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Background: Focal cortical dysplasia type II (FCDII) is a major cause of drug-resistant epilepsy in children, yet its molecular
pathogenesis remains poorly characterized. Accumulating evidence has underscored the critical role of persistent neuroinflammatory
activity in the pathogenesis of focal cortical dysplasia.

Methods: We employed an integrated multi-omics approach to dissect the molecular pathology of FCDII. This included data-
independent acquisition mass spectrometry (DIA-MS) proteomics and re-analysis of public transcriptomic datasets. Differential
expression analysis, protein-protein interaction (PPI) network construction, and hub gene identification were performed. Key findings
were validated using quantitative real-time PCR (qPCR) and further investigated through analysis of single-cell RNA sequencing
(scRNA-seq) data to resolve cellular heterogeneity and cell-cell communication.

Results: Proteomic profiling of FCDII tissue identified 460 differentially expressed proteins (DEPs) enriched in cortical development,
cytoskeletal organization, and immune—inflammatory signaling. Protein—protein interaction (PPI) network analysis further prioritized
several hub molecules, among which the pro-inflammatory glycoprotein CD84 exhibited consistent upregulation across both proteomic
and transcriptomic datasets. Single-cell analysis revealed that CD84 expression was preferentially localized to a microglial subpopula-
tion characterized exhibiting elevated inflammation-related signatures, with particularly prominent enrichment in FCDIIB samples.
CD84-positive microglia also demonstrated increased predicted interactions with astrocytes, neurons, and endothelial cells through
signaling pathways involving colony-stimulating factor (CSF), CX3C motif chemokine, macrophage migration inhibitory factor
(MIF), and somatostatin-related signaling.

Conclusion: Our multi-omics approaches suggest a potential role for CD84 in influencing microglial inflammatory states and in
shaping their predicted interactions with astrocytes, neurons, and endothelial cells in FCDII. These findings offer preliminary
molecular clues that may inform future mechanistic investigations of microglial alterations in this disorder.
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Introduction

Epilepsy is a chronic neurological disease characterized by abnormal synchronized neuronal discharges in the brain." As
a major cause of drug-resistant epilepsy, focal cortical dysplasia (FCD) represents the most common etiology in children
and ranks among the top causes in adults.>® As a subtype of malformations of cortical development (MCD),* FCD is
classified into five distinct categories under the latest International League Against Epilepsy (ILAE) framework, with
type Il FCD being the most prevalent subtype, accounting for 45.3% of cases.”® FCD II is histopathologically defined by
cortical dyslamination, dysmorphic neurons (DNs), reduced white matter myelination, and blurred gray-white matter
boundaries,” while FCD IIB is distinguished from IIA by the pathognomonic presence of balloon cells (BCs) and

disorganized oligodendroglial clusters.®
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The epileptogenic mechanism of FCD II remains intricate and unclarified. Increasing data also indicate a prominent
neuroinflammatory component, with upregulation of the high mobility group box 1- toll like receptor 4 (HMGB1-TLR4)
signaling pathway,” and localization of nuclear factor-kB (NF-kB), interleukin-2 (IL-2), and IL-2 receptors to DNs.'®!!
In human neocortical tissue derived from epilepsy surgery, FCD II lesions have been shown to exhibit microglial
activation, accompanied by classical complement pathway.'?

CD84, a member of the signaling lymphocyte activation molecule (SLAM) family, is an immunoregulatory glyco-
protein expressed predominantly in immune cells."® Dysregulation of CD84 has been reported in several neurological
conditions, including Parkinson’s disease, acute stroke, and spinal cord injury.'*"'® Nevertheless, its relevance in epilepsy
or FCD has not been systematically explored. Moreover, despite recent multi-omics studies providing important genomic

1718 the cross-layer integration of proteomic alterations with single-

and transcriptomic insights into FCD subtypes,
cell-resolved immune signatures remains limited.

To address these gaps, we integrated data-independent acquisition mass spectrometry (DIA-MS) proteomics, bulk
RNA-seq (GSE128300), and single-cell RNA sequencing (scRNA-seq) datasets (GSE268807) to construct a multi-omic
framework of FCD II. Through differential protein analysis, PPI network prioritization, and cross-omics validation, we
identified CD84 as a candidate molecule of interest and investigated its cellular context, microglial enrichment, and

associated signaling pathways at single-cell resolution.

Materials and Methods

Clinical Samples and Data Sources
To ensure robust cross-platform validation, this study integrated data from three independent cohorts.

Proteomic Cohort (In-House)

The clinical profiles of the study cohort are illustrated in Table 1. The samples were obtained from the Department of
Neurology, The Seventh Affiliated Hospital of Sun Yat-sen University. A total of 12 cortical tissue samples were
analyzed, including 6 patients with FCD II (4 FCD IIA and 2 FCD IIB) and 6 non-dysplastic control samples.
According to the ILAE 2011 classification, the FCD II cohort consisted of 4 FCD IIA cases (F4, F5, F§, F10) and 2
FCD IIB cases (F1, F13). These patients had undergone thorough pre-surgical evaluations, in which the resection sites

Table | Cohort Characteristics and Tissue Validation

Subject ID | Group | Subtype | Age (years) | Sex | Localization | Pathological Diagnosis / Tissue Source
Fl FCD Il 1IB 9 M Frontal (R) FCD IIB

F4 FCD Il A 16 M Frontal (R) FCD IIA

F5 FCD Il 1A 25 M Frontal (R) FCD IIA

F8 FCD Il 1A 8 M Frontal (L) FCD IIA

FI0 FCD Il IIA 3 M Frontal (R) FCD IIA

FI3 FCD Il 1B 24 F Parietal (R) FCD 1IB

Cl Control | N/A 51 M Frontal (R) Glioma (Perilesional tissue)

(K] Control | N/A 43 M Frontal (R) Encephalomalacia (Perilesional tissue)
C4 Control | N/A 31 F Frontal (R) AVM (Perilesional tissue)

(o)) Control | N/A 7 F Temporal (R) | TLE with HS (Temporal neocortex)
Cé Control | N/A 57 F Temporal (R) | TLE with HS (Temporal neocortex)
c7 Control | N/A 33 M Temporal (R) | TLE with HS (Temporal neocortex)

Abbreviations: FCD, focal cortical dysplasia; AVM, arteriovenous malformation; TLE, temporal lobe epilepsy; HS, Hippocampal sclerosis; R, right; L, left;
M, male; F, female.

2 https: Journal of Inflammation Research 2026:19



Fang et al

were determined based on magnetic resonance imaging (MRI), video electroencephalography (VEEG), and fluoro-
2-deoxyglucose positron emission tomography (FDG-PET). The resected tissues were ultimately confirmed as FCD II
through histopathological examinations by neuropathologists (Figure 1A). Control tissues (n = 6) were collected from
surgery resections and consisted of perilesional but non-dysplastic cortex from patients with glioma (C1), encephalo-
malacia (C3), arteriovenous malformation (C4), and non-dysplastic temporal neocortex from temporal lobe epilepsy
resections (C5—C7). No dysplastic features were found in these samples (Figure 1B). Tissue collection followed standard
neurosurgical procedures and was conducted in accordance with institutional ethical guidelines. Written informed
consent was obtained from all patients or their legal guardians prior to sample acquisition.

Bulk Transcriptomic Cohort (GSEI28300)
Validation was performed using the GSE128300 dataset, comprising 19 samples: 11 FCD type II (6 FCD IIA and 5 FCD
1IB) and 8 controls (CTRL)."

Single-Cell RNA Cohort (GSE268807)
To resolve cellular heterogeneity, raw data were obtained from the GSE268807 dataset. This cohort included 11 samples:
9 FCD type II (3 FCD IIA and 6 FCD IIB) and 2 controls (histologically normal cortex).*

Data-Independent Acquisition (DIA) Mode Mass Spectrometry Analysis

For proteomic analysis, 50-100 mg of cortical tissue was used for each sample. Individual samples were cryogenically
pulverized in liquid nitrogen and homogenized in sodium dodecyl sulfate—dithiothreitol (SDT) buffer, supplemented with
100 mM sodium chloride (NaCl) and 1% (v/v) dithiothreitol (DTT). The lysates were sonicated for 5 minutes on ice and
subsequently denatured at 95°C for 8-15 minutes, followed by rapid cooling in an ice bath for 2 minutes. After
centrifugation at 12,000 xg for 15 minutes at 4°C, the supernatant was incubated with iodoacetamide (IAM) under
dark conditions at room temperature for 1 hour to alkylate cysteine residues.

Figure | Tissue validation of clinical samples. (A) Representative histopathological features of focal cortical dysplasia type Il (FCD Il) shown by hematoxylin and eosin (H&E)
staining, including cortical laminar disorganization and dysmorphic neurons (DNs; arrowheads). (B) Histologically normal cortex from control (CTRL) tissues (H&E staining),
demonstrating preserved cortical architecture.
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Proteins were precipitated by adding a four-fold volume of prechilled acetone, vortexing thoroughly, and incubating
the mixture at —20°C for at least 2 hours. The precipitated proteins were collected by centrifugation (12,000 xg,
15 minutes, 4°C), washed once with 1 mL of ice-cold acetone, and resolubilized in dissolution buffer (DB buffer).

Protein aliquots (100 pL in DB buffer consisting of 8 M urea and 100 mM triethylammonium bicarbonate [TEAB],
pH 8.5) were diluted to a final volume of 100 pL. Proteins were digested with trypsin for 4 hours at 37°C, followed by
a second addition of trypsin supplemented with calcium chloride (CaCl,) for overnight digestion. The resulting peptide
mixture was acidified with formic acid to pH < 3, centrifuged (12,000 xg, 5 minutes, room temperature), and the clarified
supernatant was loaded onto a C18 reversed-phase desalting cartridge. Sequential washes were performed with 0.1%
formic acid / 3% acetonitrile, followed by elution with 0.1% formic acid / 70% acetonitrile. Eluted peptides were
lyophilized for downstream analysis.

Chromatographic separation was conducted on a Vanquish Neo ultra-high-performance liquid chromatography
(UHPLC) system (Thermo Fisher Scientific) equipped with a C18 pre-column (5 mm % 300 um, 5 pm) maintained at
50°C and an analytical column (PepMap™ Neo C18, 150 pm x 15 c¢cm, 2 pm). Mass spectrometric acquisition was
performed on a Thermo Orbitrap Astral mass spectrometer fitted with an Easy-Spray ion source, operated at a spray
voltage of 1.9 kV and an ion transfer tube temperature of 290°C. Full-scan mass spectrometry (MS1) spectra were
acquired from m/z 380-980 at a resolution of 240,000 (at m/z 200) with an automatic gain control (AGC) target of 500%.

300 variable isolation windows (2 Thomson [Th] width) were applied. MS2 spectra were acquired at a resolution of
80,000 over m/z 150-2000, using a normalized collision energy (NCE) of 25% and a 3 ms maximum injection time.

Raw data files were processed using the Data-Independent Acquisition Neural Network (DIA-NN) software for
spectral library searching and quantification.

Statistics and Pathway/Network Analysis
Differentially expressed proteins (DEPs) were defined as those with a p-value < 0.05 and fold change (FC) > 1.2 or < 0.83, as
determined by the Student’s #-test or the Mann—Whitney U-test for normally and non-normally distributed data, respectively.
Functional enrichment analysis for Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways was conducted using InterProScan through gene set enrichment analysis (GSEA). Significance thresholds were set
as an absolute normalized enrichment score (NES) > 1, p-value < 0.05, and false discovery rate (FDR) < 0.25.%!
Protein-protein interaction (PPI) networks were constructed using the STRING database®® and visualized with Cytoscape
(v3.10.2). Using the molecular complex detection (MCODE) plugin with default parameters (degree cutoff = 2, node score
cutoff = 0.2, k-core = 2, max depth = 100), key modules were identified from the PPI network, from which the top three
modules meeting the criteria of an MCODE score > 5.5 and containing more than 5 nodes were selected for further analysis.”

KEGG pathway enrichment for these modules was assessed using the DAVID online tool (v6.8, https://david.nciferf.gov),
524

with pathways considered significantly enriched at p-value < 0.05." All visualizations were generated using the ggplot2
package in R (v6.6.2) based on p-values.
Additionally, key hub proteins were predicted by evaluating clustering coefficients using the cytoHubba plugin in

Cytoscape.”

Bioinformatics Analysis of Public Datasets
The expression data and clinical information were obtained from the GSE128300 and GSE268807 dataset in Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/).

For GSE128300, GEO2R was used to screen for differentially expressed genes (DEGs) between FCD II and control groups.
DEGs were defined by an adjusted p-value < 0.05 combined with FC threshold of >1.2 or <0.83.° KEGG pathway enrichment
analysis was performed using the DAVID bioinformatics platform (version 6.8; https://davidbioinformatics.nih.gov/). Results

were visualized with the ggplot2 package in R (v6.6.2), based on calculated P-values. A significance threshold of P-values <0.05
was applied for identifying enriched pathways.**

Raw snRNA-seq data from GSE268807 (FCD IIA, n = 3; FCD IIB, n = 6; Control, n = 2) were analyzed using R.?’
Seurat package was used to handle the single nuclei data objects. Cell type identification was performed using known cell
type markers expressed in the human brain. “FindMarkers” function of Seurat was used to analyze the DEGs between the
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FCD 1II and Control groups (avg_log2 FC >0.26, P <0.05, test.use = “Wilcox™).*® Tissue preference for each cluster,
quantified using the ratio of observed to expected cell numbers (Ro/e), was analyzed in R utilizing the STARTRAC
toolkit.” We re-analyzed bulk RNA sequencing data from the GSE128300 dataset using CIBERSORTx (https://
cibersortx.stanford.edu/) to estimate the relative proportions of major cortical cell populations. Cellchat was utilized to

analyze intercellular communication.*”
GSEA was performed using the web-based platform WebGestalt 2024 (https://www.webgestalt.org/).>' The absolute
NES value > 1, P<0.05 and FDR <0.25 were considered significant differences.

Real-Time Quantitative PCR

Total RNA was isolated from 20 mg of cortical tissue from FCD II patients and control cases (n = 3 per group) using
a commercial RNA extraction kit (#9767, TaKaRa). RNA concentration and purity were assessed spectrophotometrically,
and 1 pg of total RNA was reverse-transcribed into complementary DNA (cDNA) using the PrimeScript™ RT reagent kit
(#RRO047A, TaKaRa), following the manufacturer’s instructions.Quantitative PCR (qPCR) was performed using SYBR™
Premix Ex Taq™ II (#RR420A, TaKaRa) with cDNA templates and gene-specific primers listed in Table 2. The thermal
cycling protocol consisted of an initial denaturation at 95°C for 30s, followed by 40 cycles of denaturation at 95°C for 5s
and annealing/extension at 60°C for 30s. Given that B-actin expression showed no significant variation across samples in
studies of cortical dysplasia, cycle threshold (Ct) values were determined, and relative gene expression levels were
calculated using the 2°—AACt method, with normalization to B-actin as the internal control.

A complete list of all abbreviations used in this study is provided in Supplementary Datal.

Results

DEPs Screening and Subcellular Location

Comparative proteomic analysis of cortical tissues from FCD II patients (n=6) and CTRL subjects (n=6) revealed the
intergroup divergence, as evidenced by principal component analysis (PCA; Figure 2A). Differential expression profiling
identified 371 upregulated and 89 downregulated proteins (FC >1.2, p<0.05) in FCD II compared to CTRL, with the
distribution of these DEPs visualized in a volcano plot (Figure 2B). Subcellular localization profiling demonstrated that
nuclear proteins constituted the largest proportion of DEPs (26.25%), followed by cytoplasmic (20.62%), plasma
membrane-associated (14.06%), and extracellular proteins (8.44%) (Figure 2C).

Functional Enrichment Analysis of DEPs
GSEA of DEPs-associated GO and KEGG gene sets revealed significant pathway dysregulation (Figure 3).

GO analysis of DEPs revealed broad functional dysregulation across biological processes, cellular components, and
molecular functions. Biological processes (BP) exhibited upregulation of microtubule-based movement, antigen proces-
sing and presentation, carbohydrate metabolic process, and translation, while proteolysis was significantly downregu-
lated. Cellular components (CC) showed enrichment of intracellular and ribosome localization, contrasting with depletion
of extracellular region, intermediate filament, extracellular space, and mitochondrion. Molecular functions (MF) were
dominated by upregulated activities, including structural constituent of ribosome, phosphatidylinositol binding, trans-
porter activity, G-protein coupled receptor activity, and microtubule motor activity. Conversely, serine-type endopepti-
dase activity, structural molecule activity, lipid binding, and heme binding were markedly suppressed. These findings
highlight compartment-specific molecular disturbances in FCD II pathogenesis.

Table 2 The Primers for the Real-Time Quantitative PCR (RT-qPCR) Analysis

Species | Gene | Forward Primer Reverse Primer

Human CD84 | GAGGATGGAAGACGCAGGAG | GGTTTCCCAAGCCGACGATA

Human B-actin | AGAAAATCTGGCACCACACC | TAGCACAGCCTGGATAGCAA

Abbreviation: PCR, polymerase chain reaction.
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Figure 2 Proteomic signatures of FCD Il cortical tissues. (A) Principal component analysis (PCA) plot of proteomes from FCD Il (n = 6) and CTRL (n = 6) samples. (B)
Volcano plot showing 371 upregulated (yellow; fold change [FC] > 1.2, p < 0.05) and 89 downregulated (blue; FC < 0.83, p < 0.05) proteins in FCD Il versus CTRL. Black
dots indicate non-significant proteins. (C) Subcellular localization of differentially expressed proteins (DEPs).

KEGG pathway analysis revealed significant enrichment of pathways converging on cortical development (eg, Hippo,
MAPK, RAS, VEGF),>* ¢ cytoskeletal/synaptic dysfunction (Actin Cytoskeleton, Axon Guidance, CAMs), and neuroin-
flammatory cascades (NOD-like receptor, JAK-STAT)*"*® in FCD II. Proteasome dysregulation and apoptosis pathways
further indicated proteolytic stress and homeostatic failure, and ribosome upregulation reflected anabolic hyperactivity.

Modular and Hub Protein Analysis of the PPl Network

The PPI network, derived from DEPs, encompassed 443 nodes and 4503 interaction pairs (Supplementary Data2). Utilizing
the MCODE plugin within Cytoscape, three distinct sub-network modules were identified and isolated from the PPI network
(Figure 4). Module A, with a score of 18, comprised 36 nodes and 324 interaction pair. Module B, scoring 12, included 17

nodes and 93 interaction pairs. Module C, with a score of 10, contained 39 nodes and 188 interaction pairs.
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Figure 3 GSEA of DEPs-Associated GO and KEGG Gene Sets. (A) GSEA of biological processes (BP), cellular components (CC), and molecular functions (MF), showing the
NES < —I. Thresholds: |NES| > I, p < 0.05, false discovery rate (FDR) q < 0.25.
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Figure 4 Modular analysis of the protein—protein interaction (PPl) network. (A) Three key sub-network modules identified by MCODE. (B) KEGG pathway enrichment
results for each module, with top-ranked pathways (P<0.05).

Furthermore, proteins within these modules underwent KEGG enrichment analysis, and significant pathways were
highlighted for each module. Proteins in Module A were notably implicated in pathways related to the ribosome, gap
junctions, and tight junctions. In contrast, Proteins in Module B were significantly linked to the Ras, Wnt, VEGF and
cAMP signaling pathway. Proteins in Module C were associated with pathways related to natural killer cell mediated
cytotoxicity, leukocyte transendothelial migration and regulate the pluripotency of stem cells.

PPI network analysis using Cytoscape’s CytoHubba plugin prioritized 10 hub proteins based on degree clustering
coefficient (Figure 5). DFFA, AIF1, ARHGAP22, SFXNS, SYPL1, HERPUD2, TESMIN, SHTNI, and CD84 were
upregulated in proteomic profiling. These proteins exhibited the highest degree of clustering coefficient within the PPI
network, suggesting their potential regulatory roles in FCD II-associated molecular networks.

Integrated Analysis of Proteomics and Bulk Transcriptomics

In this study, differential gene expression analysis of the GSE128300 dataset was performed using GEO2R to compare
cortical tissues from FCD II patients and controls, with DEGs defined by stringent thresholds (p < 0.05, FC>1.2 or
FC<0.83). This analysis identified 93 upregulated and 252 downregulated DEGs (Figure 6A). Subsequent KEGG
pathway enrichment analysis via DAVID revealed significant dysregulation in key pathways, including the Mitogen-
activated protein kinase (MAPK) signaling pathway, cytokine-cytokine receptor interaction, spliceosome and transform-
ing growth factor beta (TGF-) signaling pathway (Figure 6B). Through integration of transcriptomic and proteomic
datasets, CD84—a hub protein prioritized via CytoHubba analysis within the protein-protein interaction network—
demonstrated consistent upregulation across both datasets (Figure 6C). Subsequent qPCR validation confirmed signifi-
cant upregulation of CD84 in FCD II tissues (Figure 6D).

Integrated Single-Cell and Bulk Transcriptomic Analyses of Microglia-|

ScRNA-seq data from the GSE268807 dataset were processed using the Seurat package in R. After rigorous quality
control and normalization, single-cell objects from FCD II and control cohorts were integrated via canonical correlation
analysis (CCA), followed by dimensionality reduction and clustering into 17 transcriptionally distinct clusters
(Figure 7A).
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Figure 5 Hub Protein Identification in the PPl Network. Top 10 hub proteins prioritized by CytoHubba.

Notably, CD84 exhibited specific expression within the microglial subset Microglia-1 (Figure 7B). The Ro/e analysis
indicated that Microglia-1 was enriched in FCD II tissue, whereas only minimal enrichment was detected in control
samples. Subtype comparison further showed that FCD2B exhibited a higher Ro/e value than FCD2A (Figure 7C).

To confirm our analysis results, we re-analyzed the bulk RNA sequencing data from the GSE128300 dataset using
CIBERSORTX,” based on signature matrices derived from the scRNA-seq data GSE268807 (Figure 7D). Stratification
by subtype revealed a distinct pattern of cellular heterogeneity consistent with the scRNA-seq observations. While the
FCD IIA subtype showed Microglia-1 proportions comparable to controls (undetectable/low levels), the FCD IIB subtype
exhibited a significant expansion of this population (Figure 7E; FCD IIB vs CTRL, p < 0.05; FCD IIB vs IIA, p < 0.05).

Subsequently, we performed differential expression analysis and KEGG enrichment analysis on CD84-positive
microglia (Microglia-1) and CD84-negative microglia (Microglia-2). The results demonstrated that CD84-positive
microglia exhibited significant upregulation in key signaling pathways such as phosphatidylinositol 3-kinase (PI3K)/
Akt, MAPK (Figure 8A).

Differential expression analysis, employing the Wilcoxon rank-sum test with Bonferroni correction, confirmed that
CD84 was significantly upregulated in the Microglia-1 subcluster derived from FCD II tissues compared to those from
controls (Figure 8B). To further characterize these cells, we examined pathway-level differences within the Microglia-1
subset. GSEA of DEGs within Microglia-1 revealed significant activation of specific pathways. Notably, the oxidative
phosphorylation (Figure 8C), ribosome (Figure 8D), and general metabolic pathways (Figure 8E) were markedly
upregulated in FCD II-derived Microglia-1 cells.
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Cell-Cell Communication Networks in Microglia-|

To systematically map intercellular communication dynamics, we applied CellChat to scRNA-seq data, comparing
interaction networks of Microglia-1 in FCD II versus controls. As a ligand source, Microglia-1 in FCD II exhibited
significantly enhanced outgoing signals to Microglia-2 and Astrocyte-4 (Figure 9A and B). Conversely, when acting as
a signaling receiver, Microglia-1 displayed heightened responsiveness to microenvironmental cues from Astrocyte-4,
Astrocyte-1, Deep layer neurons 1/2, Endothelial cells and Inhibitory neuron-3 in FCD II (Figure 9C and D).

We identified distinct cell-cell communication signatures mediated by Microglia-1 in FCD II compared to controls. In
FCD 11 tissues, Microglia-1 exhibited upregulated Colony-stimulating factor (CSF) and CX3C motif chemokine signal-
ing, alongside two novel disease-specific pathways: macrophage migration inhibitory factor (MIF) and Somatostatin
(Figure 10A).

Interaction analysis revealed that CSF signaling predominantly engaged Neuron-1 (Figure 10B), while CX3C
signaling involved interactions with Neuron-1/2, Astrocyte-2, Deep layer neurons-2, and Endothelial cells
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(Figure 10C). Notably, MIF signaling was exclusively detected between Microglia-1 and Microglia-2 (Figure 10D),
whereas Somatostatin signaling connected Microglia-1 to Inhibitory neuron-4, Deep layer neurons-2, Astrocyte-2, and
Neuron-2 (Figure 10E).

Discussion

FCDII is a leading etiology of drug-resistant epilepsy in pediatric populations, often resulting in persistent neurological
and behavioral deficits.*” Despite its clinical significance, systematic proteomic characterization of FCDII lesions
remains sparse, limiting mechanistic insights into its pathogenesis.

In this study, we adopted a DIA-MS approach to profile proteomic alterations in FCDII tissues compared to controls.
We identified 371 upregulated and 89 downregulated proteins, classified into 14 subcellular localizations. The most
abundant categories were nuclear proteins (26.25%), cytoplasmic proteins (20.62%), plasma membrane-associated
proteins (14.06%), and extracellular proteins (8.44%). This spatial distribution highlights potential dysregulation of
nuclear regulatory pathways and cell-matrix interactions in FCDII pathogenesis.

Functional enrichment analysis of DEPs revealed their involvement in diverse biological processes, including
microtubule-based movement, antigen processing and presentation, carbohydrate metabolism, and translation. Notably,
multiple signaling pathways exhibited significant dysregulation in FCDII compared to controls, such as cortical devel-
opment, immune-inflammatory signaling, cytoskeletal/synaptic regulation, and protein metabolism/homeostasis. These
pathways may collectively contribute to the disease progression.

A PPI network (443 nodes, 4503 interaction pairs) was constructed from DEPs, with the top 3 functional clusters
linked to ribosome, growth-related signaling pathways, and immune-related pathways. Using the cytoHubba plugin in
Cytoscape, 10 DEPs were identified as hub genes: DFFA, AIF1, ARHGAP22, SFXN5, SYPL1, HERPUD2, TESMIN,
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SHTNI1, CD84 and APOL2. Notably, all except APOL2 were upregulated in FCDII, suggesting their potential critical
roles in FCDII pathogenesis.

CD84 is a glycoprotein (64—82 kDa) that is involved in monocyte, macrophage activation and the regulation of
inflammatory factor secretion.'**'*> Murine studies have shown that CD84 modulates signaling pathways downstream
of TLR4 and it also could induce a higher secretion of proinflammatory cytokines such as TNF-0.*' Furthermore, prior
experimental studies using mouse models and in vitro microglial cultures have reported that microglial activation and
neuronal death have been shown to be promoted by CD84.'°

Subsequently, integration of the GEO dataset GSE128300 (analyzing transcriptional dysregulation) with our proteo-
mic data revealed CD84 as a consistently upregulated cross-omics entity across both datasets. Validation via RT-qPCR
confirmed its elevated mRNA expression in FCDII, reinforcing its potential role as a biomarker or mechanistic
contributor to cortical dysplasia (Supplementary Figure 1). This cross-omics consistency highlights CD84—a hub

gene in the PPI network—as a key candidate for future functional studies in FCDII.

To investigate the role of CD84 in FCD II pathogenesis, we analyzed scRNA-seq data from the GEO dataset
GSE268807, comprising 9 FCD type II patients and 2 relatively normal controls. After rigorous quality control,
normalization, and integration, we performed dimensionality reduction and clustering, followed by cell type annotation
using canonical marker genes (Supplementary Figure 2).

Notably, CD84 exhibited specific expression within the microglial subset Microglia-1. In addition to its cell-type
specificity, the abundance of the CD84-positive Microglia-1 subset appeared upregulated in FCD II compared with
control neocortex. However, stratification by subtype revealed that this expansion was predominantly driven by FCD IIB.
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This pattern is consistent with recent multi-omics analyses in human FCD cortical tissue, which reported pronounced
microglial activation within type II lesions and further demonstrated that the expansion of microglial subpopulations is
more evident in FCD IIB than in ITA.'"®* Such subtype-specific differences support the notion that inflammatory
responses may be particularly accentuated in the IIB subtype. Our findings extend these observations by indicating
that this enrichment is particularly notable within the CD84-positive microglial compartment. This pattern may reflect
a potential link between CD84-expressing microglia and the comparatively stronger immune—inflammatory signatures
described in FCD II, especially in subtype IIB.

Microglial reactivity has been found to be associated with abnormalities in FCD I tissue.'? Differential analysis between
CD84-positive and CD84-negative microglia showed that CD84-positive cells demonstrated higher expression of genes
associated with PI3K/Akt, MAPK signaling pathways. The PI3K/Akt cascade play a significant role in the microglial activation
and neuroinflammation.** Evidence from experimental models shows that pharmacological blockade of PI3K/Akt in
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lipopolysaccharide (LPS) -stimulated microglia markedly suppresses the production of pro-inflammatory mediators.*> Signals
that converge on MAPK pathways serve as key mediators of neuroinflammatory responses and have been implicated in multiple
neurodegenerative conditions.*® In addition, aberrant activation of MAPK signaling has been shown to contribute to mitochon-
drial dysfunction and to promote neuronal hyperexcitability in epilepsy.*” Pharmacological inhibition of MAPK signaling
markedly suppresses cytokine synthesis and release in Lysophosphatidic acid (LPA)-activated primary microglia.*®

Given its selective localization to the Microglia-1 subset, CD84 showed higher expression in FCD II-derived Microglia-1
cells relative to controls, together with enriched signatures related to oxidative phosphorylation, ribosomal, and metabolic
pathways. These transcriptional patterns are consistent with a more activated and inflammation-related microglial state.**->

To dissect the interplay between CD84-positive microglia and other cell populations, we analyzed cell-cell commu-
nication networks in the Microglia-1 subset. Analysis of the Microglia-1 subset revealed significantly enhanced cell-cell
communication with astrocytes, neurons, and endothelial cells in FCD II compared to controls. Furthermore, CSF, CX3C,
MIF, and Somatostatin signaling pathways were upregulated in FCD II patients.

Within the CNS, the CSF-1R is mainly expressed on microglia and plays an important role in microglial development
and steady-state maintenance.’'>> Ligand-induced activation of the CSF-1/CSF-1R signaling axis can drive pathogenic
inflammatory responses and activate downstream intracellular cascades, including the PI3K—AKT and MAPK pathways,
which have been repeatedly implicated in neuroinflammation.” Therefore, pharmacological inhibition of CSF-1R
signaling has been proposed as a potential therapeutic strategy to modulate microglia-mediated neuroinflammatory
processes.”* CX3C, a subfamily of cytokines, has been implicated in the pathogenesis of various neurological disorders
such as Alzheimer’s disease and multiple sclerosis.”® Notably, CX3C differs from other chemokines by exhibiting dual
chemotactic and adhesive activities, and it participates in diverse pathophysiological processes such as inflammatory
responses and tissue development.’® MIF could recruit multiple inflammatory mediators, and its dysregulation also
induces neuroinflammation.’” Elevated MIF has been associated with epilepsy and other neuroinflammatory disorders,
and experimental studies demonstrate that pharmacologic blockade of MIF effectively reduces microglia-mediated
inflammatory activity.”® ®° Lastly, somatostatin, a neuropeptide produced by neuroendocrine, inflammatory, and immune
cells, exerts broad inhibitory effects on cellular functions, including secretion, motility, and proliferation.®!-¢*

Regarding the specificity of these observations, we note that CD84 upregulation is not exclusive to FCD II; as mentioned, it
appears in other neuroinflammatory conditions such as Parkinson’s disease and stroke. This suggests that the CD84+
Microglia-1 subset likely represents a shared, high-inflammatory state of microglia common to various CNS pathologies
rather than a cell type unique to cortical dysplasia. However, the significance in the context of FCD II lies in how this
inflammatory module interacts with the specific lesional architecture. Our CellChat analysis reveals that these CD84+
microglia are not acting in isolation but are specifically engaged in signaling loops (CSF, CX3C, Somatostatin) with cell
types distinct to the FCD environment, such as specific neuronal layers and astrocytes. Thus, while the presence of CD84+
microglia may be a hallmark of general neuroinflammation, their functional impact—specifically shaping the epileptogenic
microenvironment and interacting with dysplastic circuitry—contributes to the specific pathology of FCD II.

This study has several limitations that should be acknowledged. Primarily, although we integrated proteomic and
transcriptomic datasets to ensure robust validation, the sample size was limited by the availability of surgical FCD
specimens. This constrained our ability to perform in-depth stratification based on FCD subtypes (IIA vs IIB) or clinical
covariates such as seizure frequency and anti-seizure medication history. Second, biological variables including sex, age,
and cortical location were not fully balanced. Prior work indicates that microglial phenotypes are highly sensitive to these

extrinsic microenvironmental factors,63*65

and future studies should aim to disentangle these variables from disease-
specific alterations. Finally, this study is primarily descriptive and lacks functional experiments to directly test the
mechanistic role of CD84+ microglia in FCD II, which will be an important direction for future work. Nevertheless, the
integration of proteomic, transcriptomic, and single-cell transcriptomic datasets provides convergent evidence supporting

a potential role for CD84 in microglial alterations associated with FCD II.

Conclusions
In conclusion, this study provides an integrated multi-omic framework that highlights CD84 as a consistently upregulated
molecule in FCD II across proteomic, bulk transcriptomic, and single-cell datasets. CD84 is selectively enriched in the
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Microglia-1 subset, which is expanded in FCD Il—particularly in type IIB—and displays transcriptional features
indicative of heightened inflammatory and metabolic activation. Moreover, CD84+ microglia show strengthened inter-
actions with neurons, astrocytes, and endothelial cells through CSF, CX3C, MIF, and somatostatin signaling, suggesting
a broader role in shaping the lesional microenvironment.

While CD84 is not unique to FCD II and can also be upregulated in other neuroinflammatory conditions, our data
indicate that in FCD II, CD84+ microglia participate in lesion-specific signaling interactions that may contribute to the
disease microenvironment. Thus, CD84 may serve as a biomarker of inflammatory activity in FCD II and a potential
node of therapeutic interest. Further mechanistic studies are warranted to clarify its functional role.
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