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Background: Neural tube defects (NTDs) are one of the most common types of birth defects. Oral folic 
acid (FA) prophylaxis is currently available, but the pathogenesis of NTDs is not fully understood. We 
conducted this study to examine the role of the immune landscape of NTDs and identify novel diagnostic 
and therapeutic biomarkers.
Methods: We downloaded the GSE33111 data set of 12 NTD embryos and 12 healthy embryos in the 
same period of fetal development from the Gene Expression Omnibus (GEO) database. We compared 
the healthy embryos and NTD embryos to identify the differentially expressed genes (DEGs). We also 
performed a functional enrichment analysis of the DEGs using the clusterProfiler package. We extracted 
the top 10 ranked genes as hub immune-related biomarkers. We then used receiver operating characteristic 
(ROC) curves to determine the expression levels of the hub immune-related genes and the accuracy of the 
diagnosis of NTDs. Finally, we analyzed the immune landscape of the NTD embryos and healthy embryos 
via a single-sample gene set enrichment analysis (ssGSEA).
Results: A total of 611 DEGs were identified by the differential analysis, including 95 immune genes. 
The functional enrichment analysis indicated that Epstein-Barr virus infection, antigen processing and 
presentation, inflammatory bowel disease, and type I diabetes mellitus were associated with NTDs. The 
results of the expression level analysis showed that the hub immune-related genes were more highly 
expressed in the NTD embryos than the healthy embryos. Additionally, the ROC curve analysis also 
indicated that the expression levels of the 10 hub immune-related genes were highly accurate in the diagnosis 
of NTDs [area under the curve (AUC) range, 0.708–0.812]. The immune infiltration analysis demonstrated 
that 20 of the 28 immune cell types were more highly infiltrated in the NTD embryos than the healthy 
embryos.
Conclusions: Immune-related genes are important regulators of the occurrence and development of 
NTDs.
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Introduction

Neural tube defects (NTDs) are congenital disorders in 
which the neural tube does not close during the embryonic 
period (1). The prevalence of NTDs varies around the 
world, but with an incidence of about 0.1% in Western 
countries, NTDs are one of the most common types of 
birth defects (2,3). The etiology of NTDs is unknown; 
however, research has confirmed the involvement of genetic 
and environmental factors (4). Indeed, approximately 70% of 
the genes variation has been attributed to genetic factors (4). 
The use of certain medications during pregnancy, obesity, 
poorly controlled diabetes, and folic acid (FA) deficiency may 
contribute to the development of NTDs (4). The disturbance 
of any sequential event during embryonic neurogenesis 
may also cause NTDs (5). The area of the neural tube that 
remains open is an important factor in determining the 
phenotype (e.g., anencephaly or spina bifida). Research 
has shown that mutations in >200 genes can lead to 
NTDs in mice, but the pattern of occurrence in humans 
suggests multifactorial polygenic or oligogenic causes (5). 
This emphasizes the importance of gene-gene and gene-
environment interactions in the origins of these defects.

Epidemiological data suggest that most NTDs occur as 
a result of complex interactions between the environment 
and various susceptibility genetic factors (6). The current 
study indicated that the closure of the mammalian neural 
tube is intermittently initiated and fused at 4 discrete sites, 
and the disruption of this process at any 1 of these sites may 
lead to NTDs. Genes of the folate metabolic pathway and 
genes involved in folate transport that participate in the 
neural tube closure are candidate biomarkers (6). Karzbrun 
et al. found that the width of the nerve tissue determines 
the shape of the neural tube, and used a chip-based culture 
system to reconstruct a neural tube in a petri dish that was 
about 90% similar to that of humans (7). Wolujewicz et al. 
showed that genetic variation in the genome is an important 
factor affecting in NTDs (8). Despite the strengthening of 
FA treatments in the last 20 years, the incidence of NTDs 
remains unacceptably high. However, we know very little 
about the mechanism of FA in NTDs. Further, even after 
surgical repair, the extensive nervous system remains a 
problem in patients with NTDs. Thus, neglected NTDs 
remain a significant public health burden (9,10).

Numerous studies have shown that the immune system 
has the potential to directly affect key morphological 
regulatory steps in neurogenesis and formation (11-13). For 
example, Tissir et al. demonstrated that chemokine receptors 

may have trophic effects on precursor cell proliferation 
and some neuronal targets (12). While McLin et al. found 
that the expression of complement components is already 
extensive during the gastrula/early neurula stage (13).  
However, as few studies have examined immune genes and 
their related differences in human NTDs, we conducted this 
study. First, we compared the differentially expressed genes 
(DEGs) between NTD and healthy embryos and identified 
the immune-related genes of NTDs by intersecting these 
genes with the immune-related genes. We also investigated 
the differences in immune cell infiltration between NTD 
and healthy embryos, and the correlations among immune-
related gene expression levels and immune cell infiltration 
in NTDs to identify novel diagnostic and therapeutic 
biomarkers for NTDs. We present the following article in 
accordance with the STREGA reporting checklist (available 
at https://atm.amegroups.com/article/view/10.21037/atm-
22-1273/rc).

Methods

Raw data

We downloaded the GSE33111 data set from Gene 
Expression Omnibus (GEO) database, which contained the 
messenger ribonucleic acid profiles of 12 NTD-affected 
fetal samples and 12 healthy control samples in the same 
period of fetal development. We also downloaded a list of 
immune-related genes from ImmPort’s shared data (https://
www.immport.org/shared/home).

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013).

The immune-related DEGs of NTDs

We compared the healthy samples to the NTD samples to 
identify the DEGs. The filtering criteria were as follows: 
log2 fold change >0.5 and a false discovery rate <0.05. Next, 
the immune-related DEGs of the NTDs were extracted by 
identifying the DEGs that intersected with those on the 
immune-related genes list.

Functional enrichment analysis of DEGs

We used clusterProfiler package in R to conduct the Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) functional enrichment analysis, and used 
the ggplot2 package to visualize the results.

https://atm.amegroups.com/article/view/10.21037/atm-22-1273/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-1273/rc
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The protein-protein interaction (PPI) network of DEGs

The PPI network was constructed and visualized using 
STRING (https://string-db.org/) and Cytoscape software. 
We extracted the top 10 ranked genes using a number of 
adjacent nodes as hub biomarkers for the subsequent analysis.

Accuracy of immune-related DEG expression levels in the 
diagnosis of NTDs according to the ROC curve analysis

We investigated the expression levels of immune-related 
genes in healthy and NTDs embryos. We drew the receiver 
operating characteristic (ROC) curves of the expression 
levels of the immune-related genes in the NTDs samples 
via the “pROC” package.

Immune cell infiltration analysis comparing the healthy 
and NTDs samples

We compared the immune infiltration of the healthy and 
NTD samples via a single-sample gene set enrichment 

analysis (ssGSEA) method. Further, we analyzed the 
relationship between the top 10 ranked PPI immune-related 
genes and immune cell infiltration.

Statistical analysis

R software was used for all data analysis in present study. 
Differential analysis of healthy and NTD embryos was 
performed using the limma package. Wilcoxon non-
parametric test and Spearman’s method were used to 
compare the differences and correlation between the two 
groups. P<0.05 was considered statistically significant.

Results

Immune-related DEGs in NTDs

Compared to the healthy samples, 403 genes were 
upregulated and 208 genes were downregulated in the 
NTD samples (see Figure 1A,1B). A total of 95 immune-
related DEGs in the NTD samples were extracted from the 
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Figure 1 Immune-related DEGs in NTDs. (A) Heatmap of the top 50 ranked DEGs in NTDs; (B) Volcano plot of all the DEGs in NTDs; 
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intersection of the DEGs and immune-related genes list (see 
Figure 1C).

The GO and KEGG analysis of the NTDs related to DEGs

The results of the GO function analysis of the NTDs were 
as follows: the top 5 biological processes were the response 
to interferon-gamma, the cellular response to interferon-
gamma, the interferon-gamma-mediated signaling pathway, 
antigen processing and the presentation of exogenous 
antigens, antigen processing and presentation; the top  
5 cellular components were the major histocompatibility 
complex (MHC) protein complex, the integral component 
of the lumenal side of the endoplasmic reticulum 
membrane, the lumenal side of the endoplasmic reticulum 
membrane, the lumenal side of the membrane, and the 
MHC class II protein complex; and the top 5 molecular 
functions were the receptor ligand activity, signaling 
receptor activator activity, cytokine receptor binding, 
immune receptor activity, and peptide antigen binding (see 
Figure 2A,2B).

The results of the KEGG analysis showed that the top 
10 enrichment KEGG pathways were Epstein-Barr virus 
infection, tuberculosis, influenza A, leishmaniasis, Th17 
cell differentiation, antigen processing and presentation, 
inflammatory bowel disease, viral myocarditis, graft-versus-
host disease, and type I diabetes mellitus (see Figure 2C,2D).

Top 10 ranked proteins of the PPI network of the NTD 
immune-related DEGs

The PPI network analysis of the NTD immune-related 
DEGs indicated that the top 10 ranked proteins were beta-
2-microglobulin (B2M), C-C motif chemokine ligand 2 
(CCL2), colony stimulating factor 1 receptor (CSF1R), 
C-X-C motif chemokine ligand 10 (CXCL10), interleukin 
1 beta (IL1B), interferon regulatory factor (IRF1), Jun 
proto-oncogene, AP-1 transcription factor subunit (JUN), 
signal transducer and activator of transcription 1 (STAT1), 
STAT3, and transmembrane immune signaling adaptor 
transmembrane immune signaling adaptor (TYROBP) (see 
Figure 3). These 10 biomarkers were used as the hub genes 
for the subsequent analysis.

Expression level of hub immune-related DEGs in healthy 
and NTD samples

B2M, CCL2, CSF1R, CXCL10, IL1B, IRF1, JUN, STAT1, 

STAT3, and TYROBP were more highly expressed in the 
NTD samples than the healthy samples, (see Figure 4A-4J).

Accuracy of the single-gene expression levels in the 
diagnosis of NTDs (ROC curves)

At the single-gene expression level, the area under the curve 
(AUC) values of the ROC curves for the diagnosis of NTDs 
were as follows: B2M =0.812, CCL2 =0.729, CSF1R =0.736, 
CXCL10 =0.806, IL1B =0.708, IRF1 =0.736, JUN =0.792, 
STAT1 =0.806, STAT3 =0.764, and TYROBP =0.750 (see 
Figure 5A-5J).

SsGSEA analysis of immune infiltration in NTDs

Of the 28 immune cell types, 20 were more highly 
infiltrated in the NTD samples than the healthy samples, 
including activated CD8 T cells, central memory CD8 T 
cells, effector memory CD8 T cells, activated CD4 T cells, 
and central memory CD4 T cells (see Figure 6A). The 
correlation analysis indicated that in the 10 hub biomarkers, 
the expression levels of CXCL10, TYROBP, IRF1, and 
CCL2 were positively correlated with the infiltration levels 
of most immune cells in NTDs (see Figure 6B).

Discussion

NTDs are multi-factor diseases caused by a complex 
combination of and interactions between genes and the 
environment. The pathogenesis of NTDs remains unclear, 
but there have been 2 major advances in the prevention and 
treatment of NTDs (9,14,15). First, research has shown 
that taking FA at a childbearing age significantly reduces 
the risk of NTDs (16). Second, research has shown that 
the surgical repair of spina bifida in uterus can improve 
the prognosis of NTDs (17). However, not all NTDs can 
be prevented by taking FA, and as the incidence of NTDs 
remains about 0.1% in Western countries, consideration 
needs to be given to alternative therapies to treat the 
NTDs that do not respond to FA (2,18). Additionally, 
there is growing evidence that components of the immune 
system may directly affect key morpho-regulatory steps 
in neurogenesis (11). As for the possible pathogenesis of 
NTDs, Mallela et al. showed that taking sodium valproate 
in the first trimester of pregnancy may alter a variety of 
biological processes including apoptosis, thus inducing fetal 
malformation (19). Dong et al. experimentally verified five 
complement proteins (C1QA, C1S, C1R, C9 and C3), and 
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concluded that the disease prediction model combining 
complement factor and AFP data could be a more accurate 
method for noninvasive prenatal NTD diagnosis (20).
Thus, we conducted this study to analyze the correlations 
among immune genes and NTDs and to investigate the 
feasibility of diagnosing NTDs by detecting the expression 
levels of the hub immune genes to identify novel prevention 
strategies and reduce NTDs rates at birth.

In the present study, 611 DEGs were identified in the 
NTDs samples, and a total of 95 immune-related DEGs 
were extracted from the intersection of the DEGs and genes 
in the immune-related gene list A functional enrichment 
analysis of the immune-related DEGs showed that the 
NTDs were correlated with diabetes, inflammatory bowel 
disease, tuberculosis, influenza A, and certain signaling 
pathways. Our findings are similar to those of previous 

research; for example, Wani et al. showed that FA status was 
damaged in many pathophysiological conditions, including 
inflammatory bowel disease, cancer, alcoholism, pregnancy, 
and neonatal growth, and via the use of certain drugs, which 
led to the occurrence of NTDs (21). Additionally, Zabihi et al. 
showed that pregnant women with gestational diabetes (types 
1 or 2) are at increased risk of a wide range of birth defects, 
including NTDs (22). In addition to interferon signaling, 
immune-related genes may have individual or multiple effects 
on NTDs (22). Further, Jensen et al. showed that maternal 
polymorphism in the CCL2 promoter region is associated 
with an increased risk of spina bifida in humans (23).  
CCL2 is a member of the CC chemokine subfamily that 
that induces the chemotaxis of monocytes and basophils by 
interacting with C-C Motif Chemokine Receptor 2 and C-C 
Motif Chemokine Receptor 4 receptors (24).

Other studies have shown that a FA deficiency can 
induce the synthesis of CCL2 in vitro and in vivo (25-27). 
The results of the present study indicated that CCL2 was 
more highly expressed in the NTDs samples than healthy 
samples, which suggested that CCL2 may be related to the 
occurrence and development of NTDs. Additionally, in the 
present study, the hub immune-related genes were highly 
expressed in the NTDs samples. Notably, most of the genes 
examined in this study have not been studied before. Our 
results also indicated that NTDs can be diagnosed with 
high accuracy based on the expression levels of certain 
hub immune-related genes (AUC range, 0.708–0.812). 
Thus, we can be measured by measuring the study the 
expression of key genes to predict the possibility of NTDs 
happen. A number of genes (e.g., B2M, CXCL10, IL1B, and 
STAT1/3) have great research prospects in the diagnosis and 
treatment of human NTDs. However, there is still a lack of 
corresponding methods and measures in the treatment and 
prevention of NTDs through these genes.

Given that immune cells play an important role in 
inflammatory processes, we were interested in studying 
immune cell infiltration in NTDs. Our results suggest that 
immune-related genes are significantly correlated with the 
infiltration of multiple immune cells. Cassius et al. observed 
T cell dysregulation in patients with active diabetes (28). 
Zhang et al. showed that spinal cord tissues of NTDs 
patients had different genome-wide methylation patterns. 
Abnormal methylation pattern of TRIM4 in immune 
pathway may be involved in the pathogenesis of NTD (29). 
Additionally, B cells, macrophages, and natural killer cells 
have also been shown to significantly affect the progression 
of diabetes, and to lead indirectly to the occurrence of 

IRF1

JUN IL1B

CXCL10

CSF1R

CCL2TYROBP

B2M

STAT1

STAT3

Figure 3 Top 10 ranked proteins in the PPI network of the 
NTDs immune-related DEGs. The connections represent the 
interactions between the proteins; the darker the shade of red, 
the greater the number of links. B2M, beta-2-microglobulin; 
CCL2, C-C motif chemokine ligand 2; CSF1R, colony stimulating 
factor 1 receptor; CXCL10, C-X-C Motif Chemokine Ligand 
10; IL1B, interleukin 1 beta; IRF1, interferon regulatory factor; 
JUN, Jun Proto-Oncogene, AP-1 transcription factor subunit; 
STAT, signal transducer and activator of transcription; TYROBP, 
transmembrane immune signaling adaptor TYROBP; PPI, 
protein-protein interaction; NTDs, neural tube defects; DEGs, 
differentially expressed genes. 
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NTDs (30-32). The present study showed that the T cells, B 
cells, and natural killer cells associated with diabetes were also 
more highly expressed in the NTDs samples than the healthy 
samples. Thus, these results suggest that the deregulation 
of multiple immune-related genes in embryos may lead to 

alterations in immune cell infiltration, which may lead to the 
occurrence and development of NTDs. A limitation of this 
study is that no real-world experiments have been conducted 
to verify the differences in the expression of hub immune-
related genes between healthy and NTDs embryos.

Figure 6 ssGSEA analysis of immune infiltration in NTDs. (A) Boxplot of immune cell infiltration levels in healthy and NTDs embryo; 
(B) Heatmap of correlation analysis of immune cell infiltration levels and the 10 hub genes of NTDs; Red and gray represent positive and 
negative correlations, respectively. ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001. CCL2, C-C motif chemokine ligand 2; IRF1, interferon 
regulatory factor; TYROBP, transmembrane immune signaling adaptor TYROBP; CXCL10, C-X-C Motif Chemokine Ligand 10; STAT, 
signal transducer and activator of transcription; B2M, beta-2-microglobulin; JUN, Jun Proto-Oncogene, AP-1 transcription factor subunit; 
CSF1R, colony stimulating factor 1 receptor; IL1B, interleukin 1 beta; ssGSEA, single-sample gene set enrichment analysis; NTDs, neural 
tube defects.
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Conclusions

Immune-related genes may act as critical regulators of 
NTDs, but the specific mechanism by which this occurs 
remains unclear. Our findings may pave the way for future 
research in the immune-related diagnosis and treatment of 
NTDs.
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