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Mendelian randomization combined with single-cell
sequencing data analysis of chemokines and chemokine
receptors and key genes and molecular mechanisms

associated with epilepsy

Lin-Ming Zhanga*, Tao Zeng®*, Bing-ran Zhange*, Qiu-juan Zhange,
Shu-ji Gaoe, Yan-lin Zhue and Ming-wei Liud

Objective To explore the functions and potential
regulatory mechanisms of chemokine and chemokine
receptor (CCR)-related genes in epilepsy.

Methods CCRs were identified as candidate genes and
their causal relationship with epilepsy was rigorously
evaluated via Mendelian randomization analysis.
Subsequently, single-cell RNA sequencing (scRNA-seq)
data were analyzed to identify and classify cell clusters
into distinct types based on cellular annotation. Differential
expression analysis was conducted to pinpoint key genes
by overlapping the candidate gene set with differentially
expressed genes (DEGs). Furthermore, potential
therapeutic drugs for epilepsy were predicted, offering
novel avenues for disease management and treatment.

Results In total, 6395 DEGs were identified across the six
cell clusters. After their intersection, CCRL2, XCL2, CXCR5,
CXCL1, and CX3CR1 were pinpointed as key genes.
Microglia, T cells, B cells, and macrophages have been
emerged as critical cells. Furthermore, CXCL1 was reg-
ulated by hsa-miR-570-3p and hsa-miR-532-5p. Notably,
CXCR5, CXCL1, and CX3CR1 were associated with 27

drug compounds. This comprehensive study leveraged
scRNA-seq and transcriptomic data to elucidate the roles
of CCR-related genes in epilepsy. Notably, CCRL2, XCL2,

Introduction

Epilepsy is a complex and heterogeneous chronic neu-
rological disorder characterized by unprovoked seizures
resulting from transient abnormal neuronal activity, ulti-
mately contributing to neurocognitive impairment [1,2].
Epidemiological studies indicate that approximately 50
million individuals globally are affected by this disorder,
with a notable increase in its incidence [3]. Individuals
with epilepsy present with a diverse array of symptoms.
These symptoms can encompass unusual sensations,
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CXCR5, CXCL1,and CX3CR1 were identified as key genes
implicated in epilepsy, whereas microglia, T cells, B cells,
and macrophages were recognized as critical contributors
to the development of epilepsy.

Conclusions Regulating the expression of CCRL2, XCL2,
CXCR5, CXCL1, and CX3CR1, along with the activity of
these immune cells may offer therapeutic potential for
the alleviation of epilepsy. NeuroReport 36: 467-486
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emotions, and behaviors, seizures, muscle spasms, and
loss of consciousness due to the brain sending errone-
ous signals [4]. Diagnosing epilepsy can be challenging
due to its complexity and the existence of multiple sub-
types [5]. Currently, the mainstay of epilepsy treatment
is antiepileptic drug administration. The US Food and
Drug Administration has approved over 20 antiepileptic
drugs. However, up to one-third of individuals with epi-
lepsy develop resistance to these medications [6,7].

Chemokines constitute a substantial class of small,
secreted proteins that transmit signals via chemokine
receptors, which are linked to G-proteins on the cellu-
lar surface. These proteins are pivotal in a wide array of
biological and pathological processes, notably includ-
ing cancer, as they regulate immune and inflammatory
responses, as well as govern cell migration, prolifera-
tion, and survival [8]. To date, over 50 chemokines more
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than 20 chemokine receptors have been identified.
Based on the primary structure of their peptide chains,
chemokines are categorized into four subfamilies: CC,
CXC, XC, and CX3C. Similarly, typical chemokine
receptors are divided into four subfamilies according
to their specific ligand-binding characteristics: C-C
motif chemokine receptor (CCR) (CCR1-CCR11) and
CXCR (CXCR1-CXCR®6) [9]. The CXCRS5 chemokine
receptor is involved in cell migration and localization,
facilitating cell-cell interactions and exhibiting upregu-
lation in epileptic brain tissue [10]. Notably, chemokines
such as CCL2, CCL3, CCL4, and CCLS5 are markedly
upregulated in the hippocampus and other temporal
lobe structures of patients with epilepsy [11]. Previous
studies have demonstrated that the elevated expres-
sion of CCL2 in inflamed brains is intimately associ-
ated with the activation and subsequent recruitment of
macrophages and microglia to the site of injury, thereby
potentiating the inflammatory response [12]. Although
genes coding for chemokines such as XCL2, CXCRS5,
and CX3CR1, along with the pathways they participate
in, have been implicated in the etiology of epilepsy,
the precise pathological mechanisms underlying their
involvement remain elusive.

Research has uncovered a significant association between
CCR and epilepsy, with enrichment scores tightly linked
to key genes in multitranscriptome data. Furthermore,
chemokines CCL3 and CCL4 are notably upregulated
in chronic temporal lobe epilepsy (TLE), and this altera-
tion is observable even in animal models during the early
stages of the condition. This suggests that these chemok-
ines may contribute to the progression of epilepsy by
directly or indirectly modulating neuronal excitability
and intensifying immune responses. In conclusion, CCR
may represent a pivotal immune signaling pathway in the
pathogenesis of epilepsy [13]. Research has shown that
the chemokine protein family, secreted by astrocytes,
microglia, and endothelial cells, regulates neuronal excit-
ability and facilitates the entry of immune cells into the
brain via G protein-coupled receptors. This regulation
occurs via modulation of neurotransmitter release and
voltage or G protein-dependent channels. In an animal
model of epilepsy, chemokines and their receptors CCR2,
CCR5, CXCR4, and CXCRS, including CCL2, CCL3,
and fractalkine (CX3CIL1), exhibited significant upregu-
lation in the hippocampus. These findings underscore the
crucial interplay between chemokines and their down-
stream signaling pathways in neuroinflammation and the
pathogenesis of epilepsy [14-16]. Neuroinflammation,
a pivotal regulatory factor in brain health, signifi-
cantly promotes the onset and progression of epilepsy.
In particular, heightened levels of pro-inflammatory
cytokines (PICs), including interleukin-1f (IL-1p),
IL.-6, and tumor necrosis factor-alpha (TNF-a), have
been closely linked to epileptic seizures. The excessive
release of these cytokines not only intensifies neuronal

excitability but also stimulates the activation of glial
cells, thereby augmenting the inflammatory response.
This process creates a vicious cycle that may ultimately
heighten susceptibility to epilepsy and increase seizure
frequency [17]. These studies indicate that chemokines
play a crucial role in epilepsy development.

Therefore, this study integrated transcription data with
single-cell RNA sequencing (scRNA-seq) to explore
chemokine and chemokine receptor (CCR)-related
genes in epilepsy, exploring their functions and potential
regulatory mechanisms. By employing Mendelian ran-
domization (MR) analysis, the study aimed to elucidate
the causal relationship between CCR-related genes and
epilepsy. This comprehensive approach aims to deepen
our understanding of the pathogenesis of epilepsy and
pave the way for novel therapeutic strategies for patients
with this condition.

Methods

Associated data

The scRNA-seq data were downloaded from the gene
expression omnibus database, specifically utilizing the
GSE201048 dataset, which encompassed 85 780 single
cells derived from epileptic brain tissues. Additionally,
the GSE190452 dataset was used to validate prognostic
genes, including three cases in the epilepsy group and
normal control brain tissue samples. Immune cells were
isolated and extracted from brain tissue samples of 11
patients diagnosed with epilepsy [18]. A total of 64 CCRs
were obtained through an extensive literature review [19].
By integrating data from the Integrative Epidemiology
Unit Open GWAS database (IEU OpenGWAS, https://
gwas.mrcieu.ac.uk/), a Genome-wide association study
(GWAS) and expression quantitative trait locus informa-
tion for these 64CCRs (exposure factors) were assem-
bled. Simultaneously, the trait ID (ukb-b-16309) for
epilepsy was searched and downloaded as an outcome
from the IEU open GWAS database, which encompasses
samples from 3810 epilepsy patients and 459 123 con-
trols, encompassing a total of 9 851 867 single nucleotide
polymorphisms (SNPs). The sample included both male
and female individuals from Europe.

Selection of instrumental variables

Univariable Mendelian randomization (UVMR) analy-
sis of CCRs (exposure factors) and epilepsy (outcome)
was conducted to investigate their causal relationship.
During this analysis, three core assumptions of clas-
sical MR were rigorously upheld: 1. independence
assumption (The causal relationship between CCRs
and epilepsy is uninfluenced by confounding factors);
2. Association assumption [instrumental variables
(IVs) must exhibit a strong correlation with CCRs]; 3.
Exclusivity assumption (CCRs are the only pathway
through which genetic variation can impact epilepsy).
Immediately thereafter, the IVs satisfying the above
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three key assumptions were screened. Utilizing the
R package “TwoSampleMR’ (version 0.5.7) [20], the
extracted instrument function was first utilized to read
the exposure data, enabling the filtering of significant
IVs that were tightly correlated with the exposure fac-
tor. Subsequently, the extract_outcome_data function
was employed to read the outcome data. This step fur-
ther screened the IVs to ensure they were not only asso-
ciated with the exposure factor but also independent of
the outcome data, yielding a collection of efficient and
unbiased IVs (P <5 x 10-%). To eliminate SNPs with
linkage disequilibrium, the clump function was utilized
with parameters set to clump = TRUE, 72 = 0.001, kb
= 10. Furthermore, the function extract_outcome_data
function was used to identify SNPs that were not asso-
ciated with the outcome. The strength of IVs was eval-
uated using the F-statistic, with the subsequent step
proceeding only when the F-value exceeded 10. To
ensure consistency, the harmonize_data function was
employed to harmonize the effect alleles and effect
sizes, aligning the alleles of each SNP across the rele-
vant exposure factors and outcomes. Similarly, SNPs for
the multivariable Mendelian randomization (MVMR)
analysis were screened through this method.

Univariable Mendelian randomization analysis

The causal relationship between CCRs and epilepsy was
evaluated through UVMR analysis. During this analysis,
the causal link between the two was inferred using vari-
ous methods, including inverse variance weighted (IVW)
[21], weighted median [22], MR Egger [23], simple mode
[24], and weighted mode [25] methods. In this case, the
IVW served as the primary approach to test for causal
effects. A statistically significant causal relationship
between CCRs and epilepsy was established when the
P-value derived from the IVW method was <0.05, signify-
ing a strong correlation. Specifically, when the odds ratios
(ORs) were greater than 1, CCRs were deemed risk fac-
tors for epilepsy. Conversely, ORs < 1 were interpreted as
protective factors against epilepsy. Ultimately, the results
of the UVMR analysis were visualized through the use of
scatter plots, forest plots, and funnel plots.

Sensitivity analysis

We further evaluated the reliability of the UVMR results,
and several tests were conducted, including assessments
for heterogeneity, horizontal pleiotropy, and leave-one-
out (LLOO) analysis. Specifically, mr_heterogeneity
was employed to examine whether heterogeneity was
present in the analysis, with a P-value exceeding 0.05
suggesting the absence of heterogeneity. Additionally,
mr_pleiotropy_test function was used to detect horizon-
tal pleiotropy among SNPs, with a P > 0.05 indicating no
horizontal pleiotropy among the SNPs. Then, the LOO
test was conducted to assess the impact of each individ-
ual SNP on the outcome by sequentially excluding them.
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Furthermore, the Steiger test was performed to eliminate
the possibility of reverse causation. When all SNPs related
to CCRs showed a TRUE orientation and had P < 0.05,
they successfully passed the Steiger test. Consequently,
CCRs that demonstrated a causal link with epilepsy were
selected as candidate genes for subsequent analyses.

Functional enrichment analysis of candidate genes and
construction of a protein-protein interaction network
"To gain insights into the biological functions and signal-
ing pathways in which candidate genes are involved. The
candidate genes were annotated for the Gene Ontology
(GO) function and the Kyoto Encyclopedia of Genes and
Genomes(KEGG) signaling pathway using ‘clusterPro-
filer’ (version 4.7.1.003) [26] (P < 0.05). GO and KEGG
analyses not only bolster our hypothesis but also facilitate
a comprehensive exploration of the precise locations of
these genes within intricate biological networks, as well
as their potential multifaceted roles. To delve deeper
into the protein-level interactions among the candidate
genes, a protein-protein interaction (PPI) network was
constructed using the STRING database [27] (confi-
dence scores > 0.4).

Single-cell data analysis

The GSE201048 dataset underwent preprocessing
using the ‘Seurat’ package (version 4.3.0) [28]. Initially,
cells were filtered based on quality criteria, retain-
ing only those with a gene count ranging from 200 to
6000 and a mitochondrial gene proportion of less than
10%. Following this quality control (QC) step, the
FindVariableFeatures function was utilized to select the
top 2000 highly variable genes for subsequent analysis.
Subsequently, a dimensionality reduction process was
initiated. Initially, a normalization step was conducted
using the global scaling method (LLogNormalize). This
involved normalizing the feature expression meas-
urements in each cell by dividing by the total expres-
sion, multiplying the result by a scaling factor (default
of 10 000), and then applying a log transformation to
the normalized values. Secondly, following QC, the
‘FindVariableFeatures’ function was employed to iden-
tify the top 2000 highly variable genes. Principal com-
ponent analysis was then conducted on these genes
to obtain the optimal linear dimensions for cell clus-
tering. Subsequently, the RunUMap function was uti-
lized to classify the resulting cell clusters. Using the
FindAllMarkers function from the R package ‘Seurat’,
with parameters set tomin.pct = 0.1 and logfc.thresh-
old = 0.5, differential gene expression analysis was
conducted between different cell types. The selection
criteria for marker genes were established as avg_log,
FC >1 and p_val_adj <0.05. Based on the expression
profiles of these marker genes, the cell clusters were
annotated with specific cell types. Marker genes were
obtained as previously described [13]. Annotation was
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facilitated by the CellMarker website and ‘SingleR’
(version 2.0.0) [29,30].

Identification of key genes

Differential expression analysis was performed between
various cell types using the FindMarkers function in
‘Seurat’ [|log, fold-change (FC)| > 0.25, adj.P < 0.05],
to identify significant differentially expressed genes
(DEGs). Duplicate DEGs were subsequently removed
for each cell type. Then, the candidate genes derived
from the UVMR analysis were crossreferenced with
the identified DEGs, and the overlapping genes were
selected as key genes associated with epilepsy.

Localization of key genes on chromosomes and
subcellular

The distribution of key genes across the human chromo-
some was visualized using Circos (https://circos.ca/) [31].
T'he subcellular locations of these key genes were then
screened using the GeneCards (https://www.genecards.
org/) database [32], with a confidence level >1 serving
as the criterion. This analysis provides insights into the
mechanisms by which these key genes are involved in
epileptogenesis.

Functional similarity analysis between key genes and
construction of a key gene interaction network.

The functional similarity among key genes was assessed
using the ‘GOSemSim’ (version 2.18.1) [33]. Specifically,
GO functional annotation data for the human species
were obtained using appropriate Google functions. Based
on this, the mgeneSim function was utilized to calculate
the semantic similarity between them. Further, GO func-
tional similarities among key genes employed to explore
with the help of the ‘GOSemSim’ (version 2.18.1).
GeneMANIA (https://www.genemania.org/) was utilized
to identify other genes that share similar functions with
the key genes.

Identification of key cells, as well as communication
and functional analysis

The expression of key genes was analyzed across dif-
ferent cell types, and the cell types in which these
genes were significantly expressed were designated
as key cell types. To further investigate cellular com-
munication, the ‘CellChat’ (version 1.6.1) [34] was
utilized to analyze the number and strength of inter-
actions between the key cell types via ligand-receptor
interactions.

Analysis of the key cells heterogeneity

To investigate the heterogeneity of key cells, the expres-
sion profiles of these cells from GSE201048 were ini-
tially extracted. Subsequently, the key cells derived from
epilepsy samples underwent two rounds of clustering
to annotate them into distinct cellular subpopulations.

The clustering results were visualized using RunUMAP,
and for each subpopulation, the top three genes were
selected for presentation based on log, FC sorting. To
gain insights into the functions and signaling pathways
enriched in these key cells, ReactomeGSA (version
1.12.0) was employed for enrichment analysis.

Exploration of molecular regulatory mechanisms of key
genes and potential targeted drugs

To investigate the molecular regulatory mechanisms of
the key genes, an initial step involved predicting the miR-
NAs corresponding to these genes via ‘multiMiR’ (ver-
sion 1.20.0) [35]. Subsequently, the upstream regulators
of these miRNAs, namely IncRNAs, were predicted using
the Star Base database [36]. By integrating the IncRNAs,
miRNAs, and key genes, a competing endogenous RNAs
(ceRNA) [37] network was constructed. To delve deeper
into the regulatory relationships, a TF-mRNA-miRNA
network was also established, incorporating transcription
factors (T'Fs), key genes, and miRNAs. It is necessary to
predict the potential TFs of key genes in the h'TFrarget
database [38]. Meanwhile, to identify potential drugs for
the treatment of epilepsy, the ‘enrichR’ (version 3.2) [39]
was used to predict drugs that act on key genes.

Statistical analysis

Bioinformatics analysis was performed through R soft-
ware. Analyses were performed between these two
groups using the Wilcoxon rank test. Differences were
considered statistically significant at P < 0.05.

Results

There were 11 candidate genes significantly causally
associated with epilepsy

MR analysis was conducted, with CCRs serving as the
exposure factor and epilepsy as the outcome. Out of 64
CCRs analyzed, eleven were found to have a signifi-
cant causal association with epilepsy and were identi-
fied as candidate genes. Among these, CCRL2, CCR2,
CCL25, XCL2, CCL28, CXCL5, CXCL1, CX3CRI,
and CCR3 emerged as risk factors for epilepsy (OR > 1,
P < 0.05). Conversely, CXCR5 and CXCR1 were protec-
tive factors against epilepsy (OR < 1, P < 0.05) (Fig. 1a).
The scatter plots illustrated that the IVW slope trends
for CCRL2, CCR2, CCL25, XCL2, CCL28, CXCLS5,
CXCL1, CX3CR1, and CCR3 were positive, indicating
that these exposure factors serve as risk factors for epi-
lepsy. Conversely, the IVW slope trends for CXCRS5 and
CXCR1 were negative, reinforcing the notion that these
exposure factors are protective against epilepsy (Fig. 2).
This was subsequently confirmed through forest plots.
The effect sizes for these nine exposure factors (CCRL2,
CCR2, CCL25, XCL2, CCL28, CXCL5, CXCLI,
CX3CR1, and CCR3) were all found to be greater than
zero, indicating their role as risk factors for epilepsy. In
contrast, the SNP loci for CXCR5 and CXCR1 were
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Mendelian randomization; SNP, single nucleotide polymorphism; UVMR, Univariable Mendelian randomization.
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Table 1 The results of heterogeneity, horizontal pleiotropy, and Steiger test
Heterogeneity test Symbol id.exposure Method Q Q_df Q_P value
CCL25 eqtl-a-ENSG00000131142 VW 2.98869072 2 0.224395455
CCL28 eqtl-a-ENSG00000151882 VW 19.06550285 50 0.999977957
CCR2 eqtl-a-ENSG00000121807 VW 39.75148475 89 0.999998627
CCR3 eqtl-a-ENSG00000183625 VW 68.13136745 100 0.993822821
CCRL2 eqtl-a-ENSG00000121797 VW 16.48615784 44 0.999948603
CX3CR1 eqtl-a-ENSG00000168329 VW 1747950342 38 0.998234963
CXCL1 eqtl-a-ENSG00000163739 VW 13.92561299 24 0.948312637
CXCL5 eqtl-a-ENSG00000163735 VW 104.3415448 88 0.112677444
CXCR1 eqtl-a-ENSG00000163464 VW 18.70479358 40 0.998355986
CXCR5 eqtl-a-ENSG00000160683 VW 72.09018276 63 0.202533832
XCL2 eqtl-a-ENSG00000143185 VW 14.02163529 21 0.868668155
Horizontal pleiotropy test Symbol ENSEMBL se P value Symbol ENSEMBL
CCRL2 eqtl-a-ENSG00000121797 8.91E-05 0.667414485 CCRL2 eqtl-a-ENSG00000121797
CCR2 eqtl-a-ENSG00000121807 4.48E-05 0.405334376  CCR2 eqtl-a-ENSG00000121807
CCL25 eqtl-a-ENSG00000131142 0.004434026 0.679683738 CCL25 eqtl-a-ENSG00000131142
XCL2 eqtl-a-ENSG00000143185 6.12E-05 0.546553498 XCL2 eqtl-a-ENSG00000143185
CCL28 eqtl-a-ENSG00000151882 0.000104686 0.894555261 CCL28 eqtl-a-ENSG00000151882
CXCR5 eqtl-a-ENSG00000160683 0.000158011 0.109685533 CXCR5  eqtl-a-ENSG00000160683
CXCRA1 eqtl-a-ENSG00000163464 6.11E-05 0.866746283 CXCR1 eqtl-a-ENSG00000163464
CXCL5 eqtl-a-ENSG00000163735 3.75E-05 0.925626742 CXCL5 eqtl-a-ENSG00000163735
CXCL1 eqtl-a-ENSG00000163739 8.67E-05 0.084103718  CXCL1 eqtl-a-ENSG00000163739
CX3CR1 eqtl-a-ENSG00000168329 8.86E-05 0.186716869 CX3CR1 eqtl-a-ENSG00000168329
CCR3 eqtl-a-ENSG00000183625 4.38E-05 0.468754484 CCR3 eqtl-a-ENSG00000183625
Steiger test SYMBOL id.exposure steiger_dir steiger_pval Symbol id.exposure
CCL25 eqtl-a-ENSG00000131142 TRUE 1.056 x 10-¢ CCL25 eqtl-a-ENSG00000131142
CCL28 eqtl-a-ENSG00000151882 TRUE 2.78 x 103 CCL28 eqtl-a-ENSG00000151882
CCR2 eqtl-a-ENSG00000121807 TRUE 5.03 x 10~ CCR2 eqtl-a-ENSG00000121807
CCR3 eqtl-a-ENSG00000183625 TRUE 3.97 x 107 CCR3 eqtl-a-ENSG00000183625
CCRL2 eqtl-a-ENSG00000121797 TRUE 1.11 x 1047 CCRL2 eqtl-a-ENSG00000121797
CX3CR1 eqtl-a-ENSG00000168329 TRUE 2.08 x 105 CX3CR1 eqtl-a-ENSG00000168329
CXCL1 eqtl-a-ENSG00000163739 TRUE 4.18 x 10° CXCL1 eqtl-a-ENSG00000163739
CXCL5 eqtl-a-ENSG00000163735 TRUE 2.07 x 1015 CXCL5 eqtl-a-ENSG00000163735
CXCR1 eqtl-a-ENSG00000163464 TRUE 0 CXCR1 eqtl-a-ENSGO00000163464
CXCR5 eqtl-a-ENSG00000160683 TRUE 751 x 1012 CXCR5  eqtl-a-ENSG00000160683
XCL2 eqtl-a-ENSG00000143185 TRUE 1.07 x 107 XCL2 eqtl-a-ENSG00000143185

positioned on the left side of the zero line, further rein-
forcing their status as protective factors against epilepsy
(Fig. 3). SNPs were uniformly and randomly distributed
on both sides of the IVW line, suggesting that the anal-
yses followed Mendel’s second law (Fig. 4). In addition,
the F-statistic results showed that all SNPs had F-values
> 20, indicating the absence of weak IVs.

In the heterogeneity test, all the P-values of the IVW
statistics exceeded 0.05, suggesting the absence of het-
erogeneity between the exposure factor and epilepsy
datasets (Table 1). Furthermore, in the horizontal plei-
otropy test, the P-values for these exposure factors were
also above 0.05, indicating that no horizontal multidi-
mensionality was present in the analysis (‘Table 1). The
causal relationship between these exposure factors and
epilepsy did not change significantly after excluding
one SNP, thus confirming the stability of the results
(Supplementary Fig. 1, Supplemental Digital Content,
https://links.low.com/WNRJ/AS23). Immediately following
this, CXCR5 and CXCR1 remained protective factors
against epilepsy in MVMR results. CCR2 and CCL.25,
which are risk factors in the UVMR results, were shown
to be protective factors in the MVMR results (Fig. 1b).
This suggested that there may be interactions between
these genes. Finally, all 11 CCRs passed the Steiger test
(P < 0.0001; the causal direction was true), confirming

that the UVMR results were unaffected by reverse causa-
tion (Table 1). Based on these results, CCRL2, CCR2,
CCL25, XCL2, CCL28, CXCLS5, CXCL1, CX3CR1,
CCR3, CXCRS5, and CXCR1 were identified as potential
candidate genes.

These 11 candidate genes were significantly enriched in
chemokine signaling pathways

"To delve into the biological roles and the underlying sig-
naling pathways associated with the candidate genes, we
conducted GO and KEGG enrichmentanalyses on 11 key
genes, which were found to be associated with 217 GO
biological functions. This encompassed 192 biological
processes, 19 molecular functions, and six cellular com-
ponents. The top five most prominently enriched entries
include ‘cellular chemotaxis, chemokine-modulated sig-
naling pathways, chemokines, and neuronal cell bodies’,
all of which are linked to CCRs (Fig. 1¢). KEGG analysis
revealed that the implicated genes were predominantly
concentrated in nine distinct signaling pathways, with
the ‘chemokine signaling pathway’ showing a notable
correlation with CCRs (Fig. 1d). The eleven candidate
gene proteins were intricately interconnected within the
PPI network, creating a sophisticated network akin to an
intricate tapestry. This suggests that their collaborative
interactions might function synergistically, with each pro-
tein pair collectively orchestrating the normal operation
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of a distinct biological process (Fig. 1e). CCRL2, XCL.2,
CXCR5, CXCL1, and CX3CR1 interact with each other.

CCRL2, XCL2, CXCR5, CXCL1, and CX3CR1 were key
genes screened for epilepsy

A series of meticulous single-cell analyses were conducted
to delve into the gene expression patterns in epilepsy at
the individual cell level, thereby affirming the diverse cel-
lular origins of the analyzed cells and pinpointing the spe-
cific cell types present within the samples from epilepsy
patients. The single-cell data underwent rigorous QC
measures, resulting in the acquisition of 85 000 cells and
22 950 genes (Supplementary Fig. 2, Supplemental Digital
Content, /Aups:/llinks.low.com/WNR/ASZ3). Six cell types
were annotated based on marker genes, namely Microglia,
T cells, NVUs, macrophages, oligodendrocytes, and B cells.
The predominant cell type within the brain’s immune
defense is microglia, playing a crucial role in neuropatho-
logical research as the primary immune cells (Fig. 5a, b).
Subsequently, 6395 DEGs were identified in these six cell
types, and the top three log, FC genes in the six cell types
are shown in Supplementary Fig. 3, Supplemental Digital
Content, Aztps://links.lww.com/WNRJ/ASZ3. Subsequently, a
comprehensive analysis involving 11 candidate genes that
intersected with 6395 DEGs was conducted, resulting in
the identification of CCRL2, XCIL.2, CXCL1, CXCRS5, and
CX3CRI1 as key genes associated with epilepsy (Fig. Sc,
Supplementary Table 1, Supplemental Digital Content,
hitps:flinks.low.com/WNR/ASZ23). To elucidate the differen-
tial expression patterns of key genes between the affected
and control cohorts, we leveraged the single-cell dataset
GSE190452, encompassing control samples, to affirm gene
expression levels. Initially, a rigorous QC process was con-
ducted on the single-cell dataset GSE190452, as depicted
in Fig. 5d, to ensure the retrieval of cells of superior qual-
ity. Subsequently, these cells were annotated, and because
the dataset pertained to astrocytes, they were annotated as
astrocytes (Fig. 5e). Subsequently, we validated the expres-
sion profiles of key genes by comparing the epilepsy group
with the control group within the single-cell dataset. Violin
plots were generated to visualize intergroup differences,
demonstrating that key genes exhibited significant differ-
ences (P < 0.05) between the groups (Fig. 5f).

There was a strong functional similarity between five
key genes

"To gain insight into the chromosomal positioning of key
genes, the distribution of five key genes (CCRL2, XCL.2,
CXCR5,CXCL1, and CX3CR1) across the chromosomes
has been mapped. The chromosomal localization data
reveal that XCL2 is predominantly situated on chromo-
some 1, while CX3CR1 and CCRL2 are primarily found
on chromosome 3. CXCIL.1 is chiefly located on chromo-
some 4, and CXCRS5 predominantly resides on chromo-
some 11 (Supplementary Fig. 4, Supplemental Digital
Content, /Attps:/llinks.fww.com/WNR[ASZ3). Five genes

pivotal for subcellular localization were identified, collec-
tively occupying nine distinct subcellular sites and exhib-
iting colocalization at both the external cell membrane
and the intracellular cytoplasmic membrane (Fig. 6a).
This was further demonstrated by the functional simi-
larity results for the key genes. CCRL2, XCL.2, CXCRS,
CXCL1, and CX3CR1 showed high average func-
tional similarities (critical value > 0.5) (Fig. 6b). Twenty
key genes were predicted to be functionally relevant
(Fig. 6¢). The key genes exhibited 150 functional inter-
actions with these 20 genes, notably encompassing roles
linked to CCRs such as ‘cytokine activity’, ‘chemokine
receptor binding’, ‘cellular responses to chemokines’, and
‘chemokine-mediated responses’.

Microglia, B cells, T cells, and macrophages were
recognized as key cells, and they were involved in the
body’s inflammatory response

To identify the key cells, the expression of the five key
genes (CCRL2, XCL2, CXCR5, CXCL1, and CX3CR1)
was viewed in different cells in the single-cell dataset,
and the cells in which all the key genes were significantly
expressed were selected as the key cells. The key genes
were most significantly expressed in microglia, B cells, T
cells, and macrophages, and these four cells were identi-
fied as key cells (Fig. 7a-c). CCRL2 was predominantly
found in macrophages, with XCL2 reaching its peak
expression in T cells, CXCRS5 exhibiting the highest
levels in B cells, while CX3CR1 and CXCL1 were most
prominently expressed in microglia.

Microglia were classified into 11 subpopulations, T
cells into five subpopulations, B cells into five subpop-
ulations, and macrophages into seven subpopulations
(Fig. 7d). The diverse nature of pivotal cells indicates
that chemokines could play a role in the molecular
mechanisms underlying epilepsy. Moreover, the cellu-
lar communication findings revealed that microglia are
the predominant cells and exhibit robust interactions
with macrophages (Fig. 8a, b). In contrast, the ligand-
receptor interactions between macrophages and
microglia are quite abundant. Notably, within these
interactions, the engagement between macrophages and
microglia, as well as macrophages and oligodendrocytes,
the SPP1-CD44 pairing stands out as the most robust
(Fig. 8¢). The results of the functional enrichment
analysis of key cell clusters indicated that the common
signaling pathways shared by Macrophages, T cells, B
cells, and microglia encompass hydroxycarboxylic acid-
binding receptors, which bind to repetitive carbohydrate
structures on the target cell surface; COX reactions;
acetylcholine inhibited contraction of outer hair cells;
synthesis of epoxy (EET) and dihydroxyeicosatrienoic
acids, histamine receptors, FGFR1c and Klotho ligand
binding and activation, and proton-coupled neutral
amino acid transporters (Fig. 8d).
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Totally 27 drugs were more effective for epilepsy
patients

'To delve into the molecular regulatory processes govern-
ing the five key genes (CCRL2, XCL2, CXCR5, CXCIL.1,
and CX3CR1), miRNAs and TFs of key genes were pre-
dicted, and miRNAs acted as hub miRNAs connecting the
key genes and IncRNAs. Furthermore, a TF regulatory
network and a drug prediction network focusing on key
genes have been meticulously constructed. In the ceRNA
network, only CXCIL1 predicted the complete IncRNA-
miRNA-mRNA regulatory network (Supplementary Fig.

5a, Supplemental Digital Content, A#ps://links.fow.com/
WNR/AS23). CXCL1 is the sole predictor of the IncRNA-
miRNA-mRNA regulatory cascade. This complex regula-
tory framework entails the fine-tuning of CXCIL.1 through
the action of two distinct miRNAs: hsa-miR-570-3p and
hsa-miR-532-5p. The regulation of CX3CR1 is governed
by a set of three miRNAs, which include hsa-miR-644a,
hsa-miR-1227-3p, and hsa-miR-4261. In the TF regulatory
network, CCRL2 was predicted to interact with 37 TFs,
whereas CX3CR1 was predicted to interact with nine TFs.
No corresponding T'Fs were predicted for the other genes
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(Supplementary Fig. 5b, Supplemental Digital Content,
hitps:ilinks.fow.com/WNR/AS23). Moreover, the analysis of
drug predictions linked to key genes revealed that CXCR5
is associated with 21 pharmacological agents, CXCL1 with

4, CX3CRI1 with 2, while no

com|/WNRJASZ3).

pertinent drug compounds

were forecasted for the rest of the genes (Supplementary
Fig. 5¢, Supplemental Digital Content, /Azps://links.lww.
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number of cells; the larger the circle, the greater the number of cells. Cells that emit arrows express ligands, and cells to which the arrows point
express receptors. The more ligand-receptor pairs there are, the thicker the line. (b) Interaction weights/strength in key cells. (c) Ligand-receptor

interactions for key cell communication. Arrows emanating from the horizontal coordinates were cells expressing ligands, and cells pointed to by

arrows express receptors. The colors represent the intensity of the action. (d) The results of functional enrichment of key cell subsets. The horizontal

axis showed the different subpopulations and the vertical axis showed the enrichment pathways. Each row was a pathway and each column was a

subpopulation.




Discussion

Chemotactic agents not only elicit the migration of
peripheral leukocytes into the central nervous system
(CNS) across the blood-brain barrier, leading to their
accumulation in sites of injury, but recent investigations
also indicate their role in modulating voltage-gated ion
channels and exerting immunomodulatory influences
[40]. It has been found that the expression of CX3CL1,
CCR5, CCL2, and CCR2 are upregulated in the brain
tissue of patients with epilepsy [41-43]. In particular,
CX3CIL1, through the phosphorylation of individual
or multiple components of GABAA, diminishes the
excitability of neurons affected by epilepsy, which
in turn results in an elevated expression of CX3CL1
within the brain tissue of those suffering from TLE
[36]. Furthermore, the expression of CCRS5 and its cor-
responding ligands, CCL3 and CCLS5, is increased in
the hippocampal tissues of epilepsy patients and epi-
lepsy rat models, accompanied by an increase in CCR5-
positive [42,43].

This study confirmed that CCRL2, XCL2, CXCRS5,
CXCL1, and CX3CRI1 are the key genes involved in
epilepsy. XCL2 (X-C motif chemokine ligand) is a small
member of the X-C family of chemokines and is closely
linked to other chemokines. In several cancers, including
melanoma, nonsmall cell lung cancer, prostate cancer, and
colorectal cancer, high levels of XCL2 expression have
been reported [44]. Kamimura ez /. identified overex-
pression of XCL2 in lung cancer and its association with
disease prognosis [45]. The elevated levels of XCL2 in
the peripheral blood of individuals suffering from chronic
neuropathic pain indicate a potential intimate association
between XCL.2 and the progression of both chronic neu-
ropathic pain and various forms of cancer [46]. XCL2 is
integral to the immune response, stimulating the activa-
tion of cytotoxic T cells. Advanced transcriptomic and
single-cell sequencing analyses have elucidated that
XCL2 is intimately associated with the functions of T
lymphocytes and macrophages, thereby highlighting its
pivotal role within the immune system. Furthermore,
XCL2, a pivotal chemokine across various cancers, pre-
sents novel potential therapeutic targets and treatment
approaches for cancer management [47]. In the cere-
bral tissue specimens of epilepsy patients, we observed
a notable association between the expression levels of
XCL2 and the recurrence rate of epileptic episodes. This
correlation is particularly intriguing given that epilep-
tic seizures have the potential to elicit atypical immune
reactions within the brain [48,49]. It is speculated that
XCL2 may be involved in epilepsy-related immune
responses by being attracted to lymphocytes into brain
tissue. In essence, XCL2 appears to be a pivotal factor in
both chronic neuropathic pain and across diverse forms of
cancer. Nonetheless, the intricacies of its role in epilepsy
remain underexplored, necessitating additional research
to unravel its functional underpinnings.
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TheexclusivereceptorforCXCIL.13,designatedas CXCRS5
(C-X-C chemokine receptor type), was once referred to
as the Burkitt lymphoma receptor 1. Nonetheless, stud-
ies have indicated that animals lacking CXCIL.13 exhibit
normal migration of B cells within the CNS,; albeit with
a moderate and self-resolving instance of experimental
autoimmune encephalomyelitis (EAE) [50], suggesting
that CXCL13/CXCRS5 in the CNS may regulate this
neuroinflammatory disease. Recently, there has been
a greater focus on the role of CXCRS in brain develop-
ment [51,52]. Studies have uncovered that CXCRS5 plays
a pivotal role in the regulation of neural stem cells, neu-
ronal differentiation [53,54], neurogenesis, gliogenesis,
and synaptogenesis [10,55] in the mouse brain. Further,
a lack of CXCRS5 during embryonic development leads
to abnormal neuronal polarity, impaired neuronal migra-
tion, and increased neuronal hyperexcitability, ultimately
resulting in increased vulnerability to epileptic seizures
and convulsions [10]. Following the induction of status
epilepticus (SE) in a pilocarpine-induced rat model, the
protein concentrations of CXCL13 and CXCRS under-
went modifications across the varying phases of epilepsy
[50]. Furthermore, dual-label immunofluorescence exam-
ination revealed that CXCIL13 was predominantly local-
ized within the membranes and cytoplasm of neurons
and astrocytes, whereas CXCRS was primarily detected
in the membranes and cytoplasm of neuronal cells. This
suggests that the CXCL13-CXCRS5 pathway may play a
pathogenic role in intractable epilepsy [50]. In the wake
of epileptic seizures, the inflammatory response may lead
to an abnormal attraction of B lymphocytes to the brain
tissue, facilitated by the CXCR5-CXCIL.13 axis, subse-
quently impacting the immunological equilibrium within
the brain. These B lymphocytes could be implicated in
the synthesis of autoantibodies or the secretion of inflam-
matory mediators, which consequently lead to neuronal
harm and are linked to the pathophysiology of epilepsy
[56]. The precise mechanism by which CXCRS5 exerts its
regulatory influence on epilepsy continues to clude us,
necessitating additional exploration and in-depth study.

Recently, these SNPs have emerged as pivotal disease-
modifying factors in the realm of neurodegenerative
disorders. Notably, the loss-of-function variants of the
microglial fractalkine receptor, CX3CR1, have been
linked to heightened Braak staging in Alzheimer’s dis-
ease, expedited neurodegenerative processes, and a
diminished survival rate in patients with amyotrophic
lateral sclerosis [57-59]. One of the several important
neuroglial communication axes that maintain microglial
homeostasis is signaling via CX3CR1 and its neuronal
ligand CX3CL1 [59,60]. CX3CRI1-signaling not only
actively dampens microglial phagocytosis and neuro-
toxic/pro-inflammatory activation during healthy aging
but also inhibits NMDA- and glutamate-dependent Ca?+
influx into neurons, thereby protecting against neuronal
excitotoxicity [7,61]. Indeed, the disruption of CX3CR1
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amplifies inflammatory signaling within microglial cells,
a phenomenon that corresponds with an exacerbated
loss of dopaminergic neurons in the substantia nigra,
as observed in murine models of Parkinson’s disease
[61,62]. The FKN/CX3CR1 pathway contributes to
migraine-like symptoms by triggering the activation of
microglia in the thalamic-cortical network of rats experi-
encing SE [63]. In summary, abnormal CX3CR1 function
may lead to abnormal activation of macrophages in the
brain tissue, releasing excessive inflammatory mediators.
Especially the signaling of particular, which is associated
with the pathological process of epilepsy [64]. CX3CL1,
a key signaling molecule, plays a central role in the inter-
action between microglia and neurons. It not only finely
regulates the basic physiological activities of the nervous
system during development, adulthood, and aging but
also enhances the survival of neurons and their precursor
cells and regulates synaptic transmission and plasticity
[65]. The disruption in CX3CL1 signaling is intimately
linked with a myriad of neuropathological disorders, with
its expression being susceptible to the impacts of exter-
nal toxic agents. This molecule demonstrates an intricate
interplay of both stimulatory and inhibitory influences in
the context of diseases such as multiple sclerosis, inflam-
mation triggered by EAE, epilepsy, and brain neoplasms,
thereby underscoring the Janus-like role of CX3CL1 in
the maintenance of neurological wellness and the onset
of diseases [66].

CXCL1, a pivotal chemokine, serves as a critical cytokine
in modulating the course of diverse inflammatory disor-
ders, predominantly through the activation of CXCR2
and CXCRI1. Its expression is significantly upregulated
in the inflammatory response, which profoundly affects
the pathological process and plays a key role in induc-
ing angiogenesis and promoting neutrophil recruitment
at the physiological level [67]. The C-X-C chemokine
ligand (CXCL) 1, alongside its corresponding receptor
CXCR2, is extensively distributed throughout both the
peripheral nervous system and the CNS. They don’t just
engage in the inflammatory response and the regulation
of pain following nerve damage, but also significantly
impact the direct harm to neurons and the resultant sec-
ondary injuries within their primary regions. Activation
of the CXCL1/CXCR2Z axis can trigger injury-related
pathways in neurons, whereas the expression of CXCR2
in astrocytes promotes cell proliferation but weakens its
function and jointly and complexly regulates pathophys-
iological processes after nerve injury [68]. CCRL2 stands
out as a distinctive chemokine receptor featuring seven
transmembrane domains. Despite exhibiting a struc-
tural analogy to the unconventional chemokine recep-
tor, it lacks both the chemotactic capabilities and the
functions associated with clearing chemokines. It selec-
tively adheres to the chemokine chemerin and is found
within both leukocytes and nonhematopoictic cellular
structures. Gene ablation studies, CCRL2 have revealed

that it plays a key role in the regulation of inflammation,
but its specific role as a positive or negative regulatory
factor requires further exploration [69]. It was found
that CCRL2 might be associated with an inflammatory
response following epileptic seizures. Seizures are often
accompanied by inflammatory reactions in the brain, and
the expression level of CCRL2 in the brain undergoes
significant changes after seizures [70]. It was speculated
that CCRL2 may affect the inflammatory microenviron-
ment following epileptic seizures by being involved in
regulating the distribution and activity of inflammatory
cells in the brain.

This investigation pinpointed T cells, B cells, micro-
glia, and macrophages as pivotal CCs, with a quintet
of key genes—CCRL2, XCL2, CXCR5, CXCL1, and
CX3CR1—exhibiting differential expression levels
across these distinct cell types. Communication analysis
revealed a strong interaction between macrophages and
microglia, suggesting that stimulating these cells may
promote epilepsy development by increasing the expres-
sion of CCRL2, XCL2, CXCR5, CXCL1, and CX3CRI.
Conversely, inhibition of these cell interactions could
potentially improve epilepsy conditions. LLigand-receptor
interactions between macrophages and B cells have been
identified, with pairs such as SPP1-(ITGAV+ITGB1),
TNF-TNFRSF1B, and LGALS9-CD44, which are
potential therapeutic targets for epilepsy [71]. SPP1 is
implicated in the modulation of host immune responses,
with earlier research indicating thatit can adeptly regulate
the immune system of the host by enhancing the expres-
sion of IL.-12 and IFNYy within murine macrophages and
natural killer cells [72,73]. SPP1 is upregulated in human
glioma-associated macrophages [74]. SPP1 may affect the
excitability of hippocampal neurons. A pivotal discovery
for a prospective therapeutic approach aimed at modify-
ing hippocampal functionality in a live setting is the rev-
elation that the impact is predominantly reliant on M1
receptor activity [75]. LGALS9 regulates the immune
response and may affect epilepsy through immune cells
and signaling [76-78]. Integrin subunit alpha V (ITGAV)
is associated with KRAS signaling and immune activa-
tion [79]. The tumor necrosis factor receptor superfam-
ily ('NFRSF), upon engaging with a diverse array of
cytokines, exhibits an elevation in TNFRSF1B expres-
sion particularly within the context of Inflammatory
Bowel Disease, thereby exacerbating the inflammatory
reaction [80,81]. Animal models and human studies alike
have demonstrated that the onset of epilepsy is signifi-
cantly influenced by immune activation and the resultant
inflammatory processes [82,83]. Anti-inflammatory ther-
apy has been shown to be effective in controlling epileptic
seizures [84]. Therefore, SPP1, TNFRSE, and LGALS9
regulate epilepsy through the inflammatory and immune
pathways, including chemokines. In this investigation,
the pathways consistently associated with the enhance-
ment of macrophage and microglial populations were



identified as ‘proton-coupled neutral amino acid trans-
porters’ and ‘COX-mediated responses’. COX-2 serves as
a pivotal target for therapeutic agents aimed at alleviating
inflammation and pain. Although the interplay between
genetic modification and pharmacological suppression of
COX-2 has been investigated in the context of seizure
disorders, the impact of COX-2 inhibitors on the onset
of acute seizures has yielded variable outcomes within
rodent experimental frameworks [85]. Recent evidence
indicates that the underlying mechanism of epileptogen-
esis encompasses the interplay between adaptive and
innate immune responses. Cytotoxic T cells and antibody-
mediated complement activation are major components
of the adaptive immune system that are capable of induc-
ing neurodegeneration and are thought to contribute to
epileptic encephalitis [86]. Furthermore, the adminis-
tration of celecoxib, which inhibits COX-2, has been
observed to mitigate cognitive deficits in epileptic mice
induced by PTZ, indicating that cognitive impairments
in these mice may be linked to neuroinflammation and
neuronal damage caused by the COX-2-PGE2 pathway
[87]. The biosynthesis of protection and catabolite cou-
pling in tissue regeneration is closely related to neural
metabolism [88]. Proton-coupled amino acid transporters,
classified as SLLC36As and commonly referred to as PAT,
are integral members of the transmembrane amino acid
cotransporter family. They exhibit distinct expression
profiles and display a range of substrate specificities [89].
Currently, there is no research on whether it is involved
in the development of epilepsy, apart from its function
as an AA transporter protein [90,91]. These pathways are
integral to the development of CNS disorders, such as
epilepsy, though the precise molecular mechanisms at
play have yet to be fully elucidated.

Currently, despite the presence of potentially impactful
components or structures within compounds like dig-
eranyl bisphosphonate, BPH-742, COMPOUND 51,
MINORONIC ACID, and WWIL.123 that could influence
the epileptic process, there exists no definitive scientific
proof to indicate their direct application in epilepsy treat-
ment or to confirm their distinct antiepileptic properties.
These compounds may affect epilepsy by regulating
neurotransmitters, ion channels, neuroinflammation, and
oxidative stress mechanisms; for example, digeranyl bis-
phosphonate was predicted through CXCL15, which is
an effective inhibitor of geranyl pyrophosphate (GGPP)
synthase [92]. It prevents protein geranylation by inhib-
iting GGPP synthase and thus affects intracellular sign-
aling pathways [92]. Research has shown that inhibiting
the biosynthesis of geranyl diphosphate synthase affects
endocrine differentiation [93]. Research indicates that
inhibitors of ABHD6 modulate the production of activity-
dependent 2-arachidonoyl glycerol (2-AG), thereby trig-
gering the activation of cannabinoid receptor 1, a feature
observed in certain epileptic conditions [94]. Inhibition
of ABHD6 by WWL-123 significantly reduces the
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frequency of chemically and genetically induced seizures
in mice [94]. Hence, this medication holds promise as a
viable therapeutic target for investigating the etiology
and intervention approaches of disorders linked to abnor-
mal endocrine differentiation. Nevertheless, the precise
implications necessitate additional empirical investiga-
tion and clinical verification. This study revealed that
CXCL1 is governed by hsa-miR-570-3p and hsa-miR-
532-5p. Previous research has found that miR-570-3p is
involved in the occurrence and development of breast
cancer, osteosarcoma, and bladder cancer [95-97]; miR-
570-3p overexpression can alleviate endothelial inflam-
matory injury in diabetes by mediating HDAC1 [98].
miR-532-5p exerts necuroprotective effects against
ischemic stroke by suppressing PTEN expression and
directly binding to CXCL1, consequently activating
the PI3K/Akt signaling cascade, and holds potential as a
novel therapeutic candidate for the treatment of ischemic
stroke [99,100]. However, hsa-miR-570-3p and hsa-miR-
532-5p have not been studied in epilepsy. In the inflam-
matory response of the brain after epileptic seizures, the
expression of CXCL1 is significantly upregulated. It is
believed that CXCL1 may exacerbate the inflammatory
response in the brain by attracting a large number of neu-
trophils into brain tissue. Excessive aggregation of neu-
trophils in the brain tissue can release reactive oxygen
species and proteases, causing direct damage to neurons
and potentially disrupting the integrity of the blood-
brain barrier, further exacerbating pathological changes
after epileptic seizures [101].

This investigation was not without its limitations.
Foremost, the compact sample size may have inadvert-
ently introduced sampling bias, and as such, it failed to
capture the complete range of genetic variations and
clinical presentations associated with epilepsy, thus con-
straining the broad applicability and the representative
nature of the findings. Secondly, in the course of perform-
ing cell RNA sequencing data analysis and MR, there
are inherent subjective inaccuracies in the annotation
of cell types and the quantification of gene expression,
along with potential biases from certain confounding
elements. Moreover, the genes that have been identified
still require functional substantiation. Lastly, the findings
of this study are grounded in data from European pop-
ulations, which may exhibit genetic and environmental
discrepancies when compared to other racial and regional
groups. Consequently, the subsequent research endeav-
ors could be enhanced by adopting the following strat-
egies. Initially, assemble an extensive array of epilepsy
patient samples from varied geographical locations and
ethnic backgrounds to bolster the diversity and repre-
sentativeness of the sample population. Second, com-
bine multiple omics technologies, such as proteomics
and metabolomics, the genetic and environmental con-
founding can be overcome, and the pathogenesis of epi-
lepsy can be comprehensively explored. Additionally, the
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specific roles and regulatory mechanisms of key genes in
the occurrence and development of epilepsy can be clar-
ified through methods such as gene editing techniques,
cell experiments, animal models, and others. Finally,
similar studies will be conducted among multiethnic and
cross-regional populations to verify the generalizability of
the results, explore specific differences, and assist in the
personalized diagnosis and treatment of epilepsy.

In summary, the present investigation integrated
scRNA-seq with GWAS findings to delve into the CCR-
associated genes and their roles in the context of epi-
lepsy. Our analysis highlighted CCRL2, XCL2, CXCRS,
CXCL1, and CX3CR1 as key genes linked to epilepsy.
Furthermore, our research revealed that microglia, B lym-
phocytes, T lymphocytes, and macrophages are integral
to the onset and progression of epilepsy. The findings
imply that modulating the expression of these genes
and controlling the function of these immune cells could
potentially mitigate the emergence and advancement of
epilepsy. Nevertheless, additional validation is necessary
to elucidate the precise regulatory mechanisms pertain-
ing to chemokines and immune cells in the context of

epilepsy.
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