 0.471 0.443 0.197 -0.398 1.341 1.063  0.288 -
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Gomez-Fernandez 2018 0.232 0.192 0.037 -0.144 0.607 1.208  0.227 B
Napolioni 2013 0.200 0.279 0.078 -0.347 0.747 0.717  0.474 i
Ashwood (b) 2011 0.339 0.173 0.030 0.001 0.678 1.964 0.050 .
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FIGURE 8 | Forest plot for the random-effects meta-analysis (IL-8).

Study name Statistics for each study Hedges' g and 95% CI
Hedges' Standard Lower Upper

g error Variance limit limit Z-Value p-Value
Singh 2017 3.168 0.355 0.126 2.473 3.864 8.932 0.000
Han 2017 -0.036 0.342 0.117 -0.706 0.634 -0.104 0.917
Pecorelli 2016 0.135 0.438 0.192 -0.723 0.992 0.307 0.759 L
Tobiasova 2011 0.038 0.331 0.109 -0.610 0.685 0.114 0.910
Suzuki 2011 0.906 0.277 0.077 0.363 1.449 3.268 0.001 -
Hu 2018 0.062 0.188 0.035 -0.307 0.431 0.329 0.743
Gomez 2018 0.266 0.194 0.038 -0.114 0.646 1.372 0.170 B
Bryn 2017 0.362 0.221 0.049 -0.071 0.794 1.640 0.101 B
Tonhajzerova 2015 1.069 0.357 0.128 0.369 1.770 2992 0.003
Napolioni 2013 -0.008 0.278 0.078 -0.554 0.537 -0.030 0.976 B
Ashwood(a) 2011 0.290 0.148 0.022 0.000 0.580 1.963 0.050 ——1
Shen 2020 1.360 0.242 0.059 0.885 1.835 5.609 0.000 -
Alzghoul 2019 0.639 0159  0.025 0.329 0950 4.033 0.000 ——
Kordulewska 2019 0.000 0.268 0.072 -0.526 0.526 0.000 1.000

0.572 0.176 0.031 0.227 0918 3.247  0.001 ’
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ASD is a group of complex, pervasive neurodevelopmental
disorders with unknown etiology. In the ASD brain, an
exaggerated inflammatory response may be a hallmark event
to explain the pathologic conditions of ASD (92, 93). In our
study, 11 cytokines were considered to be involved in abnormal
cytokine profiles in the peripheral blood of patients with ASD.

However, we did not know the specific relationship of these
cytokines in peripheral blood and brain. It was difficult to
discern causality. Some studies have suggested that peripheral
inflammatory cytokines may enter the central nervous system,
leading to severe inflammation when the blood-brain barrier is
weak (94). In addition, how many cytokines in the brain can
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Study name Statistics for each study Hedges' g and 95% CI
Hedges' Standard Lower Upper

g error Variance limit limit Z-Value p-Value
Pecorelli 2016 -0.297 0.440 0.193 -1.159 0.565 -0.675 0.499 L
Suzuki 2011 0.606 0.270 0.073 0.078 1.135 2.248 0.025 B
Jacome 2016 0.000 0.345 0.119 -0.677 0.677 0.000 1.000 L
Steeb 2014 0.667 0.264 0.070 0.149 1.185 2.524 0.012 B
Napolioni 2013 -0.120 0.279 0.078 -0.666 0.426 -0.431 0.666 B
Shen 2020 0.236 0.219 0.048 -0.193 0.665 1.078 0.281 .

0.262 0.115 0.013 0.036 0.488 2.272 0.023 ‘
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FIGURE 9 | Forest plot for the fixed-effects meta-analysis (IL-7).

TABLE 2 | Summary of meta-analysis results after removing studies outside the boundaries in Galbraith plot.

Tests of association

Tests of heterogeneity

Cytokines  Studies Case Control Model Hedges’ g [95% Cl] V4 P-value Q-value P-value 2 (%) Studies outside
(n) (n) (n) the boundaries
in Galbraith plot
IL-6 18 617 544 FE 0.409 [0.292-0.525] 6.866 0.000 21.467 0.206 20.808 (28, 44, 62, 73,
79, 81)
IFNy 12 531 371 FE 0.054 [-0.080-0.189] 0.790 0.429 8.400 0.253 19.458 (24, 45, 52)
IL-8 11 531 407 FE 0.301 [0.170-0.432] 4.507 0.000 15.288 0.122 34.590 (60, 75, 82)
TNF-a 14 513 418 FE 0.135 [0.005-0.265] 2.032 0.042 18.403 0.143 29.360 (89, 61, 68, 72,
73,76, 79, 82)
IL-18 13 388 362 FE 0.360 [0.216-0.504] 4.905 0.000 16.042 0.190 25113 (28, 50, 67, 80, 82)
IL-10 12 512 437 FE —0.036 [-0.164-0.092] —0.548 0.584 9.110 0.612 0.000 (41, 65, 67)
IL-17 7 276 185 FE —0.208 [-0.398 to —0.017] —2.130 0.0383 10.317 0.122 41.845 (40, 42,67, 71, 82)
IL-4 8 223 201 FE 0.213 [0.023-0.402] 2.200 0.028 9.596 0.213 27.052 (37, 80)

FE, fixed-effects model.

be represented by the levels of cytokines in peripheral blood
is questionable, although it is generally believed that cytokines
in peripheral blood are associated with cytokines in the central
nervous system. Therefore, further basic and clinical studies are
needed to solve the above two problems.

With this research, IL-6, IL-1f, IL-12p70, MIF eotaxin-
1, MCP-1, IL-8, IL-7, IL-2, IL-12, TNF-a, IL-17, and IL-4
may be identified as a series of potential biomarkers for ASD
in peripheral blood. This may provide some important clues
for ASD therapeutic discovery. Of course, there were some
limitations that should be pointed out. First, although many
cytokines were included in our meta-analysis, the sample size
was moderate, and the problem of heterogeneity remained
unresolved due to the lack of information in many included
studies. For some cytokines, we could only make a systemic

summary. Second, further research is necessary to evaluate the
relationship between peripheral cytokines and cytokines in the
brain, which could help us understand the pathogenesis of
ASD. Third, although we analyzed the correlation between some
peripheral cytokines and ASD, the specific mechanism of most
altered cytokines in ASD is still unclear. More studies are urgently
needed to provide an exact explanation.

CONCLUSIONS

In our meta-analysis, we found that the levels of peripheral IL-
6, IL-1B, IL-12p70, MIF, eotaxin-1, MCP-1, IL-8, IL-7, IL-2, IL-
12, TNF-a, IL-17, and IL-4 were significantly changed in ASD
patients compared with controls. These findings strengthened
the clinical evidence of ASD with an abnormal inflammatory
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response. These cytokines may be a series of potential biomarkers
for ASD in peripheral blood.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

JG conceived the study. JG, HZhao, and HZhang collected the
data and drafted the manuscript. SL, WL, and Y] revised the

REFERENCES

1. Courchesne E, Pramparo T, Gazestani VH, Lombardo MV, Pierce K, Lewis
NE. The ASD living biology: from cell proliferation to clinical phenotype. Mol
Psychiatry. (2019) 24:88-107. doi: 10.1038/s41380-018-0056-y

2. Hadwin JA, Lee E, Kumsta R, Cortese S, Kovshoff H. Cortisol awakening
response in children and adolescents with autism spectrum disorder: a
systematic review and meta-analysis. Evid Based Ment Health. (2019) 22:118-
24. doi: 10.1136/ebmental-2019-300098

3. Hong MP, Erickson CA. Investigational drugs in early-stage clinical trials
for autism spectrum disorder. Expert Opin Investig Drugs. (2019) 28:709-18.
doi: 10.1080/13543784.2019.1649656

4. Edmiston E, Ashwood P, Van de Water J. Autoimmunity, autoantibodies,
and autism spectrum disorder. Biol Psychiatry. (2017) 81:383-90.
doi: 10.1016/j.biopsych.2016.08.031

5. Pangrazzi L, Balasco L, Bozzi Y. Oxidative stress and immune system
dysfunction in autism spectrum disorders. Int | Mol Sci. (2020) 21:3293.
doi: 10.3390/ijms21093293

6. DiStasio MM, Nagakura I, Nadler MJ, Anderson MP. T lymphocytes and
cytotoxic astrocyte blebs correlate across autism brains. Ann Neurol. (2019)
86:885-98. doi: 10.1002/ana.25610

7. Saitoh BY, Tanaka E, Yamamoto N, Van Kruining D, Iinuma K, Nakamuta Y, et
al. Early postnatal allergic airway inflammation induces dystrophic microglia
leading to excitatory postsynaptic surplus and autism-like behavior. Brain
Behav Immun. (2021) 95:362-80. doi: 10.1016/j.bbi.2021.04.008

8. Matta SM, Hill-Yardin EL, Crack PJ. The influence of neuroinflammation
in autism spectrum disorder. Brain Behav Immun. (2019) 79:75-90.
doi: 10.1016/j.bbi.2019.04.037

9. Funamizu N, Hu C, Lacy C, Schetter A, Zhang G, He P, et al
Macrophage migration inhibitory factor induces epithelial to mesenchymal
transition, enhances tumor aggressiveness and predicts clinical outcome in
resected pancreatic ductal adenocarcinoma. Int J Cancer. (2013) 132:785-94.
doi: 10.1002/ijc.27736

10. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines:
At the crossroads of cell signalling and inflammatory disease. Biochim Biophys
Acta. (2014) 1843:2563-82. doi: 10.1016/j.bbamcr.2014.05.014

11. Masi A, Glozier N, Dale R, Guastella AJ. The immune system, cytokines, and
biomarkers in autism spectrum disorder. Neurosci Bull. (2017) 33:194-204.
doi: 10.1007/s12264-017-0103-8

12. Jiang NM, Cowan M, Moonah SN, Petri WA Jr. The impact of systemic
inflammation on neurodevelopment. Trends Mol Med. (2018) 24:794-804.
doi: 10.1016/j.molmed.2018.06.008

13. Ahmad SE Ansari MA, Nadeem A, Bakheet SA, Almutairi MM, Attia
SM. Adenosine A2A receptor signaling affects IL-21/IL-22 cytokines and
GATA3/T-bet transcription factor expression in CD4(+) T cells from a BTBR
T(+) Itpr3tf/] mouse model of autism. ] Neuroimmunol. (2017) 311:59-67.
doi: 10.1016/j.jneuroim.2017.08.002

14. Li M, Li C, Yu H, Cai X, Shen X, Sun X, et al. Lentivirus-mediated
interleukin-1beta (IL-1beta) knock-down in the hippocampus alleviates

manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by the National Nature Science
Foundation of China (Grant No. 81701135).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2021.670200/full#supplementary-material

lipopolysaccharide (LPS)-induced memory deficits and anxiety- and
depression-like behaviors in mice. J Neuroinflammation. (2017) 14:190.
doi: 10.1186/s12974-017-0964-9

15. Purves-Tyson TD, Weber-Stadlbauer U, Richetto J, Rothmond DA, Labouesse
MA, Polesel M, et al. Increased levels of midbrain immune-related transcripts
in schizophrenia and in murine offspring after maternal immune activation.
Mol Psychiatry. (2019) 26:849-63. doi: 10.1038/s41380-019-0434-0

16. Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo CA.
Neuroglial activation and neuroinflammation in the brain of patients with
autism. Ann Neurol. (2005) 57:67-81. doi: 10.1002/ana.20315

17. Li X, Chauhan A, Sheikh AM, Patil S, Chauhan V, Li XM, et al. Elevated
immune response in the brain of autistic patients. ] Neuroimmunol. (2009)
207:111-6. doi: 10.1016/j.jneuroim.2008.12.002

18. Wei H, Zou H, Sheikh AM, Malik M, Dobkin C, Brown WT, et al. IL-
6 is increased in the cerebellum of autistic brain and alters neural cell
adhesion, migration and synaptic formation. J Neuroinflammation. (2011)
8:52. doi: 10.1186/1742-2094-8-52

19. Masi A, Quintana DS, Glozier N, Lloyd AR, Hickie IB, Guastella A]. Cytokine
aberrations in autism spectrum disorder: a systematic review and meta-
analysis. Mol Psychiatry. (2015) 20:440-6. doi: 10.1038/mp.2014.59

20. Saghazadeh A, Ataeinia B, Keynejad K, Abdolalizadeh A, Hirbod-Mobarakeh
A, Rezaei N. A meta-analysis of pro-inflammatory cytokines in autism
spectrum disorders: Effects of age, gender, and latitude. J Psychiatr Res. (2019)
115:90-102. doi: 10.1016/j.jpsychires.2019.05.019

21. Saghazadeh A, Ataeinia B, Keynejad K, Abdolalizadeh A, Hirbod-Mobarakeh
A, Rezaei N. Anti-inflammatory cytokines in autism spectrum disorders:
a systematic review and meta-analysis. Cytokine. (2019) 123:154740.
doi: 10.1016/j.cyt0.2019.154740

22. Singh VK, Warren RP, Odell JD, Cole P. Changes of soluble interleukin-
2, interleukin-2 receptor, T8 antigen, and interleukin-1 in the serum
of autistic children. Clin Immunol Immunopathol. (1991) 61:448-55.
doi: 10.1016/50090-1229(05)80015-7

23. Denney DR, Frei BW, Gaffney GR. Lymphocyte subsets and interleukin-
2 receptors in autistic children. J Autism Dev Disord. (1996) 26:87-98.
doi: 10.1007/BF02276236

24. Singh VK. Plasma increase of interleukin-12 and interferon-gamma.
Pathological significance in autism. ] Neuroimmunol. (1996) 66:143-5.
doi: 10.1016/0165-5728(96)00014-8

25. Croonenberghs J, Bosmans E, Deboutte D, Kenis G, Maes M. Activation of the
inflammatory response system in autism. Neuropsychobiology. (2002) 45:1-6.
doi: 10.1159/000048665

26. Sweeten TL, Posey DJ, Shankar S, McDougle CJ. High nitric oxide production
in autistic disorder: a possible role for interferon-gamma. Biol Psychiatry.
(2004) 55:434-7. doi: 10.1016/j.biopsych.2003.09.001

27. Al-Ayadhi LY. Pro-inflammatory cytokines in autistic children in central
Saudi Arabia. Neurosciences. (2005) 10:155-8.

28. EI Wakkad AS, Saleh MT. The proinflammatory cytokines in children
with autism. Pak ] Biol Sci. (2006) 9:2593-9. doi: 10.3923/pjbs.2006.
2593.2599

Frontiers in Psychiatry | www.frontiersin.org

July 2021 | Volume 12 | Article 670200


https://www.frontiersin.org/articles/10.3389/fpsyt.2021.670200/full#supplementary-material
https://doi.org/10.1038/s41380-018-0056-y
https://doi.org/10.1136/ebmental-2019-300098
https://doi.org/10.1080/13543784.2019.1649656
https://doi.org/10.1016/j.biopsych.2016.08.031
https://doi.org/10.3390/ijms21093293
https://doi.org/10.1002/ana.25610
https://doi.org/10.1016/j.bbi.2021.04.008
https://doi.org/10.1016/j.bbi.2019.04.037
https://doi.org/10.1002/ijc.27736
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1007/s12264-017-0103-8
https://doi.org/10.1016/j.molmed.2018.06.008
https://doi.org/10.1016/j.jneuroim.2017.08.002
https://doi.org/10.1186/s12974-017-0964-9
https://doi.org/10.1038/s41380-019-0434-0
https://doi.org/10.1002/ana.20315
https://doi.org/10.1016/j.jneuroim.2008.12.002
https://doi.org/10.1186/1742-2094-8-52
https://doi.org/10.1038/mp.2014.59
https://doi.org/10.1016/j.jpsychires.2019.05.019
https://doi.org/10.1016/j.cyto.2019.154740
https://doi.org/10.1016/S0090-1229(05)80015-7
https://doi.org/10.1007/BF02276236
https://doi.org/10.1016/0165-5728(96)00014-8
https://doi.org/10.1159/000048665
https://doi.org/10.1016/j.biopsych.2003.09.001
https://doi.org/10.3923/pjbs.2006.2593.2599
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Zhao et al.

Peripheral Cytokines and ASD

29. Okada K, Hashimoto K, Iwata Y, Nakamura K, Tsujii M, Tsuchiya K], et 48. Napolioni V, Ober-Reynolds B, Szelinger S, Corneveaux JJ, Pawlowski
al. Decreased serum levels of transforming growth factor-betal in patients T, Ober-Reynolds S, et al. Plasma cytokine profiling in sibling pairs
with autism. Prog Neuropsychopharmacol Biol Psychiatry. (2007) 31:187-90. discordant for autism spectrum disorder. ] Neuroinflammation. (2013) 10:813.
doi: 10.1016/j.pnpbp.2006.08.020 doi: 10.1186/1742-2094-10-38

30. Sugihara G, Hashimoto K, Iwata Y, Nakamura K, Tsujii M, Tsuchiya KJ, et 49. Ramsey JM, Guest PC, Broek JA, Glennon JC, Rommelse N, Franke B,
al. Decreased serum levels of hepatocyte growth factor in male adults with et al. Identification of an age-dependent biomarker signature in children
high-functioning autism. Prog Neuropsychopharmacol Biol Psychiatry. (2007) and adolescents with autism spectrum disorders. Mol Autism. (2013) 4:27.
31:412-5. doi: 10.1016/j.pnpbp.2006.10.010 doi: 10.1186/2040-2392-4-27

31. Ashwood P, Enstrom A, Krakowiak P, Hertz-Picciotto I, Hansen RL, 50. Ricci S, Businaro R, Ippoliti F, Lo Vasco VR, Massoni F, Onofri E, et al. Altered
Croen LA, et al. Decreased transforming growth factor betal in autism: cytokine and BDNF levels in autism spectrum disorder. Neurotox Res. (2013)
a potential link between immune dysregulation and impairment in 24:491-501. doi: 10.1007/s12640-013-9393-4
clinical behavioral outcomes. ] Neuroimmunol. (2008) 204:149-53. 51. Russo AJ. Decreased epidermal growth factor (EGF) associated with HMGB1
doi: 10.1016/j.jneuroim.2008.07.006 and increased hyperactivity in children with autism. Biomark Insights. (2013)

32. Enstrom A, Onore C, Hertz-Picciotto I, Hansen R, Croen L, Van De Water J, 8:35-41. doi: 10.4137/BMI.S11270
et al. Detection of IL-17 and IL-23 in plasma samples of children with autism. 52. El-Ansary A, Al-Ayadhi L. GABAergic/glutamatergic imbalance relative
Am ] Biochem Biotechnol. (2008) 4:114-20. doi: 10.3844/ajbbsp.2008.114.120 to excessive neuroinflammation in autism spectrum disorders. [

33. Grigorenko EL, Han SS, Yrigollen CM, Leng L, Mizue Y, Anderson GM, et Neuroinflammation. (2014) 11:189. doi: 10.1186/s12974-014-0189-0
al. Macrophage migration inhibitory factor and autism spectrum disorders. 53. Russo A. Decreased mitogen inducible gene 6 (MIG-6) associated with
Pediatrics. (2008) 122:e438-45. doi: 10.1542/peds.2007-3604 symptom severity in children with autism. Biomark Insights. (2014) 9:85-9.

34. Russo AJ, Krigsman A, Jepson B, Wakefield A. Decreased serum hepatocyte doi: 10.4137/BML.S15218
growth factor (HGF) in autistic children with severe gastrointestinal disease. 54. Steeb H, Ramsey JM, Guest PC, Stocki P, Cooper JD, Rahmoune H,
Biomark Insights. (2009) 4:181-90. doi: 10.4137/BMI1.S3656 et al. Serum proteomic analysis identifies sex-specific differences in lipid

35. Emanuele E, Orsi P, Boso M, Broglia D, Brondino N, Barale E, et al. Low-grade metabolism and inflammation profiles in adults diagnosed with asperger
endotoxemia in patients with severe autism. Neurosci Lett. (2010) 471:162-5. syndrome. Mol Autism. (2014) 5:40. doi: 10.1186/2040-2392-5-4
doi: 10.1016/j.neulet.2010.01.033 55. Tsilioni I, Dodman N, Petra Al, Taliou A, Francis K, Moon-Fanelli A, et al.

36. Kajizuka M, Miyachi T, Matsuzaki H, Iwata K, Shinmura C, Suzuki K, et al. Elevated serum neurotensin and CRH levels in children with autistic spectrum
Serum levels of platelet-derived growth factor BB homodimers are increased disorders and tail-chasing bull terriers with a phenotype similar to autism.
in male children with autism. Prog Neuropsychopharmacol Biol Psychiatry. Transl Psychiatry. (2014) 4:e466. doi: 10.1038/tp.2014.106
(2010) 34:154-8. doi: 10.1016/j.pnpbp.2009.10.017 56. Barbosa IG, Rodrigues DH, Rocha NP, da Cunha Sousa LE Vieira ELM,

37. Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah I, Van de Water Simoes-e-Silva AC, et al. Plasma levels of alarmin IL-33 are unchanged in
J. Elevated plasma cytokines in autism spectrum disorders provide evidence autism spectrum disorder: a preliminary study. J Neuroimmunol. (2015)
of immune dysfunction and are associated with impaired behavioral outcome. 278:69-72. doi: 10.1016/j.jneuroim.2014.11.021
Brain Behav Immun. (2011) 25:40-5. doi: 10.1016/j.bbi.2010.08.003 57. EI Gohary TM, EI Aziz NA, Darweesh M, Sadaa ES. Plasma level of

38. Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah IN, Van transforming growth factor B 1 in children with autism spectrum
de Water J. Associations of impaired behaviors with elevated plasma disorder. Egypt ] Ear Nose Throat Allied Sci. (2015) 16:69-73.
chemokines in autism spectrum disorders. ] Neuroimmunol. (2011) 232:196- doi: 10.1016/j.ejenta.2014.12.002
9. doi: 10.1016/j.jneuroim.2010.10.025 58. Ibrahima S, El-Waleelya T, Zakariaa N, Ismail R. A study of serum interleukin-

39. El-Ansary AK, Ben Bacha AG, Al-Ayadhi LY. Proinflammatory and 12 in a sample of autistic children in Egypt. Egypt ] Psychiatry. (2015) 36:81-7.
proapoptotic markers in relation to mono and di-cations in plasma of doi: 10.4103/1110-1105.158115
autistic patients from Saudi Arabia. J Neuroinflammation. (2011) 8:142. 59. Mostafa GA, Al-Ayadhi LY. The possible link between elevated serum levels
doi: 10.1186/1742-2094-8-142 of epithelial cell-derived neutrophil- activating peptide-78 (ENA-78/CXCL5)

40. Suzuki K, Matsuzaki H, Iwata K, Kameno Y, Shimmura C, Kawai S, et al. and autoimmunity in autistic children. Behav Brain Funct. (2015) 11:11.
Plasma cytokine profiles in subjects with high-functioning autism spectrum doi: 10.1186/s12993-015-0056-x
disorders. PLoS ONE. (2011) 6:¢20470. doi: 10.1371/journal.pone.0020470 60. Tonhajzerova I, Ondrejka I, Mestanik M, Mikolka P, Hrtanek I, Mestanikova

41. Tobiasova Z, Lingen KH, Scahill L, Leckman JE Zhang Y, Chae W, et A, et al. Inflammatory activity in autism spectrum disorder. Adv Exp Med Biol.
al. Risperidone-related improvement of irritability in children with autism (2015) 861:93-8. doi: 10.1007/5584_2015_145
is not associated with changes in serum of epidermal growth factor 61. Tsilioni I, Taliou A, Francis K, Theoharides TC. Children with autism
and interleukin-13. ] Child Adolesc Psychopharmacol. (2011) 21:555-64. spectrum disorders, who improved with a luteolin-containing dietary
doi: 10.1089/cap.2010.0134 formulation, show reduced serum levels of TNF and IL-6. Transl Psychiatry.

42. Al-Ayadhi LY, Mostafa GA. Elevated serum levels of interleukin- (2015) 5:e647. doi: 10.1038/tp.2015.142
17A in children with autism. ] Neuroinflammation. (2012) 9:158. 62. Yan CL, Zhang J, Hou Y. Decreased plasma levels of lipoxin A4 in
doi: 10.1186/1742-2094-9-158 children with autism spectrum disorders. NeuroReport. (2015) 26:341-5.

43. El-Ansary A, Al-Ayadhi L. Neuroinflammation in autism spectrum disorders. doi: 10.1097/WNR.0000000000000350
J Neuroinflammation. (2012) 9:265. doi: 10.1186/1742-2094-9-265 63. Yang CJ, Tan HP, Yang FY, Liu CL, Sang B, Zhu XM, et al. The roles

44. Manzardo AM, Henkhaus R, Dhillon S, Butler MG. Plasma cytokine levels of cortisol and pro-inflammatory cytokines in assisting the diagnosis of
in children with autistic disorder and unrelated siblings. Int ] Dev Neurosci. autism spectrum disorder. Res Autism Spectr Disord. (2015) 9:174-81.
(2012) 30:121-7. doi: 10.1016/j.ijjdevneu.2011.12.003 doi: 10.1016/j.rasd.2014.10.012

45. Tostes MH, Teixeira HC, Gattaz WE, Branddo MA, Raposo NR. Altered 64. Businaro R, Corsi M, Azzara G, Di Raimo T, Laviola G, Romano
neurotrophin, neuropeptide, cytokines and nitric oxide levels in autism. E, et al. Interleukin-18 modulation in autism spectrum disorders. |
Pharmacopsychiatry. (2012) 45:241-3. doi: 10.1055/s-0032-1301914 Neuroinflammation. (2016) 13:2. doi: 10.1186/s12974-015-0466-6

46. Al-Ayadhi LY, Mostafa GA. Elevated serum levels of macrophage-derived 65. El-Ansary A, Hassan WM, Qasem H, Das UN. Identification of biomarkers
chemokine and thymus and activation-regulated chemokine in autistic of impaired sensory profiles among autistic patients. PLoS ONE. (2016)
children. J Neuroinflammation. (2013) 10:72. doi: 10.1186/1742-2094-10-72 11:¢0164153. doi: 10.1371/journal.pone.0164153

47. Hashim H, Abdelrahman H, Mohammed D, Karam R. Association between 66. Ghaffari MA, Mousavinejad E, Riahi E Mousavinejad M, Afsharmanesh MR.
plasma levels of transforming growth factor-p1, IL-23 and IL-17 and the Increased serum levels of tumor necrosis factor-alpha, resistin, and visfatin in
severity of autism in Egyptian children. Res Autism Spectr Disord. (2013) the children with autism spectrum disorders: a case-control study. Neurol Res
7:199-204. doi: 10.1016/j.rasd.2012.08.007 Int. (2016) 2016:9060751. doi: 10.1155/2016/9060751

Frontiers in Psychiatry | www.frontiersin.org 12 July 2021 | Volume 12 | Article 670200


https://doi.org/10.1016/j.pnpbp.2006.08.020
https://doi.org/10.1016/j.pnpbp.2006.10.010
https://doi.org/10.1016/j.jneuroim.2008.07.006
https://doi.org/10.3844/ajbbsp.2008.114.120
https://doi.org/10.1542/peds.2007-3604
https://doi.org/10.4137/BMI.S3656
https://doi.org/10.1016/j.neulet.2010.01.033
https://doi.org/10.1016/j.pnpbp.2009.10.017
https://doi.org/10.1016/j.bbi.2010.08.003
https://doi.org/10.1016/j.jneuroim.2010.10.025
https://doi.org/10.1186/1742-2094-8-142
https://doi.org/10.1371/journal.pone.0020470
https://doi.org/10.1089/cap.2010.0134
https://doi.org/10.1186/1742-2094-9-158
https://doi.org/10.1186/1742-2094-9-265
https://doi.org/10.1016/j.ijdevneu.2011.12.003
https://doi.org/10.1055/s-0032-1301914
https://doi.org/10.1186/1742-2094-10-72
https://doi.org/10.1016/j.rasd.2012.08.007
https://doi.org/10.1186/1742-2094-10-38
https://doi.org/10.1186/2040-2392-4-27
https://doi.org/10.1007/s12640-013-9393-4
https://doi.org/10.4137/BMI.S11270
https://doi.org/10.1186/s12974-014-0189-0
https://doi.org/10.4137/BMI.S15218
https://doi.org/10.1186/2040-2392-5-4
https://doi.org/10.1038/tp.2014.106
https://doi.org/10.1016/j.jneuroim.2014.11.021
https://doi.org/10.1016/j.ejenta.2014.12.002
https://doi.org/10.4103/1110-1105.158115
https://doi.org/10.1186/s12993-015-0056-x
https://doi.org/10.1007/5584_2015_145
https://doi.org/10.1038/tp.2015.142
https://doi.org/10.1097/WNR.0000000000000350
https://doi.org/10.1016/j.rasd.2014.10.012
https://doi.org/10.1186/s12974-015-0466-6
https://doi.org/10.1371/journal.pone.0164153
https://doi.org/10.1155/2016/9060751
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Zhao et al. Peripheral Cytokines and ASD
67. Inga Jacome MC, Morales Chacon LM, Vera Cuesta H, Maragoto Rizo C, 82. Shen Y, Li Y, Shi L, Liu M, Wu R, Xia K, et al. Autism spectrum disorder
Whilby Santiesteban M, Ramos Hernandez L, et al. Peripheral inflammatory and severe social impairment associated with elevated plasma interleukin-8.
markers contributing to comorbidities in autism. Behav Sci. (2016) 6:29. Pediatr Res. (2020) 89:591-7. doi: 10.1038/s41390-020-0910-x
doi: 10.3390/bs6040029 83. Xu N, Li X, Zhong Y. Inflammatory cytokines: potential biomarkers of
68. Shaker NM, Taha GR, Kholeif H, Sayed NM, El-Sheikh MM, Abulmagd immunologic dysfunction in autism spectrum disorders. Mediators Inflamm.
ML. Serum levels of S100b, interleukin-6 and anti-transglutaminase Ii IgA (2015) 2015:531518. doi: 10.1155/2015/531518
as immune markers in a sample of egyptian children with autistic spectrum 84. Nadeem A, Al-Harbi NO, Ahmad SE Alhazzani K, Attia SM, Alsanea S, et
disorders. Autism Open Access. (2016) 6:1-8. doi: 10.4172/2165-7890.1000191 al. Exposure to the plasticizer, Di-(2-ethylhexyl) phthalate during juvenile
69. Pecorelli A, Cervellati F Belmonte G, Montagner G, Waldon P, Hayek period exacerbates autism-like behavior in adult BTBR T + tf/] mice due
J, et al. Cytokines profile and peripheral blood mononuclear cells to DNA hypomethylation and enhanced inflammation in brain and systemic
morphology in rett and autistic patients. Cytokine. (2016) 77:180-8. immune cells. Prog Neuropsychopharmacol Biol Psychiatry. (2021) 109:110249.
doi: 10.1016/j.cyt0.2015.10.002 doi: 10.1016/j.pnpbp.2021.110249
70. Saresella M, Piancone FE Marventano I, Zoppis M, Hernis A, 85. Nelson SB, Valakh V. Excitatory/inhibitory balance and circuit
Zanette M, et al. Multiple inflammasome complexes are activated in homeostasis in autism spectrum disorders. Neuron. (2015) 87:684-98.
autistic spectrum disorders. Brain Behav Immun. (2016) 57:125-33. doi: 10.1016/j.neuron.2015.07.033
doi: 10.1016/j.bbi.2016.03.009 86. Calandra T, Roger T. Macrophage migration inhibitory factor: a regulator
71. Ashaat EA, Taman KH, Kholoussi N, El Ruby MO, Zaki ME, El Wakeel of innate immunity. Nat Rev Immunol. (2003) 3:791-800. doi: 10.1038/
MA, et al. Altered adaptive cellular immune function in a group of nril200
Egyptian children with autism. J Clin Diagnostic Res. (2017) 11:SC14-7. 87. Leyton-Jaimes ME, Kahn J, Israelson A. Macrophage migration inhibitory
doi: 10.7860/JCDR/2017/28124.10782 factor: a multifaceted cytokine implicated in multiple neurological diseases.
72. Bryn 'V, Aass HC, Skjeldal OH, Isaksen ], Saugstad OD, Ormstad H. Cytokine Exp Neurol. (2018) 301:83-91. doi: 10.1016/j.expneurol.2017.06.021
profile in autism spectrum disorders in children. ] Mol Neurosci. (2017) 88. Young JJ, Bruno D, Pomara N. A review of the relationship between
61:1-7. doi: 10.1007/s12031-016-0847-z proinflammatory cytokines and major depressive disorder. J Affect Disord.
73. Guloksuz SA, Abali O, Aktas Cetin E, Bilgic Gazioglu S, Deniz G, Yildirim A, (2014) 169:15-20. doi: 10.1016/j.jad.2014.07.032
et al. Elevated plasma concentrations of S100 calcium-binding protein B and 89. Teixeira AL, Gama CS, Rocha NP, Teixeira MM. Revisiting the role of
tumor necrosis factor alpha in children with autism spectrum disorders. Rev eotaxin-1/CCLI11 in psychiatric disorders. Front Psychiatry. (2018) 9:241.
Bras Psiquiatr. (2017) 39:195-200. doi: 10.1590/1516-4446-2015-1843 doi: 10.3389/fpsyt.2018.00241
74. Han YM, Cheung WK, Wong CK, Sze SL, Cheng TW, Yeung MK, et al. 90. Lee CYQ, Franks AE, Hill-Yardin EL. Autism-associated synaptic mutations
Distinct cytokine and chemokine profiles in autism spectrum disorders. Front impact the gut-brain axis in mice. Brain Behav Immun. (2020) 88:275-82.
Immunol. (2017) 8:11. doi: 10.3389/fimmu.2017.00011 doi: 10.1016/j.bbi.2020.05.072
75. Singh S, Yazdani U, Gadad B, Zaman S, Hynan LS, Roatch N, et 91. Wang C, Luan Z, Yang Y, Wang Z, Cui Y, Gu G. Valproic acid induces
al. Serum thyroid-stimulating hormone and interleukin-8 levels in boys apoptosis in differentiating hippocampal neurons by the release of tumor
with autism spectrum disorder. ] Neuroinflammation. (2017) 14:113. necrosis factor-o from activated astrocytes. Neurosci Lett. (2011) 497:122-7.
doi: 10.1186/s12974-017-0888-4 doi: 10.1016/j.neulet.2011.04.044
76. Xie J, Huang L, Li X, Li H, Zhou Y, Zhu H, et al. Immunological cytokine 92. Muhle RA, Reed HE, Stratigos KA, Veenstra-VanderWeele J. The emerging
profiling identifies TNF-alpha as a key molecule dysregulated in autistic clinical neuroscience of autism spectrum disorder: a review. JAMA Psychiatry.
children. Oncotarget. (2017) 8:82390-8. doi: 10.18632/oncotarget.19326 (2018) 75:514-23. doi: 10.1001/jamapsychiatry.2017.4685
77. Gomez-Fernandez A, de la Torre-Aguilar MJ, Gil-Campos M, Flores-Rojas K, 93. Pape K, Tamouza R, Leboyer M, Zipp F. Immunoneuropsychiatry -
Cruz-Rico MD, Martin-Borreguero P, et al. Children with autism spectrum novel perspectives on brain disorders. Nat Rev Neurol. (2019) 15:317-28.
disorder with regression exhibit a different profile in plasma cytokines and doi: 10.1038/541582-019-0174-4
adhesion molecules compared to children without such regression. Front 94. Kempuraj D, Thangavel R, Selvakumar GP, Zaheer S, Ahmed ME, Raikwar
Pediatr. (2018) 6:264. doi: 10.3389/fped.2018.00264 SP, et al. Brain and peripheral atypical inflammatory mediators potentiate
78. Hu CC, Xu X, Xiong GL, Xu Q, Zhou BR, Li CY, et al. Alterations in plasma neuroinflammation and neurodegeneration. Front Cell Neurosci. (2017)
cytokine levels in chinese children with autism spectrum disorder. Autism Res. 11:216. doi: 10.3389/fncel.2017.00216
(2018) 11:989-99. doi: 10.1002/aur.1940
79. Alzghoul L, Abdelhamid SS, Yanis HH, Qwaider AZ, Aldahabi M, Albdour SA. Conflict of Interest: The authors declare that the research was conducted in the
The association between levels of inflammatory markers in autistic children absence of any commercial or financial relationships that could be construed as a
compared to their unaffected siblings and unrelated healthy controls. Turk J potential conflict of interest.
Med Sci. (2019) 49:1047-53. doi: 10.3906/sag-1812-167
80. Kordulewska NK, Kostyra E, Piskorz-Ogorek K, Moszynska M, Cieslinska A, Copyright © 2021 Zhao, Zhang, Liu, Luo, Jiang and Gao. This is an open-access
Fiedorowicz E, et al. Serum cytokine levels in children with spectrum autism article distributed under the terms of the Creative Commons Attribution License (CC
disorder: differences in pro- and anti-inflammatory balance. ] Neuroimmunol. BY). The use, distribution or reproduction in other forums is permitted, provided
(2019) 337:577066. doi: 10.1016/j.jneuroim.2019.577066 the original author(s) and the copyright owner(s) are credited and that the original
81. Ning J, Xu L, Shen CQ, Zhang YY, Zhao Q. Increased serum levels publication in this journal is cited, in accordance with accepted academic practice.

of macrophage migration inhibitory factor in autism spectrum disorders.
Neurotoxicology. (2019) 71:1-5. doi: 10.1016/j.neuro.2018.11.015

No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychiatry | www.frontiersin.org

13

July 2021 | Volume 12 | Article 670200


https://doi.org/10.3390/bs6040029
https://doi.org/10.4172/2165-7890.1000191
https://doi.org/10.1016/j.cyto.2015.10.002
https://doi.org/10.1016/j.bbi.2016.03.009
https://doi.org/10.7860/JCDR/2017/28124.10782
https://doi.org/10.1007/s12031-016-0847-z
https://doi.org/10.1590/1516-4446-2015-1843
https://doi.org/10.3389/fimmu.2017.00011
https://doi.org/10.1186/s12974-017-0888-4
https://doi.org/10.18632/oncotarget.19326
https://doi.org/10.3389/fped.2018.00264
https://doi.org/10.1002/aur.1940
https://doi.org/10.3906/sag-1812-167
https://doi.org/10.1016/j.jneuroim.2019.577066
https://doi.org/10.1016/j.neuro.2018.11.015
https://doi.org/10.1038/s41390-020-0910-x
https://doi.org/10.1155/2015/531518
https://doi.org/10.1016/j.pnpbp.2021.110249
https://doi.org/10.1016/j.neuron.2015.07.033
https://doi.org/10.1038/nri1200
https://doi.org/10.1016/j.expneurol.2017.06.021
https://doi.org/10.1016/j.jad.2014.07.032
https://doi.org/10.3389/fpsyt.2018.00241
https://doi.org/10.1016/j.bbi.2020.05.072
https://doi.org/10.1016/j.neulet.2011.04.044
https://doi.org/10.1001/jamapsychiatry.2017.4685
https://doi.org/10.1038/s41582-019-0174-4
https://doi.org/10.3389/fncel.2017.00216
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Association of Peripheral Blood Levels of Cytokines With Autism Spectrum Disorder: A Meta-Analysis
	Background
	Methods
	Search Strategy and Study Selection
	Data Extraction
	Statistical Analysis

	Results
	Study Characteristics
	Quantitative Data Synthesis
	Heterogeneity Analysis
	Publication Bias

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


