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With ongoing progression of severe acute respiratory syndrome coronavirus-2 induced coronavirus
disease-19, the post-acute coronavirus disease-19 syndrome (long coronavirus disease) has garnered
increasing wide attention as a novel multi system disorder. Epilepsy is one of neurological manifestations
associated with long coronavirus disease. However, the underlying common pathogenic mechanisms
responsible for epilepsy induced by coronavirus disease-19 remain elusive. This research focused on
identifying and elucidating the common underlying molecular mechanisms and biological processes
underlying coronavirus disease-19 related epilepsy through bioinformatic methods. Gene expression
omnibus and array express databases provided gene expression profiles associated with coronavirus
disease-19 and epilepsy. Weighted gene co-expression network analysis revealed the major modules and
the shared genes between epilepsy and coronavirus disease-19. A protein-protein interaction network
was established using these common genes, and relevant hub genes were recognized through Cytoscape.
Additionally, gene ontology and Kyoto encyclopedia of genes and genomes enrichment analyses
revealed the shared pathogenic molecular mechanism between epilepsy and coronavirus disease-19.
373 common genes shared by the two diseases were chosen for further analysis. Cytoscape identified
20 hub genes related to epilepsy and coronavirus disease-19. The enrichment analysis indicated that
activation of the immune response might be a potential biological process involved in coronavirus
disease-19 related epilepsy. The immune cell infiltration analysis showed that dendritic cells after
being activated were positively correlated with both the two diseases. This research expounded the
common pathogenesis of epilepsy and coronavirus disease-19, offering potential novel insights into
diagnostic and clinical management strategies for coronavirus disease-19 related epilepsy.
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Sinceinitial identification of Severe Acute Respiratory
Syndrome-Coronavirus-2 (SARS-CoV-2) infection
in December 2019, its rapid global spread has led
to significant consequences. Coronavirus Disease
(COVID)-19 was declared a pandemic by the World
Health Organization (WHO) on March 11% 2020,
signifying the most severe public health emergency
of the 21 century!!l. Initially, COVID-19 shows
extra pulmonary manifestations”. However, with
the pandemic progressed, a considerable number of
recovered people after COVID-19 began experiencing
persistent complications, collectively referred to as

as the post COVID-19 condition, which is observed
in people who had a confirmed or probable SARS-
CoV-2 infection, typically manifesting 3 mo after
the onset of COVID-19 symptoms and lasting for
over 2 mo, without an alternative explanation for
the symptomsl!. Statistically, incidence of long
COVID is estimated to range 10 %-30 % among non-
hospitalized cases!®, 50 %-70 % among hospitalized
cases!), and 10 %-20 % among vaccinated cases'®.
The clinical presentations of long COVID exhibit
considerable variation in terms of symptoms,
severity and duration. Multiple systems, such as

long COVIDBE4. Long COVID is commonly defined respiratory, cardiovascular, digestive, nervous,
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and hematological, are usually impaired by the
condition®!.

Epilepsy, a prevalent neurological disorder, presents
challenges in achieving optimal seizure control
through pharmacotherapy, as over 30 % of patients
experience inadequate seizure control despite drug
treatment!!®!",  Patients with intractable epilepsy
usually undergo surgery to mitigate their mortality
risks!'>31. Notably, the most frequently reported
neurological conditions linked to COVID-19 are
acute symptomatic epileptic seizures and Status
Epilepticus (SE) with a high rate of mortality (5
%-39 %)UY, A comprehensive analysis conducted
in October 2022, based on a retrospective cohort
encompassing approximately 1.5 million patients
diagnosed with COVID-19, revealed an increased risk
of new epilepsy or seizure diagnosis during the first
6 mo as well as 2 y following the initial COVID-19
diagnosis, when compared to adequately matched
patients with other respiratory infections!'*!. These
compelling clinical and epidemiological findings all
revealed the link between epilepsy and COVID-19.

COVID-19 related epilepsy can arise from a range of
pathophysiological mechanisms. Seizures commonly
manifest as initial symptoms in viral infections of
Central Nervous System (CNS)!®, Notably, brain
tissues of some individuals with COVID-19 have
exhibited neuropathological changes, along with
observed SARS-CoV-2 RNA and viral proteins!!”,
Based on current evidence, SARS-CoV-2 can access
the CNS via two possible routes; the olfactory
route and the hematogenous pathway. The virus
can access the CNS through the olfactory route by
infecting the olfactory neurons in the nasal cavity.
In the hematogenous pathway, viruses can enter
the CNS through the infiltration of infected blood
cells or the direct infection of endothelial cells at
the Blood-Brain Barrier (BBB). This invasion can
subsequently result in encephalitis, which may be
accompanied by the occurrence of seizures!'®!”,
Additionally, systemic inflammation induced by
viral infection, even without neuroinvasion or true
encephalitis, can contribute to seizures. Previously,
important role of pro-inflammatory cytokines in
initiation and persistence of epilepsy has been
focused on?”. SARS-CoV-2 infection is typically
accompanied by fever and elevated circulating
inflammatory cytokines, which can disrupt the BBB
integrity and potentially facilitate the transfer of
inflammatory cytokines into the CNSP!. Moreover,
systemic inflammatory cytokines could also enter the

59 Indian Journal of Pharmaceutical Sciences

CNS through the vagal nerve in the gut-brain axis2.
Furthermore, following SARS-CoV-2 infection,
immune cells often become over-activated, leading
to increased infiltration of immune cells from the
bloodstream into the brain. These immune cells may
contribute to neurotoxicity, synaptic dysregulation,
and ictogenesis. Additionally, immune cells are
usually over activated after SARS-CoV-2 infection,
which may increase the infiltration of immune cells
from circulation to brain. These cells may contribute
to neurotoxicity, synaptic dysregulation, and
ictogenesis?*2*, Nonetheless, the precise underlying
molecular and biological mechanisms that link
epilepsy with COVID-19 remain fully elucidated.

The Ribonucleic Acid (RNA)-seq and microarray
technologies were utilized to explore the common
pathogenesis and interaction between different
diseases. This research aimed to recognize the hub
genes related to the common pathogenesis between
epilepsy and COVID-19 through Weighted Gene
Co-Expression Network Analysis (WGCNA). 373
common genes were identified between epilepsy and
COVID-19. Next, the Protein-Protein Interaction
(PPI) network was constructed to elucidate the
relationships among these proteins. In addition, using
the Cytohubba analysis, the top 20 genes with the most
active interaction were designated as hub genes and
primarily enriched in immune response activation,
suggesting a potential common mechanism for
epilepsy and COVID-19. The combination of Cluster
of Differentiation (CD) 38 and Protein Kinase C
Alpha (PRKCA) was identified as the shared
diagnostic genes between epilepsy and COVID-19 by
employing LASSO regression, and this finding was
validated in additional datasets. Moreover, immune
cell infiltration analysis revealed the involvement of
activated Dendritic Cells (DCs) and CD8 T cells in
pathogenic processes of the two diseases. Finally, the
interplay among hub genes, Transcription Factors
(TFs), and microRNA (miRNA) were forecasted
based on different databases. Overall, this research
elucidated the molecular mechanisms underlying
the association between epilepsy and COVID-19.
Meanwhile, the identified hold promises as potential
targets for diagnosing and intervening COVID-19
related epilepsy.

MATERIALS AND METHODS
Datasets collection and preprocessing:

Fig. 1, depicts operations for data collection and
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analysis. The COVID-19 dataset (GSE196822) and
epilepsy dataset (E-MTAB-3123) were obtained
from the publicly available Gene Expression
Omnibus (GEO) and Array Express public database,
respectively. The GSE196822 dataset comprised
34 patients with COVID-19 and 9 non COVID-19
controls. This dataset was generated using the
GPL20301 Illumina HiSeq 4000 (Homo sapiens)
platform. On the other hand, the E-MTAB-3123
dataset consisted of 24 patients with temporal lobe
epilepsy and 23 post-mortem controls without
epilepsy. This dataset was generated based on the
Agilent-039906 custom chip platform.

WGCNA:

WGCNA is a powerful analytical technique utilized
to examine the gene expression patterns across
multiple samples. This method identifies gene
clusters with similar expression patterns and explores
the correlations between modules and specific
traits or phenotypes™®!. The WGCNA R package
enabled the construction of the gene co-expression
modules of COVID-19 and epilepsy. Firstly, the
pickSoftThreshold function was employed to utilize
and define the optimal soft threshold power (B) for
constructing the adjacency matrix construction based
on the scale-free topology criterion. Subsequently, the

Epilepsy related dataset
E-MTAB-3123

¥
WGECNA

Epilepsy related key modules

TOM similarity algorithm converted the adjacency
matrix into a topological overlap matrix. Hierarchical
clustering analysis of the topological overlap
matrix, along with the employment of the Dynamic
Branch-Cut method, was performed to recognize
co-expression modules. Module Eigengene (ME)
was computed using the ME algorithm. Spearman
correlation analysis was adopted to determine the
link of ME to clinical traits, with p<0.05 and absolute
correlation coefficient (r)>0.3 were identified
statistically significant. Modules with high trait
correlation were considered as crucial modules, and
genes within those modules were selected for further
analyses.

Identification of common and hub genes in
COVID-19 and epilepsy:

COVID-19 related and epilepsy-relevant modules
were intersected to confirm their common genes.
In this research, STRING (https://cn.string-db.
org/) was used to contribute a PPI network of the
common genes with a score (combined score) >0.7.
This network was subjected to visualization through
Cytoscape (version 3.9.1). The hub genes (top 20)
with the strongest interactions were screened by
Cytohubba plug-in in Cytoscape through degree
topological analysis method.
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Fig. 1: Flow chart for the research design
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Functional enrichment and pathway analysis of hub
genes:

The clue Gene Ontology (GO) plug-in in Cytoscape
and the clusterProfiler package performed GO and
KEGG enrichment analyses on those common genes
and hub genes to understand the shared underlying
pathogenesis between COVID-19 and epilepsy. The
biological functions of the hub genes were described
by the GO analysis from Biological Process (BP),
Molecular Function (MF), and Cellular Component
(CC). Employing clue GO allowed for the reduction
of redundant GO terms while preserving more
representative parent or child terms®®. KEGG
analysis elucidated the pathways in which the hub
genes were involved. p<0.05 was considered as the
threshold of significant enrichment.

Immune cell infiltration analyses:

Cell-type Identification by Estimating Relative
Subsets of RNA Transcripts (CIBERSORT) enabled
the characterization of immune cell infiltration in
epilepsy and control (http://CIBERSORT.stanford.
edu/). CIBERSORT can transform the expression
data of genes into composition of infiltrating
immune cells??”). By employing the LM22 gene file
of CIBERSORT, the components and percentages
of 22 infiltrating immune cells were identified. The
Wilcoxon test was performed to identify immune
cell populations that exhibited significant differences
between epilepsy and control. Visualization of the
immune cell infiltration results was achieved using
the ggplots and pheatmap R packages. Additionally,
Spearman’s rank correlation test with p<0.05 was
utilized to explore the link between hub genes and
the infiltrating immune cells.

Diagnostic biomarker selection based on machine
learning:

The LASSO is a popular regression method that
aids in variable selection and enhances predictive
accuracy®®. A glmnet R package was adopted for
performing the LASSO regression, aiming to identify
the optimal diagnostic biomarkers of epilepsy and
COVID-19 in the hub genes.

Diagnostic value evaluation:

The two candidate biomarkers were externally
validated based on the Receiver Operating
Characteristic (ROC) curve analysis in separate
datasets for epilepsy and COVID-19. The GSE177477
dataset contained 11 COVID-19 patients and 18
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controls. The 9 epilepsy samples and 50 controls in
GSE143272 dataset were selected.

Prediction of TFs and miRNAs:

TFs corresponding to hub genes were forecasted
by five databases (ChEA, ENCODE, hTFtarget,
TRANSFAC, and TRRUST). TFs which displayed
interactions in at least three databases were selected
for further analysis. Additionally, five bioinformatics
tools (miRMap, miRanda, miRDB, TargetScan, and
miTarBase) were applied to forecast the interplays
between miRNA and hub genes®-3. Only the
miRNAs which were forecasted by all five tools were
selected. The TF-miRNA-mRNA regulatory network
was established with Cytoscape (version 3.9.1).

RESULTS AND DISCUSSION

The research procedure was illustrated in fig. 1. Four
datasets were selected, and their key information
is summarized in Table 1. The E-MTAB-3123 and
GSE196822 datasets were undertaken as the discovery
cohorts for conducting the WGCNA analysis.
Subsequently, the GSE143272 and GSE177477
datasets were based to assess the diagnostic value of
the shared diagnostic biomarkers.

WGCNA explored the co-expressed gene modules
in epilepsy and COVID-19 related datasets. For the
E-MTAB-3123 dataset, a soft threshold power (B) of
18 was determined, forming a scale-free topological
index (R?) of 0.815 (fig. 2A). The network exhibited
a scale-free topology distribution, in line with the
corresponding model and mean connectivity. The
association between gene modules and clinical traits
(diseases and health states) was calculated based on
Spearman correlation analyses (fig. 2A and fig. 2B).
Five modules were found to be greatly associated
with epilepsy and were designated as epilepsy-related
key modules (the dark olive green module r=0.61,
p=5e-6; the dark green module r=0.55, p=7e-5; the
sky blue r=-0.52, p=2e-4; the mid night blue module
r=-0.84, p=2e-13 and the sienna3 module r=-0.65,
p=9¢e-7). Similarly, the p of 28 and R? of 0.749 were
set in GSE196822 dataset. Among the ten identified
modules, the steel blue module (r=-0.63, p=4e-5),
the pale turquoise module (r=-0.58, p=3e-4), and
the black module (r=-0.39, p=0.02) exhibited strong
correlations with COVID-19 (fig. 2C and fig. 2D).
The common genes were identified by intersecting
the epilepsy and COVID-19-related modules, which
were considered to be extremely related to the
pathogenesis of epilepsy and COVID-19 (fig. 3A).
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TABLE 1: INFORMATION OF DATASETS CONTAINING THE EPILEPSY AND COVID-19 PATIENTS

Disease Dataset Platform Samples Tissue
COVID-19 GSE196822 GPL20301 34 patients and 9 controls Peripheral blood
Epilepsy E-MTAB-3123 Agilent SurePrint G3 24 patients and 23 controls Hippocampal tissue
COVID-19 GSE177477 GPL23159 11 patients and 18 controls Peripheral blood
Epilepsy GSE143272 GPL10558 9 patients and 50 controls Peripheral blood
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Fig. 2: Construction of weighted co-expressed networks in epilepsy and COVID-19 datasets. (A): Cluster dendrogram of genes in epilepsy;
(B): Cluster dendrogram of genes in COVID-19; (C): Heatmaps of module-trait relationships in epilepsy and (D): Heatmaps of module-trait
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Fig. 3: Identification of common genes between epilepsy and COVID-19. (A): Venn diagram of common genes between the key modules of
E-MTAB-3123 and GSE196822 datasets and (B): GO enrichment analysis of the common genes in ClueGO
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To understand the potential biological functions of the
373 shared genes between epilepsy and COVID-19,
GO enrichment analysis was conducted using clue GO
(fig. 3B). The results revealed that they were mainly
enriched in various biological activities, including T
cell activation, lymphocyte activation, regulation of
cytokine production, peptide antigen assembly with
Major Histocompatibility Complex (MHC) class
Il protein complex, cellular response to chemical
stress, and leukocyte mediated cytotoxicity. Notably,
T cell activation accounted for about 50 % of total
GO terms (fig. 2A). These results indicated that these
common genes may collectively participate in the
progression of both epilepsy and COVID-19 through
immune activation related biological functions or
signaling pathways.

To understand the inter correlations among the
common genes, a PPI network was proposed based
on the STRING database. This network allowed to
identify the key proteins that play essential biological
roles and reveal the underlying mechanisms®**. This
network for the common genes contained 185 nodes
and 247 interaction pairs (fig. 3A). The CytoHubba

plug-in in Cytoscape analyzed the PPI network based
on the degree algorithms (fig. 4A). The top 20 genes
were selected as hub genes, because they had the
strongest interactions, which were Phosphoinositide-
3-Kinase Regulatory 1 (PIK3R1), Heat Shock
Protein Alpha 8 (HSPAS), Retinoblastoma-Binding
Protein 7 (RBBP7), Heat Shock 70 kDa Protein 4
(HSPA4), NR3Cl1, Fc Gamma Receptor 3A
(FCGR3A), Ribosomal Protein S15A (RPS15A),
Inositol 1,4,5-Trisphosphate Receptor Type 1
(ITPR1), Discs Large MAGUK Scaffold Protein
1 (DLG1), Clathrin Heavy Chain (CLTC), CD38,
Chaperonin Containing TCP1 4 (CCT4), PRKCA,
PIK3C2A, Integrin Subunit Alpha V (ITGAV),
Histocompatibility Complex, Class II, DR Alpha
(HLA-DRA), Histocompatibility Complex,
Class II, DP Beta 1 (HLA-DPBI1), HLA-DPAI,
Eukaryotic Translation Initiation Factor 2 Subunit
Alpha (EIF2S1), and Ubiquitin Protein Ligase
E3A (UBE3A). The strongest interactions among
these genes suggested their potential importance in
the pathogenic mechanisms of both epilepsy and
COVID-19.
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To explore the shared regulatory pathways and
biological functions of the hub genes, the GO and
KEGG analyses were implemented. The GO terms of
BPs uncovered that the hub genes were significantly
enriched in immune response-activating, antigen
processing and presentation, and regulation of cell-
cell adhesion. In terms of CCs, these genes were
primarily associated with coated vesicle, clathrin-
coated vesicle, transport vesicle, endocytic vesicle,
and their membranes, as well as lysosomal membrane.
For MFs, the genes were predominantly involved
in amide binding, peptide binding, phospholipid
binding, antigen binding, and binding to MHC
proteins (fig. 4B). Moreover, the KEGG analysis
demonstrated that the hub genes were primarily
associated with pathways related to infectious
diseases, immune response, and antigen processing
and presentation (fig. 4C and fig. 4D). Collectively,
the hub genes may contribute to the progression of
epilepsy and COVID-19 primarily through immune
response-related biological functions or signaling
pathways.

Given that the above analysis of the common
and hub genes has revealed the important role for

A

immune responses in the progression of epilepsy
and COVID-19, the 22 immune cells in two groups
were investigated through CIBERSORT analyses
to explore their potential immune mechanisms.
The analysis indicated that the epilepsy samples
were positively linked to naive B cell, activated
DCs, mast cells in a resting state, NK cells in an
inactive state, CD4 memory T cells with a naive
phenotype, and T cells with a regulatory function.
While, negative links were observed with memory
B cells, M2 macrophages, activated mast and NK
cells, plasma cells, CD8 T cells, and follicular helper
T cells (fig. 5A). For COVID-19 samples, positive
correlations were observed with memory B cells,
MO macrophages, activated DCs, neutrophils, and
CD8 T cells, while negative relationships were noted
with naive B cells, activated CD4 memory T cells,
and CD8 T cells (fig. 5B). Notably, epilepsy and
COVID-19 patients exhibited increased activated
DCs and reduced CD8 T cells compared to controls.
These results suggested the potential significance of
activated DCs and CD8 T cells in COVID-19 related

epilepsy.

Subsequent to that, the association of hub genes to
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Fig. 5: Immune cell infiltration analysis. (A): The difference for immune cell infiltration between epilepsy and controls in the E-MTAB-3123; (B):
The difference for immune cell infiltration between COVID-19 and controls in the GSE196822 and (C): Spearman correlation analysis between hub
genes and infiltrating immune cells in the E-MTAB-3123 dataset.

Note: *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 respectively, and (ns): No significant difference, (A) (8): Control and (8): Epilepsy, (B)
(8): Control and (8): COVID-19
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the significantly differential immune cells in epilepsy
samples was assessed. The findings demonstrated
predominantly positive correlations between most
of the hub genes and activated mast cells, activated
NK cells, CD8 T cells, and memory B cells. On the
other hand, they were negatively linked to resting
NK and CD4 memory T cells, and naive B cells (fig.
5C). As a result, these genes may participate in the
pathogenesis of epilepsy together with immune cells.

Given the importance of hub genes in the pathogenic
mechanisms of epilepsy and COVID-19, the
LASSO algorithm was employed to construct a
diagnostic model and identify the potential shared
diagnostic genes of the two diseases. Nine genes in
E-MTAB-3123 and five genes in GSE196822 were
identified as potential candidates of epilepsy and
COVID-19,respectively (fig. 6Aand fig. 6B). Besides,
CD38 and PRKCA were found to be overlapping and
designated as the common diagnostic biomarkers for
epilepsy and COVID-19 (fig. 6C).

To evaluate the diagnostic performance of the
biomarkers, a ROC curve was constructed to
determine the diagnostic specificity and sensitivity
of CD38 and PRKCA. In the E-MTAB-3123 dataset,
PRKCA exhibited a nearly perfect diagnostic value
(Area Under the Curve (AUC)=0.951) for epilepsy
(fig. 6D). In the GSE196822 dataset, PRKCA
demonstrated a good diagnostic value (AUC=0.829)
for COVID-19 (fig. 6E). Notably, the combination
of CD38 and PRKCA showed the highest diagnostic
values in both datasets. To validate these findings, the
diagnostic efficacy was further evaluated using two
external datasets. CD38 and PRKCA exhibited strong
predictive performance in both the epilepsy dataset
GSE143272 and COVID-19 dataset GSE177477 (fig.
6F and fig. 6G). Similarly, the combination of CD38
and PRKCA demonstrated the highest predictive
performance. Given these results, the combination
of CD38 and PRKCA had a powerful discriminatory
capability, which may be a potential prevention and
diagnostic target for COVID-19 related epilepsy
patients.
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To identify the TFs and miRNAs which regulating
the hub genes, a TF-miRNA-hub gene regulatory
network was constructed (fig. 7). Using five
databases, including ChEA, ENCODE, hTFtarget,
TRANSFAC, and TRRUST, 35 TFs that may regulate
the hub genes were identified. Noteworthy, CREB1
and TCF3 emerged as important TFs with the highest
number of connections to the hub genes. Similarly,
other databases were used and the interactions of
16 miRNAs with the hub genes were found. Five
essential miRNAs were revealed, such as hsa-miR-
106b-5p, hsa-miR-17-5p, hsa-miR-20a-5p, hsa-miR-
20b-5p, and hsa-miR-93-5p.

Ever since COVID-19 emerged in 2019, more and
more cases of seizures in patients infected with
SARS-CoV-2 have been reported™>3¢. A case report
in May 2020 reported the occurrence of focal SE as
the first symptom of a patient infected with SARS-
CoV-2B71, Another report in October 2020 described a
patient with refractory SE 6 w after SARS-CoV-28%,
As the epidemic progresses, numerous studies have
confirmed the strong association between epilepsy
and COVID-198%. Several theoretical mechanisms
have been proposed to explain this correlation, such
as fever during infection, neuroinvasive of SARS-
CoV-2, elevated circulating cytokines, destruction
of BBB, and hyper activated immune cells!**+],
However, the intricate molecular mechanisms
underlying the interaction between epilepsy and
COVID-19 still have not been completely elucidated.
This research investigated the common genes and
shared signatures of epilepsy and COVID-19 using
bioinformatics methods, so as to facilitate early

detection and improve therapeutic strategies for
COVID-19-related epilepsy.

In this research, 373 common genes between
epilepsy and COVID-19 were identified using the
WGCNA. The enrichment analysis disclosed that
the identified genes were dominantly enriched in
immune response-related pathways and functions,
such as antigen presentation, lymphocyte activation,
and regulation of cytokine production. These results
highlight the crucial role of the immune response in
the common pathogenesis of epilepsy and COVID-19.
SARS-CoV-2 infection may impact the CNS either
by directly invading neurons or by causing immune-
mediated nervous damage!*. However, detecting
SARS-CoV-2 RNA in the cerebrospinal fluid of
COVID-19 patients with neurological symptoms
is relatively rare, which suggested that direct
neuronal invasion may not be the main mechanism.
Frequently, COVID-19 is commonly accompanied
by massive release of various cytokines and
hyper activation of immune response®*!. Some
of the circulating cytokines could increase BBB
permeability, which allows immune cells to infiltrate
the CNS and attack neurons!*). Previous reports have
indicated that certain respiratory viruses can trigger
an inflammatory cascade during infections, resulting
in the release of cytokines that activate glutamate
receptors, thus leading to neuronal hyperexcitation
and the onset of acute symptomatic seizures!*’).
Consequently, it was speculated that the elevated
cytokines and immune activation may be one of the
pathogenesis of COVID-19 related epilepsy.
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Fig. 7: Construction of the TF-miRNA-hub gene regulatory network
Note: («@>): Hub gene; (mmm): TF and (@®): miRNA
Special Issue 6, 2024 Indian Journal of Pharmaceutical Sciences 66



www.ijpsonline.com

PPI analysis further identified 20 hub genes which
were closely related to epilepsy and COVID-19,
including PIK3R 1, HSPA8, RBBP7, HSPA4, NR3Cl1,
FCGR3A, RPS15A, ITPR1, DLGI1, CLTC, CD38,
CCT4, PRKCA, PIK3C2A, ITGAV, HLA-DRA,
HLA-DPB1, HLA-DPAI1, EIF2S1, and UBE3A. As
well known, PIK3R1 and PIK3C2A are classical
members of PI3Ks to activate the PI3K/Akt/mTOR
pathway, which is crucial in the regulation of various
cell functions™¥!. Meanwhile, it has been confirmed
to be activated in patients with COVID-19, and its
inhibitors could exert antiviral effects!*’. Moreover,
it may be increased in brain tissue of people with
epilepsy™®. Inhibiting the mTOR signaling pathway
could effectively reduce seizure frequency®®.
HAPA4 and HSPAS8 encoded heat-shock proteins
that participated in antigen presentation and
functioned as cytokines, which stimulated the
production of proinflammatory cytokines and
enhanced DC maturation®®". CLTC encodes clathrin
heavy chain 1, which was a component of clathrin.
Clathrin could form a curved envelope and cover
the vesicle cytoplasmic face which was coated by
clathrin®®?. These special organelles are linked to
intracellular trafficking of receptors and endocytosis
of various macromolecules™). A previous study
indicated that the CLTC variants were associated
with epilepsy phenotypes®!. The disruption of
UBE3A causes Angelman Syndrome (AS), which
featured with delayed development, intellectual
disability, and seizures™!. In mouse models of AS,
UBE3A has been demonstrated to degrade ubiquitin-
mediated big potassium channels to inhibit neuronal
hyperexcitability, thereby improving susceptibility
to epilepsy®®l. It was interesting that three of the hub
genes encode human MHC, also known as human
leukocyte antigens, including HLA-DRA, HLA-
DPB1, and HLA-DPAI. Previous studies had shown
that HLA antigens and haplotypes, such as HLA-
DR4, HLA-DR7, and HLA-DQ2, are in connection
with different epilepsies’®”. They may play a role in
different types of epilepsies. HLA molecules were
also critical for antigen presentation to T cells and
mediating immune responses during SARS-CoV-2
infection®. Briefly, these hub genes identified in this
study may play important roles in the pathogenesis
of COVID-19 related epilepsy.

In this research, hub genes are primarily involved
in the progressions of both epilepsy and COVID-19
through  immune-related biological pathways
and functions. Our results showed that activated
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DCs were positively associated with both the two
diseases, suggesting an important role of DCs
in the pathogenesis of epilepsy and COVID-19.
DCs are the most efficient antigen-presenting cells
and are crucial in generating immune responses,
creating connections between innate and adaptive
immunity®®®!. During SARS-CoV-2 infection, when
the DCs were activated by the pathogen, they
secreted proinflammatory cytokines and expressed
surface molecules, such as MHC and costimulatory
molecules, and induced innate and adaptive immune
responses. It had been identified that the number of
activated DCs was positively correlated with the
severity of COVID-191, DCs also present in the
brain, which respond to pathogens such as viruses
or bacteria, and to interferons or cytokines that were
produced during inflammation or injury!®l. Activated
DCs mobilized effector T-cells to provide protection.
However, the T cells that enter the CNS sometimes
could also cause tissue damage under -certain
conditions!®?,

Further exploration of the hub genes identified the
combination of CD38 and PRKCA as potential
diagnostic genes of epilepsy and COVID-19. This
result was validated in two validated cohorts. The
deficiency of Nicotinamide Adenine Dinucleotide
(NAD") is an important pathological factor in
various diseases related to CNSI®I CD38 is a key
regulator of degrading NAD" in hippocampus during
epileptogenesis. The production of CD38 had been
identified to be increased in the hippocampus of
epilepsy rats, while CD38 inhibitor could reduce the
tonic-clonic seizure severity and seizure duration!®#,
A previous study also suggested that CD38 could
involve in the progress of COVID-19 from several
aspects, such as viral invasion, viral evasion from
innate and adaptive immune responses, and hyper
inflammation associated to metabolic conditions
lymphopenial®!. Although the biological functions
of PRKCA in the pathogenesis of COVID-19,
which encoding protein kinase C had not been fully
discussed, network pharmacology had revealed it as
therapeutic target for COVID-19166],

This research aimed to investigate the common
pathogenesis between epilepsy and COVID-19.
However, it is essential to acknowledge the
limitations of our study. First, the specificity of
epilepsy patients prevented us from including more
samples in our work. Second, the diagnostic value of
the combination of CD38 and PRKCA needs to be
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