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Bioinformatics analysis of genomic and immune infiltration
patterns in autism spectrum disorder
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Background: Autism spectrum disorder (ASD) is a specific type of pervasive developmental disorder, and
most studies suggest that the onset of autism may be related to genetic and immune factors. The etiology of
autism and the underlying molecular events need to be further addressed.

Methods: The ASD-related dataset GSE18123 was downloaded from the Gene Expression Omnibus (GEO)
database. Gene set enrichment analysis (GSEA) was used to screen for Gene Ontology (GO) terms and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways that may be associated with autism. The top
5,000 genes with an absolute median difference were obtained, and a co-expression network was constructed
using weighted correlation network analysis (WGCNA). In addition, GO and KEGG enrichment analyses
were performed for genes in the modules most closely related to ASD. Hub genes were found in the
significant modules, and the expression values and receiver operating characteristic (ROC) curves of the hub
genes were analyzed and validated. Immune cell infiltration in ASD was calculated using the CIBERSORT
algorithm, and the relationship between hub genes and immune cells was analyzed. Finally, GSEA was used
to explore the potential pathways of hub genes affecting ASD.

Results: The 5,000 DEGs were divided into eight significant modules by WGCNA. The green module
was most significantly associated with ASD, and two hub genes [fatty acid-binding protein 2 (F4BP2)
and Janus kinase 2 (74K2)] were found. Immune cell infiltration showed that resting dendritic cells and
monocytes differed significantly in ASD and healthy individuals. FABP2 was significantly associated with
memory B cells and CD8 T cells. JAK2 was significantly associated with monocytes, CD4 activated memory
T cells, CD4 resting memory T cells, activated dendritic cells, gamma delta T cells, regulatory T cells (Tregs),
CDS8 T cells, and naive CD4 T cells. FABP2 and JAK2 were found to affect multiple pathways of immunity.
Conclusions: FABP2 and JAK2 may influence the immune microenvironment of ASD by regulating
immune cells and immune-related pathways and are candidate molecular markers for the development

of ASD.
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Introduction

Autism spectrum disorders (ASD) are a diverse group
of pervasive developmental disorders that include
autism, Asperger syndrome, Retts’ syndrome, childhood
disintegrative disorder, and pervasive developmental disorder
not otherwise specified (PDD-NOS). ASD manifests itself
in three main areas: repetitive or stereotyped behaviors,
abnormal social functioning, and deficits in language and
symbolic activities. As a developmental disorder with a
biological basis, autism is not confined to childhood but
persists throughout life and leads to serious impairment
of social skills and language functions. The prevalence of
ASD is increasing every year, and statistics from different
countries indicate that the prevalence of ASD in the general
population is 2% or more (1). In the United States, each
child with ASD costs an additional $3,930 per year in
medical care relative to a normal child, placing a significant
economic and social burden on families and society (2). ASD
is caused by a combination of environmental, biological,
and genetic factors, and current treatments include special
education, medication, biomedical interventions, and
psychological interventions (3). However, the causative
mechanisms of ASD have not been fully elucidated, and
effective therapies and interventions are lacking (4).

Studies of twins and family members of individuals
with ASD have shown significantly higher concordance
of ASD in monozygotic twins than in dizygotic twins,
suggesting a genetic susceptibility to idiopathic autism (5).
For instance, if one identical twin has ASD, there is an
88% probability that the other twin will also have the
disorder. In contrast, heterozygotic twins demonstrate
only a 31% probability of having the disorder, suggesting
a genetic susceptibility to ASD. Study also points to more
social skill deficits or repetitive behavioral abnormalities in
family members of children with ASD (6). Genetic factors
in ASD focus on genetic mutations and chromosomal
abnormalities, including point mutations, gene copy
number variants (CNVs), and linked regions. Study has
reported that genetic disorders of cortical development
can lead to neurodevelopmental disorders, including
ASD (7). The detected differences in KCM5C-30 UTR-
IncRINA expression may be related to potential mechanisms
of ASD, and a previous study has shown a link between
maternal vitamin D deficiency and the development of
ASD in children (8). Some publications have indicated a
strong correlation between vitamin D receptor (VDR) gene
expression and ASD, suggesting a possible role for vitamin
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D and VDR signaling pathways in ASD (9). Previous study
has also shown the importance of chromatin genes in
ASD. Biologically relevant components of gene regulatory
processes may collectively contribute to the etiology of
ASD (10). However, no exact ASD causative genes have
been identified, and the mechanisms linking them remain
unclear.

Many ASD susceptibility genes (206 Autworks genes)
are located in the immune system and are associated
with the immune/infection pathway (11). Immune cells
refer to all cells involved in or related to the immune
response, including T cells, B cells, NK cells, mononuclear
phagocytes, dendritic cells, and other cells (e.g.,
granulocytes). Previous study has shown an association
between the immune system and autism. Immune
dysfunction is a common feature of ASD development (12).
The peripheral immune system has been altered (13).
Abnormal cytokine levels have been found in ASD patients.
Previous studies have also reported an association between
elevated concentrations of inflammatory mediators and
severe behavioral irregularities in patients with ASD (14-16).
Previous studies have shown an increased number of
inflammatory mediators in the brain of ASD patients
(17,18). Granulocyte-macrophage colony-stimulating factor
(GM-CSF) and inflammatory transcription factors play an
important role in ASD. In addition, interferon-y (IFN-y)
regulates neuronal connectivity and social activity (19).
Increased levels of interleukin-6 in ASD may serve as
evidence of an immune dysfunction associated with
communication disorders and abnormal behavior (20). The
long-term immune response of monocytes in children with
ASD is not appropriately downregulated (21). Expression
of the CD45 gene in children with ASD may cause immune
system disorders. Therefore, attenuation of immune
cytokines and transcription factors may be a potential
therapy for ASD (22). It is proposed that TLR4 expression
is elevated in B cells in ASD patients and that peripheral
B cells may contribute to systemic oxidative inflammation
and lead to immune dysfunction in ASD (23). Ahmad
reported that children with ASD significantly induced
TIM-3, CD11a, B, CD14, CXCRS5, interleukin (IL)-
1B, and IFN-y mRNA and protein levels compared with
typically developing controls and concluded that detection
of TIM-3 signaling might contribute to the early diagnosis
of ASD (24). However, it is unclear which class of immune
cells is most important in the pathogenesis and diagnostic
prognosis of ASD, which could enhance the development
of therapeutic drugs to improve patient prognosis. Future

Ann Transl Med 2022;10(18):1013 | https://dx.doi.org/10.21037/atm-22-4108



Annals of Translational Medicine, Vol 10, No 18 September 2022

studies based on immune cell infiltration in ASD could
lead to the establishment of precise immunotherapy for
individual ASD patients and a significant improvement in
their prognosis. Weighted correlation network analysis
(WGCNA) is a bioinformatics method used to characterize
correlation patterns between genes. It can be used to find
highly correlated sets of genes, thus facilitating network-
based genetic screening methods to identify candidate
biomarkers or therapeutic targets (25). CIBERSORT uses
a deconvolution algorithm to estimate the infiltration
proportion of different immune cells and is widely used
to assess the expression of immune cells and to study
the proportion of immune cells across diseases (26). In
the present study, we used WGCNA and CIBERSORT
to explore the pathogenesis of ASD for the first time.
We present the following article in accordance with the
STREGA reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-4108/rc).

Methods
Data collection and pre-processing

In the Gene Expression Omnibus (GEO) database, we
used “autism spectrum disorder” or “ASD” as the search
term, selected “human” for organism and “expression
profiling by array” for study type, and finally identified
the ASD-relevant GSE18123 dataset. The GSE18123
dataset contains 285 human peripheral blood cell samples,
including 170 ASD patients and 115 healthy controls. The
dataset includes the GPL570 and GPL6244 platforms.
We used the GPL570 platform as the training set and
the GPL6244 platform as the validation set. According
to the annotation information for the GPL platform,
when multiple probes matched the same gene, the probe
with the largest expression value was taken. Then, the
gene expression matrix was log2 transformed, and the
data were normalized using the “limma” R package
“normalizeBetweenArrays” function. Finally, we obtained
a normalized dataset containing the gene names. The
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013).

Gene set envichment analysis (GSEA)

GSEA detects expression changes in a collection of genes
rather than in individual genes so that subtle expression
changes can be included and observed to find the relevant
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pathways affecting ASD. After performing differential
expression analysis on the data using the “limma” package,
we extracted the genes and their corresponding logFC values,
sorted them, and performed GSEA using the “clusterprofiler”
R package. The Gene Ontology (GO) resource includes
the sub-ontologies of biological process (BP), cellular
composition (CC), and molecular function (MF).

Screening of differentially expressed genes (DEGs) and the
construction of co-expression networks

The screening criteria for DEGs were used to calculate
the standard deviation of each gene and to select the top
5,000 genes with the largest standard deviations. The co-
expression network of DEGs was constructed based on
the microarray dataset of the GPL570 platform using the
“WGCNA” R package. We set the soft-threshold power to
2, the correlation coefficient threshold to 0.9, and selected
30 as the minimum gene tree of the module. We used 0.2 as
the threshold for cut height to merge similar modules.

GO and Kyoto Encyclopedia of Genes and Genomes
(KEGQG) pathway envichment analyses

To further understand the function of DEGs in the most
relevant modules for ASD, the “clusterprofiler” R package
was used to perform GO and KEGG pathway enrichment
analyses on genes in important modules to identify potential
mechanisms and biological pathways.

Hub gene identification

In the correlation analysis of modality traits, hub genes
were identified when the gene significance (GS) exceeded
0.35. The number of modality members (MM) was greater
than 0.6, indicating a significant correlation between hub
genes and specific clinical manifestations.

Expression levels, receiver operating characteristic (ROC)
curves, and corrvelation analysis of bub genes

We identified a total of two hub genes: fatty acid-binding
protein 2 (FABP2) and Janus kinase 2 (4K2). The GPL570
platform-based hub gene expression profiles were extracted,
and the expression levels of the hub genes were visualized
using the “ggplot2” R package. In addition, the GPL6244-
based hub gene expression profile was removed and used
to verify the expression of the hub genes. To evaluate the
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ability of the selected genes to differentiate between ASD
patients and controls, we also extracted the GPL570-
based hub gene expression profiles, plotted ROC curves,
and calculated the area under the curve (AUC) using the
“pROC” package. The ROC levels of the hub genes were
verified using the GPL6244-based platform. To further
explore the correlation of the hub genes, we extracted the
expression profile information of the hub genes based on
the GPL570 platform, calculated the correlation of FABP2
and 74AK2 using the Pearson algorithm, and verified the
correlation of the hub genes using the hub genes’ expression
profile based on the GPL6244 platform.

Methylation analysis of bub genes in ASD

The methylation levels of 74K2 and FABP2 in ASD were
annotated using DiseaseMeth 2.0 (http://bioinfo.hrbmu.
edu.cn/diseasemeth/). When comparing ASD and normal
groups, the Student’s 7-test was used for comparison
(significance set at P<0.05).

Construction of the target gene microRNA (miRNA)
network, the target gene transcription factor (TF) network,
and the competitive endogenous RNA (CeRNA) network

In some cases, miRNA, TEF, or CeRNA can regulate gene
expression by interacting with target genes. To discover the
miRNAs most associated with the hub genes, we searched
the Targetscan database for miRNAs and used miRDB and
miRWALK to predict the miRNAs of the hub genes. The
miRNAs were screened based on the overlapping results
of the three sites. Based on this, we selected the miRINAs
linking the two hub genes and used the LncBase database
to predict IncRNAs with a threshold criterion of 0.99 and
tissue selection “blood”. We also predicted the TF of the
hub genes using the AnimalTFDB (v3.0) database with a
score criterion >15. We used Cytoscape software to visualize
the results.

Evaluation of immune cell infiltration

We processed the gene expression matrix data from the
GPL570 platform using the “CIBERSORT” R package
and screened samples with P<0.05 to obtain the immune
cell infiltration matrix. Box plots were drawn using the
“ggplot2” package to visualize the proportion of 22 immune
cell infiltrates. Violin plots were drawn with the “ggplot2”
package to visualize the difference in immune cell
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infiltration between the ASD and control groups.

Correlation analysis between the bub genes and immune
cell infiltration

Spearman correlation analysis was performed between the
hub genes and immune cells, and the results were visualized
with the “ggplot2” package.

GSEA of bub genes

To further explore the potential functions of the two hub
genes in ASD, a GSEA was performed on individual hub
genes using the “clusterprofiler” R package. The correlation
between the hub genes and each gene was calculated using
the Spearman algorithm in the GPL570 platform cohort,
and the list of genes sorted by correlation value was used
as the input file for GSEA. Pre-ranking was performed
according to “h.all.v7.4.entrez.gmt”, and adjusted P values
<0.05 were considered significant for the pathways. In
addition, to further investigate the functions and pathways
of hub genes in ASD, we also used “c5.go.bp.v7.5.1.entrez.
gmt” and “c2.cp.kegg.v7.5.1.entrez.gmt” as functional and
pathway background gene sets to explore the mechanisms
of hub genes in BP and KEGG.

Statistical analysis

The statistical significance of the differences between the
two groups was analyzed using nonparametric tests or
t-tests according to the data distribution characteristics. All
analyses were performed using R 4.0 software. A P value
<0.05 was considered statistically significant. R 4.0 software,
a new open statistical programming environment with an
easy-to-understand syntax, offers a wide range of statistical
and graphical techniques.

Results
GSEA results

The GSEA results showed that in BP, genes were mainly
enriched in neutrophil activation involving immune
response, neutrophil-mediated immunity, and detection of
stimulus involved in sensory perception (Figure 14). In CC,
genes were mainly enriched in catalytic step 2 spliceosome,
cytosolic large ribosomal subunit, and cytosolic ribosome

(Figure 1B). No enriched entries were found in MFE. In the
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Figure 1 GSEA results. (A) GSEA results in the BP analysis; (B) GSEA results in the CC analysis; (C) GSEA results in the KEGG analysis.
GSEA, gene set enrichment analysis; BP, biological process; CC, cellular component; KEGG, Kyoto Encyclopedia of Genes and Genomes.

KEGG pathway, genes were mainly involved in adherens
junction, herpes simplex virus 1 infection, and ribosome

(Figure 1C).

The co-expression network of DEGs in ASD and normal
controls

A total of 5,000 DEGs were identified and selected for
subsequent analysis. When 0.9 was used as the correlation
coefficient threshold, the soft-threshold power was

© Annals of Translational Medicine. All rights reserved.

chosen as 2 (Figure 2A4). Using a WGCNA analysis, we set
MEDissThres to 0.2 to merge similar modules, generating
12 modules (Figure 2B). Five of the 12 modules contained
the most genes. The turquoise module contained
1,206 genes, the blue module had 476, the brown module
had 245, the yellow module had 76, and the gray module
had 2,634. Genes that could not be included in any of
the modules were put into the gray module and excluded
from further analysis. In addition, these modules were
independent of the other modules (Figure 2C).
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Module trait corvelation of ASD and identification of bub

genes

Module trait correlation analysis showed multiple modules
associated with ASD (see Figure 2D). Figure 2E demonstrates
the importance of the genes associated with ASD in each
module. The association between the green module and ASD
was the most significant (Figure 2E). Figure 2F confirms the
importance of these genes for ASD in the green module.

Functional annotation of key co-expression modules

GO functional enrichment analysis showed that at the BP
level, genes in the green module were mainly enriched in
immune response-inhibiting, mitotic nuclear division, and
chromosome segregation (Figure 34). At the CC level,
genes in the green module were primarily involved in the
chromosomal region, chromosome, centromeric region,
and membrane raft. No enriched entries were found for MF
and KEGG (Figure 3B).

Expression levels, ROC curves, and correlation analysis of
bub genes

In the expression profile based on the GPL570 platform,

© Annals of Translational Medicine. All rights reserved.

the expression of FABP2 (Figure 4A) and fAK2 (Figure 4B)
was significantly increased in ASD patients. The hub gene
expression profile information based on the GPL6244
platform showed no significant difference for FABP2
(Figure 4C) but a significantly high expression of 74K2
(Figure 4D). The ROC results showed that the AUC of
FABP2 was 0.780, and the AUC of JAK2 was 0.729 in
the expression profile based on the GPL570 platform
(Figure 5A). In the expression profile based on the
GPL6244 platform, the AUC of FABP2 was 0.532, and
the AUC of 7AK2 was 0.636 (Figure 5B). In the expression
profile based on the GPL570 platform, the correlation
between FABP2 and JAK2 was 0.667, which was significant
(Figure 5C). In the expression profile based on the
GPL6244 platform, FABP2 and JAK?2 had a significant
positive correlation (Figure 5D).

Methylation analysis of bub genes in ASD

The data obtained from DiseaseMeth 2.0 with the
methylation levels of the two hub genes in ASD showed that
the methylation level of 74K2 was high in ASD (Figure 64).
In contrast, the methylation level of F4BP2 was lower in the
case of ASD (Figure 6B).

Ann Transl Med 2022;10(18):1013 | https://dx.doi.org/10.21037/atm-22-4108
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ASD, autism spectrum disorder.

Construction of the target gene miRNA network, the target
gene TF network, and the CeRNA network

Thirty-six miRINAs regulated FABP2, 55 miRNAs regulated
JAK2, and the simultaneous control of FABP2 and JAK2
was hsa-miR-8063p (Figure 74). We used has-miR-8063p
to reverse predict its upstream LncRNAs and constructed
15 CeRNA networks (Figure 7B). One hundred and nineteen
TFs regulated E4BP2, and 56 TFs regulated 7AK2 (Figure 7C).

Immune cell infiltration

We assessed the relationship between the ASD phenotype
and immune cell infiltration using the CIBERSORT
algorithm. The relative proportions of immune cell subtypes
are shown in the box plot (Figure 84). The results showed

© Annals of Translational Medicine. All rights reserved.

that monocytes, neutrophils, resting NK cells, and CD4
naive T cells constituted a larger proportion, suggesting
that the above immune cells play an important role in ASD.
The correlation heat map of the 22 immune cells is shown
in Figure 8§B. The violin plot of immune cell infiltration
differential showed a significant difference between resting
dendritic cells and monocytes (Figure 8C).

Correlation analysis of the bub genes with immune
infiltrating cells

Correlation analysis showed that FABP2 was negatively
correlated with memory B cells and CD8 T cells (Figure 9A).
JAK2 was positively correlated with monocytes, activated
CD4 memory T cells, resting CD4 memory T cells,
activated dendritic cells and gamma delta T cells, and
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Annals of Translational Medicine, Vol 10, No 18 September 2022

A 1.0 4

Sensitivity
o
N

1

0.2
0.0 . .
T T T
0.0 0.5 1.0
1-Specificity
C
| R=0.667, P=4.57c—14 1
L]
= ...
. ” °
754 ol
= &P ge
',’..'.’g..
[aY] E ® ':'
<50 - *
<
2.5
| |
T T T T
-6 -3 0 3
FABP2

Page 9 of 20
B 1.0
0.8 1 PTAUCT 05827
AUC: 0.636 e
2 0.6
:%‘
o
o 0.4
0.2 1
0.0 .*
T T T
0.0 0.5 1.0
1-Specificity
D
10 -: R=0.338, P=2.33e-06 - .
= . e°le o °*®
B S A
. b WALLSE
N o, e, g esile
° °” _go .
9 A & » ,.‘ &% L)
o T = &7 o
[aY] = L) °
<!( = ° ..‘\. % °
] = ® "o - .
- N .
8L * b
-
C . .
| | \I\ Lin [ 11111 I\
2 3 4 5
FABP2

Figure 5 ROC curves and the correlation analysis of the hub genes. (A) AUC of FABP2 and JAK2 based on the GPL570 platform; (B)
AUC of FABP2 and JAK2 based on the GPL6244 platform; (C) correlation between FABP2 and JAK2 based on the GPLS570 platform; (D)
correlation between FABP2 and JAK2 based on the GPL6244 platform. AUC, area under the curve; ROC, receiver operating characteristic.

negatively correlated with regulatory T cells (Tregs), CD8
T cells, and CD4 naive T cells (Figure 9B).

GSEA of bub gene

Using GSEA, we found the complete list of gene sets enriched
in samples highly correlated with FABP2 (Figure 10A)
and JAK2 (Figure 10B). We then selected the immune-
associated gene sets from the complete list for further analysis.
Three groups of genes were enriched in the samples strongly
associated with F4BP2 including INTERFERON ALPHA
RESPONSE, INTERFERON GAMMA RESPONSE,
and TNFA SIGNALING VIA NFKB (Figure 11A).
Enriched samples with high 74K2 correlations included
ALLOGRAFT REJECTION, IL2 STAT5 SIGNALING,

© Annals of Translational Medicine. All rights reserved.

IL6 JAK STAT3 SIGNALING, INFLAMMATORY
RESPONSE, INTERFERON ALPHA RESPONSE,
INTERFERON GAMMA RESPONSE, PI3K AKT
MTOR SIGNALING, and TNFA SIGNALING VIA
NFKB (Figure 11B). GO functional enrichment analysis
showed that at the BP level, FABP2 was mainly enriched
in DNA repair, methylation, mRNA processing, ncRNA
metabolic process, and ncRNA processing (Figure 12A4).
JAK2 was mainly enriched in DNA repair, mRNA
processing, ncRNA metabolic process, ncRNA processing,
nuclear transport, and ribosome biogenesis (Figure 12B).
At the KEGG level, FABP2 was primarily involved in the
cell adhesion molecules cams, drug metabolism cytochrome
P450, neuroactive ligand-receptor interaction, NOD link
receptor signaling pathway, olfactory transduction, RNA
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Page 10 of 20 Wei et al. Genomic and immune infiltration patterns in ASD

A P value =8.007e-01 B P value =7.625e-01

o 0.25 - g 0.9 ——

S 0.20 S 0.8

5 S 0.7

E 0.10 L £ 05

© Qo

= 0.5 . : Z 04 . :

Disease Normal Disease Normal
Sample groups Sample groups

Figure 6 Methylation analysis of the two hub genes (A) JAK2; (B) FABP2.

h p
—-— P

N '
‘\\\\/}/ S
/// ll\\\

ll.l! :

P

IncRNA miRNA mRNA
C > &
< S
s |
e G \ \ i / 4 /muc: maz
RO oo L o)/ /
— m“ S / ey ‘”"w/ e
oLz e\ | 1‘ ” Mw; 4 ) 4 i
PRI N\ ESRRA w2/ 2
<& 7 e == STATISTATI
i G EL\: <\22ﬂ\ AL e o /umé -
. roxpa \ / =

W\ e ,//,/ s =
\ B

RREB1

NFATS

Figure 7 Construction of (A) the target gene miRINA network; (B) the target gene TF network; (C) the target gene CeRINA network. TE,

transcription factor; CeRNA, competitive endogenous RNA.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2022;10(18):1013 | https://dx.doi.org/10.21037/atm-22-4108



Annals of Translational Medicine, Vol 10, No 18 September 2022 Page 11 of 20

A B g,
£
@ 50 o
o] 2 o s £ %
g £ < g zz & 3
< 1) @ on ® 2T E 3
sge §5 . zz: pEEsic S
S0 E BCgy,2 88 E EEBB=298 ©
2S8R cg8Lpce22,58880
SE,O0P0ECc5LE£8500308 82T
Cell type LDLP oL cE2000Q 00 0FEGEC
1.00 58.88888:33385888258538
.Bcellsmgmory rozZzrrrmad8SSFr2Z-rSZ38533
B B cells naive ) 1.0
B Dendritic cells activated T cells flloular helper
o X B cells memory
B Dendritic cells resting NK cells resting 0.8
B Eosinophils T cells CD8 =
0.75 [ Macrophages MO T cells regulatory (Tregs) 0.6
B Macrophages M1 T cells CD4 naive os2 Foad o E
s B Macrophages M2 B cells naive ® Fos 0.4
"g [ Mast cells activated Plasma cells
8_ . Mast cells resting Dendritic cells resting 0.2
3 0.50 . Monocytes Eosinophils
g . Neutrophils Macrophages MO 0.0
k< | | “ B NK cells activated Macrophages M2
_g . NK cells resting T cells gamma delta 0.2
= ] ~ .
L Plasma cells T cells CD4 Nem?p:"l; - 00
T cells CD4 memory activated cells memory activate = 0.4
. T cells CD4 memory resting o =0
0.25 T cells CD4 memory resting )
D T cells CD4 naive Mast cells resting
NK cells activated -0.6
. Tcells CD‘8 Dendritic cells activated o4
B T cells follicular helper Macrophages M1 ) 08
|| B T cells gamma delta Monocytes D ’
T cells regulat T i
0.00 [ T cells regulatory (Tregs) Mast cells activated 1.0
C 05 - ns ns ns * ns ns ns ns ns * ns ns ns ns ns ns ns ns ns ns
0.4
0.3
Group
(%]
& ASD
=
0.2 1 Control
0.1
0.0 _M LA_A.ALLJ-LMq ll ._llu
T T T T T T T T T T T T T T T T T T T T T T
2 2 9 2 2 2 - 9T 2 QLT D OT DY R EF S G
z2 © £ F o £ & = & £ 5 & £ =2 QO = 8
Es§£52228%225¢8%£8%%802% ¢
s 5 =2 © 9 ¢ o © = 0 § 9 =2 0 w = O o £ g E
E 2 B £ D 2 2 3B c £ B £ o 23 5
7 8 2 2 § § § 8 2 5 3 8 2 5 8 2R 8§ 8 E 2
202mu°_,g_ﬂg_l,m§zﬂmgboo'_sE9
S m T © o o o 7 © 3 8o 5§ E e L 8 =
© o 8 G 6 6 O B o X € 2 3 S o 2
@ o E § 8§ 8 & & v Z § E © e 8 o
= T = = = § = = £ < o g 2
s C [a] [0} »n
2 8 = g O S+ 3
5 O o » [ o
o o -
= o
S
g
Cell type
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spectrum disorder.

degradation, spliceosome, and ubiquitin-mediated proteolysis ubiquitin-mediated proteolysis (Figure 12D).
(Figure 12C). JAK2 was primarily involved in Alzheimer's
disease, basal transcription factors, cell cycle, Huntington's

. L . . Discussion
disease, neuroactive ligand-receptor interaction, NOD
link receptor signaling pathway, oxidative phosphorylation, ASD is a pervasive developmental disorder, and the
Parkinson’s disease, RNA degradation, spliceosome, and associated genes and immune responses have been reported
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in recent ASD studies. Our study applied WGCNA based
on the gene expression profile of the GSE18123 dataset
to establish a network of genes associated with ASD.
We explored the biological functions of these DEGs. In
addition, a protein-protein interaction network of DEGs
was established in this study. These findings can help
facilitate the diagnosis and treatment of ASD and provide a
new way of understanding ASD. In this study, some modules
related to ASD were constructed based on WGCNA
analysis. The genes with high functional significance were
selected as the central genes of the clinical significance
module. Then, we performed a correlation analysis between
these genes and patient diagnosis. ROC analysis was used to
investigate the sensitivity and specificity of DEGs in ASD
diagnosis. Among the two hub genes identified (74K2 and
FABP2), the AUC of JAK?2 was greater than 0.6 and had
high sensitivity and specificity for ASD diagnosis. 74K2
and FABP2 may be potential molecular markers for the
diagnosis of ASD. Therefore, we speculate that 74K2 and
FABP2 may play an important role in the development of
ASD. The results of our bioenrichment analysis suggest that
the disease process of ASD is related to immune regulation.

Although previous study has concluded that ASD
is a complex genetic disorder with polygenic control,
no consistently similar ASD causative genes have been
identified, and the mechanisms linking them remain unclear.
Individuals with specific genetic or chromosomal traits,
such as fragile X chromosome syndrome, are more likely to
develop ASD (27). The single nucleotide polymorphisms
(SNPs) rs3746599 and rs7794745 have been associated

© Annals of Translational Medicine. All rights reserved.

with the risk of ASD in children, and rs7794745 has been
associated with the severity of language impairment (28).
Multiple duplicated CNVs on chromosome 22, including
22ql11.2, were found to be associated with ASD. CNV
deletions and duplications of the TBX1 gene may be
associated with ASD (29). Non-coding de novo mutations in
chromatin interactions were found to alter the expression
of target genes at early neurodevelopmental stages (30).
Another study identified miRNA and miRNA targeting
variants associated with ASD and related disorders (31).
Inflammatory mechanisms and vitamin D are also reported
to play an important role in the pathophysiology of
ASD, and 25-OH-vitamin D levels in ASD patients were
significantly negatively correlated with c-reactive protein,
neutrophil-lymphocyte ratio, and neutrophil counts.
These findings support the relationship between vitamin
D and autism inflammation (32). Durankus demonstrated
the beneficial effect of granulocyte colony-stimulating
factor (G-CSF) in improving the core symptoms of
ASD without serious side effects (33). Alizadeh reported
that miRNAs might regulate targets of ASD-related
pathways, such as neuroactive ligand-receptor interactions,
5-hydroxytryptaminergic synapses, calcium signaling,
cAMP signaling, and PI3K-Akt signaling pathways (34).
It is recognized that ASD is mediated by a combination of
genetic and environmental factors, with the study showing
that genetic factors lead to structural variations in the
subcortical-cortical brain circuit regions in children with
ASD and that environmental factors have a more significant
impact on the development of gray matter thickness in

Ann Transl Med 2022;10(18):1013 | https://dx.doi.org/10.21037/atm-22-4108
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Figure 12 GSEA results of hub genes. (A) GSEA results of F4ABP2 in the BP analysis; (B) GSEA results of 74K2 in the BP analysis; (C)
GSEA results of FABP? in the KEGG analysis. (D) GSEA results of 74K2 in the KEGG analysis. NOD, nucleotide-binding oligomerization
domain; GSEA, gene set enrichment analysis; BP, biological process; KEGG, Kyoto Encyclopedia of Genes and Genomes.

the orbitofrontal cortex and anterior cingulate cortex in
children with ASD (35).

Studies targeting methylation properties of the brains of
ASD patients have found that DNA methylation in autistic
patients differs from that of normal individuals (36-39). In
addition, they have identified rich methylation properties in
synaptic signaling, immune system, synaptic signaling, and
neuronal regulation (36,38), while ASD and autistic traits
share cross-tissue methylation structures (40). We found
that JAK2 methylation was significantly elevated in ASD
by analyzing the methylation data of two hub genes. In

contrast, FABP2 methylation levels were significantly lower

© Annals of Translational Medicine. All rights reserved.

in ASD patients, indicating that the methylation levels of
JAK2 and FABP2 are associated with ASD and correlate
with their methylation sites.

Our study identified two hub genes in ASD: 74K2
and FABP?2. Janus kinases are non-receptor-type tyrosine
kinases, including 74K1, 7AK2, 7AK3, and Tyk2. JAKs are
primarily activated by the cytokine receptor superfamily
and play an essential role in signaling multiple cytokines.
Activated JAKs further activate protein tyrosine kinase
(PTK) substrates, including cytokine receptor-type PTKs,
members of the JAKs family, and signal transducers
and activators of transcription (STATS) (41). STATs are
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substrates of JAKs kinase with a DNA-binding protein
containing the SH2 functional domain (42). JAK/STAT is
also a signaling pathway that we have identified as closely
related to immune infiltration based on the GSEA of the
hub genes. The JAK/STAT signaling pathway is a common
pathway for intracellular signaling of multiple cytokines and
growth factors that are essential to growth, development,
and homeostasis, such as hematopoiesis, immune cell
development, maintenance of stem cells, organismal
growth, and mammary gland development (43-45).
JAK and STATS3 play a specific role in realizing the
growth potential of various types of progenitor cells in
neural tissues (46). The progression of many diseases can
be slowed by inhibiting the JAK/STAT pathway, and the
safety and efficacy of JAK inhibitors in treating rheumatoid
arthritis have been well documented. However, the
therapeutic use of JAK inhibitors is still under investigation,
and their molecular mechanisms are not yet clear (47). The
JAK2-STAT3 signaling pathway is reportedly involved in
cognitive improvement (48), and the SOCS1/JAK2/STAT3
axis has been shown to regulate early brain injury induced
by subarachnoid hemorrhage through inflammatory
responses (49). De novo JAK2 and MAPK7 mutations closely
associated with ASD have been identified using whole-
exome sequencing in Chinese children and adolescent trio
samples (50). Negative regulation of the JAK2/STAT3
signaling pathway can inhibit neuroinflammation (51).
The JAK2/STAT3 signaling pathway regulates microglia/
macrophage polarization (toward M2 polarization) during
cerebral ischemia reperfusion injury (CIRI), thereby
attenuating brain injury. Animal study has shown that
downregulation of the IL-21/IL-21R and JAK/STAT
pathways in BTBR mice induces neuroprotective responses,
which may represent a promising novel therapeutic target
for ASD treatment (52). Fatty acid-binding proteins are a
superfamily of lipid-binding proteins, and EABP2 belongs
to this family (53). EFABPI and FABP2 play a role in the
development and progression of chronic kidney disease
and have shown promise as novel biomarkers for diabetic
nephropathy (54). Several studies have shown that FABP2
regulates human lipid metabolism, promotes intestinal
n-3 polyunsaturated fatty acid absorption, and mediates
triacylglycerol (T'G) cholesterol synthesis (55-56). Modern
diet therapy for ASD remains a popular alternative therapy,
and some increase in I-FABP levels has been observed in
ASD patients treated with diet therapy (56). TFs such as
IRF4, BATEF, FoxP3, T-bet, PPARgamma, and E-FABP
regulate autoimmune responses by regulating Th17 cells.

© Annals of Translational Medicine. All rights reserved.
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FABP2 is responsible for transporting free fatty acids in
intestinal medullary cells. It encodes a protein in fatty acid
absorption (54). I-FABP is a marker of intestinal epithelial
damage. Study has shown that it is associated with a more
severe behavioral phenotype in young children with ASD (57).
The identification of two hub genes (JAK2 and FABP2)
provides more possibilities to explore the pathogenesis of
ASD further.

We further investigated the mRNA, TF, and CeRNA
networks associated with hub genes through the Targetscan
database. miRNA is a tiny non-coding RNA that regulates
gene expression and neurodevelopment, plays many
essential regulatory functions in cells, and is a potential
target for developing new therapeutic strategies (58,59).
MiRNA can bind to mRNAs and plays post-transcriptional
regulatory roles, and TFs are involved in the initiation of
gene transcription and are an important link in the study of
gene transcriptional regulation. They play an essential role
in the internal regulatory network of the organism. Previous
studies found that #iR-153, BDNF, and Bcl-2 expression
levels were significantly decreased in mouse models of ASD,
while the expression of LEPR, Bax, JAK, STAT, p-JAK, and
p-STAT genes were increased (60,61). Study has shown
differential expression of ASD gene mRNAs. Harris ez al.
reported that dysregulation of related TFs could cause
neurological disorders such as ASD (62). Other study has
shown that ASD is potentially due to errors in the kappa B
[nuclear factor-kappa B (NF-kB)] pathway (63). Our study
showed that hsa-miR-8063p is involved in the development
of ASD by regulating FABP2 and 7AK?2.

To further explore the role of immune cell infiltration
in ASD, we performed a comprehensive evaluation of
ASD immune infiltration using CIBERSORT. We found
a large proportion of monocytes, neutrophils, resting
NK cells, and CD4 naive T cells that may be associated
with the development of ASD. Several immune cells have
been shown to play a role in ASD, and abnormal immune
activation has consistently been identified as a possible risk
factor for ASD development (64,65). A large body of clinical
evidence also tends to support this claim. Monocytes are
involved in the early regulation of the immune response,
and study has shown normal downregulation of monocyte
function in children with ASD during the long-term
immune response (21). Th17 cells are thought to be a
central player in the pathogenesis of ASD by releasing
IL-17A. One study of six immune cell subsets in ASD
[monocytes, CD8(") and CD4(") T cells, NK, NKT cells,
and B cells] showed that patients with ASD had increased
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percentages of CD8" and B cells and decreased percentages
of NKT cells compared with healthy controls (66). The
percentage and number of CD4" cells, the number of
T cells (CD2%cells) and B cells (CD20%cells), and the
percentage and number of total lymphocytes were lower in
subjects with ASD than in siblings and normal subjects (67).
Uddin reported that single positive (SP) CD4" and CD8" T
cells were increased in the thymocytes of ASD-type mice,
but the number of NK cells was low (68). Neutrophil levels
(P=0.014) and the neutrophil/lymphocyte ratio (NLR)
(P=0.016) were elevated in ASD (69). Higher levels of
oxidative stress in ASD neutrophils than in normal children
may be associated with nuclear factor erythroid 2 (Nrf2)-
related factors (70). Activation of IL-17A/IL-17R signaling
in neutrophils of ASD subjects leads to upregulation of
phosphorylated NF-«xB, IL-6, and NOX2/ROS (71).
Children with ASD had a significant decrease in CD4" naive
cells and an increase in CD4" memory T cells. All the above
studies suggest that ASD is closely related to immunity, and
analyzing the pattern of immune cell infiltration in ASD
has profound implications for improving the prognosis of
autistic patients.

Also, based on the GSEA of the hub genes, we found
that they are associated with multiple pathways affecting
immune infiltration, including INTERFERON ALPHA
RESPONSE, INTERFERON GAMMA RESPONSE,
TNFA SIGNALING VIA NFKB, ALLOGRAFT
REJECTION, IL-2STAT'5 SIGNALING, IL-6 JAK STAT3
SIGNALING, INFLAMMATORY RESPONSE, PI3K
AKT MTOR SIGNALING, and TNFA SIGNALING VIA
NFKB. IFN-q, a cytokine produced by the body’s immune
cells, has broad-spectrum antiviral, immunomodulatory, and
antitumor effects. IFN-a increases apoptosis and reduces
neurogenesis by activating STAT1 (72). Study has shown
significant increases in IFN and IL-1RA in the whole blood
of children with ASD. These inflammatory substances may
induce a range of ASD clinical manifestations (73). TNFA
is a tumor necrosis factor produced by macrophages, which
regulates the body’s immune function. It can promote the
destruction of tumor cells by T cells and other killer cells,
thereby stimulating the local inflammatory response of
the body. IL-6 is one of the most important neuroimmune
factors associated with brain development and certain
neurological disorders. The results of a recent study suggest
that IL-6 plays a key role in autism-like behaviors (74). We
suggest that these autophagy-expressing genes may influence
the pathogenesis of ASD by regulating related immune cells
through relevant pathways and molecules. These hypotheses
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require further study to explain the interaction between
DEGs and immune cells. We identified potential molecular
functional mechanisms and related biological processes of
FABP2 and JAK2 for autism spectrum disorders. The two
candidate targets may serve as potential biomarkers for the
diagnosis, treatment, and prognosis of ASD. They may
predict the efficacy of treatment response. These findings
may provide new insights into the future use of FABP2 and
JAK?2 for diagnosing and treating ASD and provide potential
options for clinical improvement of prognosis.

At present, the pathogenesis of ASD remains a puzzle,
and the present study aimed to identify its biological
indicators and further explore the role of immune cell
infiltration in ASD. Our study has some limitations.
Firstly, there were no human experiments to confirm the
above findings. Second, the 74AK2- and FABP2-induced
immune response mechanism needs to be further explored.
Third, CIBERSORT analysis is based on limited genetic
data information and may deviate from cellular allotypic
interactions, disease-induced diseases, or phenotypic
plasticity. Therefore, our results need to be validated by
in vivo and in vitro experiments and clinical practice.

Conclusions

In summary, using comprehensive bioinformatics analysis,
we identified differences in biological functions between
ASD and normal samples and explored the role of 74AK2
and FABP? in the pathogenesis of ASD. We found that
JAK2 and EABP2 were associated with immune function. In
addition, we found that hub genes and multiple pathways
affecting immune infiltration are associated and may be
related to the pathogenesis of ASD.
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