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Purpose: Studies on overall immune infiltration and pyroptosis in patients with multiple sclerosis (MS) are limited. This study
explored immune cell infiltration and pyroptosis in MS using bioinformatics and experimental validation.

Methods: The GSE131282 and GSE135511 microarray datasets including brain autopsy tissues from controls and MS patients were
downloaded for bioinformatic analysis. The gene expression-based deconvolution method, CIBERSORT, was used to determine
immune infiltration. Differentially expressed genes (DEGs) and functional enrichments were analyzed. We then extracted pyroptosis-
related genes (PRGs) from the DEGs by using machine learning strategies. Their diagnostic ability for MS was evaluated in both the
training set (GSE131282 dataset) and validation set (GSE135511 dataset). In addition, messenger RNA (mRNA) expression of PRGs
was validated using quantitative real-time polymerase chain reaction (QRT-PCR) in cortical tissue from an experimental autoimmune
encephalomyelitis (EAE) model of MS. Moreover, the functional enrichment pathways of each hub PRG were estimated. Finally, co-
expressed competitive endogenous RNA (ceRNA) networks of PRGs in MS were constructed.

Results: Among the infiltrating cells, naive CD4" T cells (P=0.006), resting NK cells (P=0.002), activated mast cells (P=0.022), and
neutrophils (P=0.002) were significantly higher in patients with MS than in controls. The DEGs of MS were screened. Analysis of
enrichment pathways showed that the pathways of transcriptional regulatory mechanisms and ion channels associating with pyroptosis.
Four PRGs genes CASP4, PLCG1, CASP9 and NLRC4 were identified. They were validated in both the GSE135511 dataset and the
EAE model by using qRT-PCR. CASP4 and NLRC4 were ultimately identified as stable hub PRGs for MS. Single-gene Gene Set
Enrichment Analysis showed that they mainly participated in biosynthesis, metabolism, and organism resistance. ccRNA networks
containing CASP4 and NLRC4 were constructed.

Conclusion: MS was associated with immune infiltration. CASP4 and NLRC4 were key biomarkers of pyroptosis in MS.
Keywords: immune infiltration, pyroptosis, multiple sclerosis, bioinformatics, ceRNA

Introduction
Multiple sclerosis (MS) is a progressive autoimmune inflammatory disease of the central nervous system (CNS) of
unknown etiology. Inappropriate response of T/B cells is a well-known putative candidate among other causal agents."
Anti-CD20 (aCD20) B cell-depleting monoclonal antibodies have proven highly successful in treating MS. However, new
disease activity develops in a small proportion of MS patients after starting aCD20 therapy,” and aCD20 therapy seems to
only have a modest effect in preventing long-term disability in progressive forms of MS. Indeed, the contribution of
numerous immune cell subtypes is believed to play a complex role in the pathogenesis of MS.?> Immune infiltration may
influence the execution of pyroptosis,* which may further aggravate immune infiltration and neuronal death in MS.
However, studies concerning overall immune infiltration in the brain tissues of MS patients are still limited.

Pyroptosis provides a new perspective on the mechanisms underlying MS.” The programmed cell fate is involved in
apoptosis and necroptosis.® Pyroptosis, a form of programmed cell death that differs from apoptosis and necrosis, relies on
inflammasome activation’ and induces membrane rupture, leading to the release of inflammatory factors.® Pyroptosis is
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initiated by caspase-1 (CASP1) family members and is executed by the pore-forming protein gasdermin D (GSDMD), or in
certain circumstances, gasdermin E (GSDME). The CASP1 family of proteases cleave and activate GSDMD within the
inflammasome and mediate the maturation of interleukin (IL)-1p and IL-18. Activated GSDMD translocates to the plasma
membrane and assembles multimeric pores that are permeable to small molecules including ions and inflammasome-
associated cytokines.” Owing to drastic changes in osmotic pressure, pyroptotic bodies form along the membrane, which
swell and rupture catastrophically, causing cell lysis.'® This process releases inflammatory mediators into the extracellular
milieu, propagating local inflammation.'®!" Several lines of evidence have highlighted the importance of pyroptosis-related
pivotal mediators in MS and its prototypic animal model on experimental autoimmune encephalomyelitis (EAE).'*!'?
However, few studies have investigated the enrichment pathways and immune correlations of pyroptosis-related molecules
and effectors regulating pyroptosis in the development of MS. Long non-coding RNAs (IncRNAs) have been verified as
crucial mediators in the regulation of pyroptosis.'* The IncRNAs and microRNAs (miRNAs) have been verified to regulate
gene expression by functioning as competitive endogenous RNAs (ceRNAs). Genetic associations implicated in MS may
offer an approach to identify early molecular and cellular events in MS pathogenesis.'> Investigating immune infiltration and
related pyroptosis in MS could provide novel entry points for MS drug development or repurposing, which will be helpful in
preventing and treating MS and may reduce the cost of drug discovery.

In recent years, microarrays based on high-throughput platforms combined with bioinformatics analysis have shown
powerful potential to evaluate the immune landscape of diseases and explore promising biomarkers for many diseases,'®
including inflammatory or neuroinflammatory disorders. For examples, a comprehensive bioinformatic analysis identified
immune genes which are of great significance for the anti-inflammatory immunotherapy of atherosclerosis.'” Qiu et al
identified an inflammation-related adrenomedullin precursor for male patients with local inflammatory gout based on
integrated analysis.'® Furthermore, a study applied bioinformatic analysis and found apolipoprotein E as a hub biomarker
regulating neuroinflammation in macrophages and microglia in spinal cord injury.'” Another study using bioinformatic
analysis predicted that peripheral natural killer (NK) cells may infiltrate the brain and contribute to neuroinflammatory
changes in Alzheimer’s disease using bioinformatic analysis.”® Therefore, this study aimed to explore the immune
infiltration signatures and molecular mechanisms governing pyroptosis in the CNS of patients with MS via bioinfor-
matics and experimental validation (Figure 1).

Materials and Methods

Access and Preprocess of Data

We systematically searched MS-related studies Gene Expression Omnibus (GEO) datasets using the terms “MS” or
“multiple sclerosis”. The inclusion criteria were as follows: (1) data uploaded after 2017; (2) the expression profiles
contained more than 3 samples from MS patients. The microarray gene expression profiles of GSE131282 deposited by
Enz LS,?! were selected as a training dataset. The GSE135511 dataset uploaded by Magliozzi R** was chosen as the
validation dataset. According to the manufacturer’s instructions, the GSE131282 dataset was profiled using Illumina
HumanHT-12 V4.0 expression beadchip (GPL10558) microarrays. The GSE135511 dataset was processed using the
[llumina HumanRef-8 v3.0 expression beadchip (GPL6883) microarrays. The samples of the two microarrays were
collected from the gray matter and analyzed in a single experiment respectively, which adjusted in-group batch
variation. Raw microarray data were acquired from GEO and pre-processed. Using R (version 4.1.2), we carried out
background correction, normalization, probeset filtering, and annotation. Finally, 37 gray matter lesions from MS
patients and 42 gray matter lesions from the controls of the GSE131282 dataset were selected for differential
expression analysis. In the GSE135511 dataset, 20 gray matter lesions from MS patients and 10 gray matter lesions
from the controls were selected.

Immune Infiltration Analysis of MS

To quantify the levels of immune infiltration in the brain tissue of MS patients, the CIBERSORT algorithm (https://cibersort.
stanford.edu/) was applied,” which is a gene expression-based deconvolution algorithm by using the leukocyte gene signature
matrix. Only statistically significant data were reserved for the following analysis, with CIBERSORT P<0.05. Thus, the output
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Figure | The research flowchart of bioinformatic analysis and in vivo experimental validation.

Abbreviations: DPRGs, differentially expressed pyroptosis-related genes; LASSO, least absolute shrinkage and selection operator; SVM-RFE, support vector machine recursive
feature elimination; ROC, receiver operating characteristics curve; mRNA, messenger RNA; EAE, experimental autoimmune encephalomyelitis; CASP4, Caspases-4; NLRC4,
Nucleotide-binding, leucine-rich repeat (NLR) family caspase activation and recruitment domain (CARD) domain containing 4; GSEA, Gene Set Enrichment Analysis.

was directly integrated to generate an entire matrix of immunecell fractions. Based on CIBERSORT, we compared the
distribution of immune cell infiltration between patients with MS and healthy controls. CIBERSORT was used to compute the
proportion of immune cells to approximate the immune infiltration landscape proportion. In addition, a correlation analysis
was performed to evaluate the correlation between pyroptosis-related genes and immune infiltration in MS.
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Differential Expression Analysis of Genes and Enrichment Pathways Analysis
Differential expression of the microarrays was analyzed using limma (R package limma). Differentially expressed genes
(DEGs) with adjusted P<0.05 and [log,fold-change (log,FC) [>0.585 were classified as statistically significant. The
volcano plots and heatmaps were used to visualize the DEGs.

Molecular Signatures Database (MSigDB, http://software.broadinstitute.org/gsea/msigdb) were applied to annotate

gene sets (canonical and hallmark pathways) in the analysis.** Using the R package Msigdbr, the corresponding genes of
each pathway were converted to homologs in Homo sapiens. Gene set variation analysis (GSVA),?* an unsupervised and
nonparametric method, gene ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed to show the function and enrichment pathways of the differentially variable gene sets. Statistical
significance was determined using an adjusted P value of 0.05.

|dentification of Aberrant Expression of Pyroptosis-Related Genes in MS

The PubMed and Web of Science databases were searched during the study. The search was carried out using the medical terms
“pyroptosis”, “pyroptosis-related genes” and “pyroptosis related genes”. Synonyms and abbreviations such as “PRG*”, and
“DPRG*” were also used as keywords to broaden the search. And the 33 pyroptosis-related genes of the most recent researches
were finally applied for subsequent analysis.®***’ Table S1 lists the parameters. The intersection between the DEGs identified in
the previous phase and 33 PRGs was determined. Overlapping genes were selected as the differentially expressed pyroptosis-
related genes (DPRGs). To identify stable and reproducible pyroptosis-related genes in MS, we combined the least absolute
shrinkage and selection operator (LASSO) and support vector machine recursive feature elimination (SVM-RFE) algorithms
based on linear and nonlinear decision functions.® Developed as machine learning strategies, LASSO and SVM-RFE methods
have been utilized for selecting features for high-throughput sequencing in recent years.?

Diagnostic Effectiveness of Hub Pyroptosis-Related Genes for MS Diagnosis

Receiver operating characteristic (ROC) curves were generated using expression data from the GSE131282 dataset using
the pROC package. The area under the ROC curve (AUC) was calculated for a single biomarker to estimate the
diagnostic effectiveness of pyroptosis-related genes for discriminating between MS and controls. Further validation of
the diagnostic value of the biomarkers was conducted using GSE135511 microarray. And the expression levels of the hub
pyroptosis-related genes were also calculated by “ggboxplot” package in R.

Experimental Autoimmune Encephalomyelitis (EAE) Model of MS

All experiments were approved by the ethics committee of the First Affiliated Hospital of Chongqing Medical University.
Adult female C57BL/6 mice (18-20 g, 8-10 weeks) were divided into the EAE and control groups. The EAE group was
injected subcutaneously on both sides of the spine (50ul/site, total 200ul, 350ug) with MOG;s_ss peptide (051716, GL
Biochem, Shanghai, China) in complete Freund’s adjuvant (CFA). CFA was a compound of 10 mL incomplete Freund’s
adjuvant (F5881, Sigma, Saint Louis, USA) containing 100 mg of Mycobacterium tuberculosis H37Ra (231141, BD,
New Jersey, USA). Immunized mice were injected intraperitoneally with 400 ng of pertussis toxin (81236A1, List
Biological Lab, California, USA) on days 0 and 2. The control group was immunized in the same manner using PBS in
the absence of MOGg;s ss peptide. The mice were housed in cages under specific pathogen-free conditions and
maintained under a standard 12/12 h light/dark cycle. The animals were euthanized 21d after immunization.

RNA Extraction and Quantitative Reverse Transcriptase Polymerase Chain Reaction
(gRT-PCR)

Total RNA was extracted from the cortical of EAE and control mice according to the instructions of RNA according to
the manufacturer’s instructions. cDNA was synthesized using a cDNA synthesis kit (R333; Vazyme, Jiangsu, China).
qRT-PCR was performed using the SYBR Green Master Mix (Q711; Vazyme, Jiangsu, China). Target mRNA levels were

—AACt
2

normalized to B-actin levels, and the method was used to calculate relative mRNA expression levels. Primer

sequences were synthesized by Tsingke Biotech (Beijing, China) and were listed in Table 1.
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Table | Primers Used for Quantitative Reverse Transcriptase Polymerase Chain Reaction

(qRT-PCR)
Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)
B-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
CASP4 ACAAACACCCTGACAAACCAC CACTGCGTTCAGCATTGTTAAA
CASP9 TCCTGGTACATCGAGACCTTG AAGTCCCTTTCGCAGAAACAG
PLCGI ATCCAGCAGTCCTAGAGCCTG GGATGGCGATCTGACAAGC
NLRC4 TTGAAGGCGAGTCTGGCAAAG GGCGCTTCTCAGGTGGATG

Single-Gene Gene Set Enrichment Analysis (GSEA) for Hub Pyroptosis-Related Genes
in MS

The underlying effect of each hub pyroptosis-related gene on MS development was explored using single gene GSEA for the
functional enrichment analysis. As an advanced analytical method that applies a molecular signature database,>® GSEA can be
used to interpret the effects of gene expression using a precision algorithm. Followed by converting gene symbol into Entrez
ID using “org.HS.eg.db” R package, GSEA enrichment analysis was carried out using “ClusterProfiler” package of R.

Construction of a ceRNA Network for Hub Pyroptosis-Related Genes in MS

To evaluate the role of hub pyroptosis-related genes in the pathogenesis of MS, we constructed the underlying regulators of the
ceRNA network, including messenger RNA (mRNA) transcripts, using hub pyroptosis-related genes and hub pyroptosis-related
mRNA. Putative miRNA-mRNA (hub pyroptosis-related genes) pairs were predicted by mapping hub pyroptosis-related genes
into the miRWalk database (http:/mirwalk.umm.uni-heidelberg.de/)*' and miRNet 2.0 database (https://www.mirnet.ca/
miRNet/).** Overlapping pairs were regarded as the final miIRNA-mRNA pairs. Next, the retrieved miRNAs were applied to
the predicted IncRNA-miRNA pairs using miRNet 2.0. The parameters were set as “H. sapiens (human)” for organism, “miRBase
ID” for ID type, “Not specified” for Tissue (human only), and “IncRNAs” for the targets. The IncRNA-miRNA-mRNA ceRNA
network was constructed according to the principle of the ceRNA network, and the ggalluvial R package was used to visualize the

network. A hub pyroptosis-related mRNA-related ceRNA co-expression network was constructed using Cytoscape
(http://cytoscape.org/; version 3.9.0).%

Results

Immune Cell Infiltration of MS

Analysis using CIBERSORT was performed to determine immune cell infiltration in the controls and MS patients
(Figure 2A and B). As shown in the histograms, the proportion of immune cells varied significantly among groups and
samples. Naive B cells and monocytes showed relatively high infiltration fractions in control samples (Figure 2A). T cells,
including naive CD4" T cells, memory resting/activity CD4 " T cells, and CD8" T cells were the primary infiltrating cells in
the MS samples (Figure 2B). The violin plot further compared the different distributions of immune cell types between MS
patients and controls (Figure 2C). Compared to the control tissues, the proportion of naive CD4" T cells (P=0.006), resting
natural killer (NK) cells (P=0.002), activated mast cells (P=0.022), and neutrophils (P=0.002) was higher in the MS group.
Conversely, compared with patients with MS, the controls contained a higher fraction of naive B cells (P<0.001), activated
NK cells (P=0.006), activated dendritic cells (P=0.024), and resting mast cells (P<0.001).

Analysis of DEGs and Enrichment Pathways
Using volcano plot filtering, we identified genes with statistically significant differences between patients with MS and
controls (Figure 3A). Among the top 25 DEGs, the expression values varied markedly between patients with MS and
controls, as depicted in the heatmap (Figure 3B).

GO function enrichment analysis was performed using GSVA. Most samples were enriched for pathways closely
related to transcriptional regulatory mechanisms and ion channels. Examples include transcription regulatory region

Journal of Inflammation Research 2023:16 https: 4047

Dove:


http://mirwalk.umm.uni-heidelberg.de/
https://www.mirnet.ca/miRNet/
https://www.mirnet.ca/miRNet/
http://cytoscape.org/
https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dovepress

1.00~
0.75=
0.25=

A

Composition
o
@
g
1

0.00-
sample
B.cells.memory MO T.cells.CD4.memory.activated T.cells.gamma.delta
B.cells.naive M1 phil T.cells.CD4.memory.resting T.cells.regulatory..Tregs.
CellType Dendritic.cells.acti M2 NK _cell i T.cells.CD4.naive
Dendritic.cells.resting Mast.cells.activated NK cells.resting T.cells.CD8
Eosinophils Mast.cells.resting Plasma.cells T.cells.follicular.helper
1.00=
0.75+
c
8
8
3 0.50
£
3
[&]
0.25+
0.00
sample
B.cells.memory MO T.cells.CD4.memory.acti T.cells.gamma.delta
B.cells.naive M1 N i T.cells.CD4.memory.resting T.cells.regulatory..Tregs.
CellType Dendritic.cell; i M2 NK.cell i T.cells.CD4.naive
Dendritic.cells.resting Mast.cells.activated NK .cells.resting T.cells.CD8
Eosinophils Mast.cells.resting Plasma.cells T.cells.follicular.helper
Cc p=0.751 ¥ Control
05 7 mMS
p=0.933
- p=0.825
p<0.001
0.4 -
g 034 p=0.006 =025
2 —
i
w
0.2 o
p:o 324 p<0 001
p=0.006
01 - p-o 439 p=0.002
p=0.525 p=0.002 p=0.024 ]
- p=0085 p=0297 P-U 128 P02
A L AA u 1w )
00 4 L
(\'.»4'?'
N
Q>°0 &

Figure 2 Comparing and analyzing the immune cells infiltration in the MS patients and the controls. (A)The fraction of immune cells in each control sample. (B) The fraction
of immune cells in each MS sample. Different color of the bars indicated different immune cell populations. The length of the bars indicated the proportions of the immune
cell populations, and the sum of the proportion of various immune cell populations in each sample was |. (C) The difference of immune cell infiltration in gray matter
between the MS patients and the controls. The MS group was shown in pink and the control group was shown in blue.
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Figure 3 Differential analysis. (A) The volcano plot was generated to visualize up-regulated differentially expressed genes (DEGs) vs down-regulated DEGs in the MS
patients and the controls. (B) The heatmap showed the 25 tops DEG which were related the MS patients and the controls.

sequence-specific DNA binding, histone h4 K20 trimethylation, and ligand-gated ion channel signaling pathways. These
functions were essential during cell death, whereas they were downregulated during ubiquitin-like protein ligase activity
(Figure 4A). KEGG pathway analysis showed that MS exhibited increased activity in the glycosaminoglycan biosynth-
esis of keratan and heparan sulfate, neuroactive ligand receptor interaction, and biosynthesis of unsaturated fatty acids. In
contrast, ubiquitin-mediated proteolysis and autophagy regulation were down-regulated (Figure 4B).

Identification of Hub Pyroptosis-Related Genes for MS
Using the Venn diagram tool of R software, DEGs and pyroptosis-related genes were intersected and screened for seven
DPRGs (Figure S1A). DPRGs were further identified using the LASSO and SVM-RFE algorithms. Five DPRGs were
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Figure 4 Functional enrichment analysis using GSVA. (A) The top 10 upregulated pathways and top 10 downregulated pathways of GSVA result for GO terms are

presented. (B) The top 10 upregulated and downregulated significantly enriched KEGG pathways.
Abbreviations: GSVA, Gene set variation analysis; GO, gene ontology; MF, molecular function; BF, biological process; CC, cellular component; KEGG, Kyoto Encyclopedia

of Genes and Genomes.

selected using the LASSO algorithm (Figure S1B and S1C) and four DPRGs were selected using SVM-RFE calculations
(Figure S1D). Among the identified DPRGs, CASP4, PLCG1, CASP9 and NLRC4 overlapped with the two algorithms

and were considered hub candidate PRGs for MS.
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Diagnostic Evaluation of Hub PRGs

The ROC curve showed the predictive performance of the four candidate PRGs for patients with MS. Excellent
predictive power was indicated by the high AUC values of the hub genes in GSE131282 (CASP4, AUC: 0.954;
PLCGI1, AUC: 0.932; CASP9, AUC: 0.938; NLRC4, AUC: 0.892) (Figure 5A). The effectiveness of the hub genes
was further verified using an independent external validation set: the GSE135511 dataset. Unexpectedly, the NLRC4 of
the GSE135511 microarray data was missing because of the absence of probes in the Illumina HumanRef-8 v3.0
expression beadchip. The CASP9 had the greatest AUC (0.865), followed by CASP4 (0.805) and PLCG1 (0.790)
(Figure 5B). In general, the diagnostic effectiveness of CASP4, PLCG1 and CASP9 in the training and validation sets
was relatively consistent. An unpaired #-test showing the expression levels of hub genes in the two datasets was presented
as box plots (Figure S2).

In vivo Experimental Validation of Hub Pyroptosis-Related Genes

To ensure the reliability of the diagnostic value of the hub PRGs and to verify their expression levels, we used in vivo
experiments for validation. The expression levels of the four hub PRGs were further identified by qRT-PCR in the EAE
model of MS. The expression levels of CASP4 and NLRC4 were upregulated in the EAE brain tissues (n=6) compared to
those in the controls (n=6). Nevertheless, there was no significant change in the frequency of PLCG1 and CASP9 in the
EAE group compared with that in the controls (Figure 6).

Single-Gene GSEA Enrichment Analysis of CASP4 and NLRC4

The correlation between MS and PRGs was assessed using GSEA enrichment analysis. Five leading upregulated and five
downregulated pathways enriched for CASP4 and NLRC4 were identified (Figure 7). CASP4 is closely related to drug
metabolism, cytochrome P450, ascorbate and aldarate metabolism, porphyrin metabolism, pentose and glucuronate
interconversion, and steroid hormone biosynthesis. The pathways downregulated by CASP4 were concentrated in
2-Oxocarboxylic acid metabolism, DNA replication, mannose-type O-glycan biosynthesis, aminoacyl-tRNA
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Figure 5 The Receiver operating characteristic (ROC) of the hub pyroptosis-related genes for predicting the patients with MS. (A) ROC curve in the training set
(GSEI31282 dataset). (B) ROC curve analysis of the validation set (GSEI35511 dataset).
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biosynthesis, and mismatch repair. The pathways of NLRC4 showed that allograft rejection, hematopoietic cell lineage,
asthma, autoimmune thyroid disease, and S. aureus infection were significantly upregulated. Autophagy, long-term
potentiation, RNA polymerase, protein export, and circadian rthythms were negatively regulated.

Construction of INcRNA-miRNA-mRNA ceRNA Networks for CASP4 and NLRC4 in MS
The miRNA targets of CASP4 and NLRC4 were predicted using a combination of two different databases, including the
miRWalk database and miRNet 2.0 (Tables S2-S5). The predicted target miRNAs for CASP4 and NLRC4 were then
intersected and overlapping miRNAs were screened as potential target miRNAs for CASP4 and NLRC4. Two target
miRNAs of the specifically expressed NLRC4 and 16 target miRNAs of the specifically expressed CASP4 were identified.
Based on the predicted miRNAs, we used the miRNet 2.0 database to predict the IncRNAs interacting with the predicted
miRNAs (Table S6). IncRNAs with highly interconnected IncRNA-miRNA clusters were selected as target IncRNAs. The
nine most predicted IncRNAs were calculated, and their connections in the ceRNA network were illustrated (Figure 8).

Subsequently, based on the ceRNA hypothesis, the following criteria must be met for upregulated CASP4 and NLRC4
involved in ceRNA regulation: (a) IncRNA-mRNA co-expressed positively, (b) IncRNA-miRNA co-expressed negatively,
and (c) miRNA-mRNA co-expressed negatively. Therefore, we conducted a literature search and selected four reported
upregulated IncRNAs and six reported downregulated miRNAs in MS to integrate hub pyroptosis-related mRNA-related
ceRNA interactions. We proposed that 14 IncRNA-miRNA-mRNA axes of CASP4 and four IncRNA-miRNA-mRNA axes
of NLRC4 may play a role in the pathogenesis of pyroptosis in MS: KCNQ1OT1-hsa-let-7d-5p/hsa-mir-103a-3p/hsa-mir
-122-5p/hsa-mir-210-3p/hsa-mir-671-5p-CASP4, NEAT1-hsa-let-7d-5p/hsa-mir-103a-3p/hsa-mir-122-5p/hsa-mir-671-5p-
CASP4, OIP5-AS1-hsa-let-7d-5p-CASP4, XIST-hsa-let-7d-5p/hsa-mir-103a-3p/hsa-mir-122-5p/hsa-mir-671-5p-CASP4
(Figure 9A), and KCNQI1OT1/NEAT1/OIP5-AS1/XIST-hsa-mir-335-5p-NLRC4 (Figure 9B).

Discussion

MS is an immune-mediated disorder characterized by the massive infiltration of immune cells, inflammation, demyelina-
tion, and neuronal death in the CNS, yet remains widely under-detected and often misdiagnosed.'** Therefore, there is
an urgent need to develop novel strategies to diagnose and treat MS.

In this study, we analyzed differences in the level of immune infiltration between patients with MS and controls using
CIBERSORT. From the perspective of the overall distribution, T cells were the primary infiltrating cells in the MS
samples. Statistically, the proportions of naive CD4" T cells, resting NK cells, activated mast cells, and neutrophils were
significantly higher in the MS group than in the control group, while the proportion of protective cells such as naive
B cells and dendritic cells in MS group were significantly lower in the MS group than in the control group. Naive B cells

downregulate pro-inflammatory immune responses in MS and dendritic cells play a neuroprotective role in MS.*>-°
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Figure 7 Single-gene GSEA pathway analysis of hub pyroptosis-related genes. (A) The five tops significant enriched pathways of CASP4 were ascorbate and aldarate
metabolism, steroid hormone biosynthesis, pentose and glucuronate interconversions porphyrin metabolism, and drug metabolism-cytochrome P450. (B) The five tops
downregulated pathways of CASP4 were 2-Oxocarboxylic acid metabolism, DNA replication, mannose type O-glycan biosynthesis, aminoacyl-tRNA biosynthesis, and
mismatch repair. (C) The five tops significant enriched pathways of NLRC4 were staphylococcus aureus infection, autoimmune thyroid disease, asthma, hematopoietic cell
lineage, and allograft rejection. (D) The five tops downregulated pathways of NLRC4 were autophagy-other, long-term potentiation, RNA polymerase, protein export and
circadian rhythm.

Naive CD4" T cells are key players in driving the development of MS.*” Moreover, differentiation from naive CD4"
T cells to Tregs can be suppressed by high-mobility group box-1 protein (HMGBI1), which aggravates pyroptosis in lung
injury.*® Researchers had demonstrated CX3CR 1-expressing NK cells associated with disease activity in MS.** NK cell
granzyme B has also been shown to cleave GSDME and to activate caspase-independent pyroptosis.** Mast cells are
involved in different phases of the development of MS, including contributing to intestinal Th17 differentiation and
disruption of the blood-brain barrier (BBB), followed by recruitment of inflammatory immune cells to the CNS.*"** As
a source and target of IL-1pB, mast cells express functional inflammasome that can drive pyroptosis.** Neutrophils possess
a large array of effector functions that enables MS pathogenesis, including the release of inflammatory mediators,
enzymes, and neutrophil extracellular traps (NETs) as well as the breakdown of the BBB and myelin.** The excellent
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prowess of neutrophils is highlighted during pyroptosis, which plays an important role in inflammation.*>**® Therefore,
the infiltration of naive CD4" T cells, resting NK cells, activated mast cells, and neutrophils are likely implicated in
pyroptosis during MS progression.

In parallel, we performed functional enrichment analysis using GSVA to search for biological pathways and potential
molecular mechanisms that may play key roles in MS. According to the GSVA analysis, transcriptional regulatory
mechanisms, ion channels, and keratan sulfate biosynthesis signaling pathways were up-regulated, while biquitin-
mediated proteolysis and autophagy regulation were down-regulated in MS. Pyroptosis-related molecules can be
indirectly and directly regulated by transcription factors, non-coding RNAs, epigenetic modifications, and post-
translational modifications.*” In addition to being essential for cell death regulation, membrane ion channels are believed
to be involved in pyroptosis.*® Non-sulfated keratan sulfate may be capable of inducing inflammatory processes, which in
turn exacerbates the progression of pyroptosis.** Ubiquitination plays a dual role in the process of pyroptosis.’*’
Collectively, these results suggest pathways associated with pyroptosis in MS.

To further determine pyroptosis-related molecules in MS, we screened pyroptosis-related genes from DEGs of MS and
demonstrated high diagnostic efficiencies in both the GSE131282 and GSE135511 datasets (lowest AUC of 0.790). To obtain
more reliable and stable PRGs to diagnose MS, we constructed an EAE model for the experimental validation of the genes. The
mRNA expression levels of CASP4 (Caspases-4) and NLRC4 (nucleotide-binding, leucine-rich repeat (NLR) family caspase
activation and recruitment domain (CARD) domain-containing 4) were significantly higher in the EAE group than in the control
group. Thus, CASP4 and NLRC4 were considered hub pyroptosis-related genes to diagnose MS compared to controls.

Pyroptosis occurs upon the activation of proinflammatory caspases, such as CASP4, and the subsequent cleavage of
GSDMD,** resulting in GSDMD N-terminal fragments that form membrane pores to induce cell lysis. According to the
GSEA analysis, the upregulated pathways of CASP4 in MS were related to steroid hormone biosynthesis, ascorbate and
aldarate metabolism, porphyrin metabolism, pentose and glucuronate interconversions, and drug metabolism-cytochrome
P450. These findings are consistent with those of previous studies of pyroptosis. A previous study demonstrated that
ascorbate upregulated the expression of CASP1 and promoted inflammasome formation to induce pyroptosis in color-
ectal carcinoma.> Disturbance of steroid hormones, steroidogenesis, and gut microbiota dysbiosis-derived macrophage
pyroptosis causes polycystic ovary syndrome.>* The downregulated pathways of CASP4 were more concentrated in
carbohydrate metabolism, protein biosynthesis, DNA replication, and mismatch repair, which have crucial contributions
to cellular processes. The mechanisms of porphyrin metabolism, pentose and glucuronate interconversions, and drug
metabolism (cytochrome P450) in pyroptosis are still unclear.

NLRC4 induces pyroptosis by directly activating CASP1, which cleaves the pro-forms of GSDMD and releases
inflammatory mediators such as IL-1p and IL-18.°> These molecules can deteriorate MS/EAE by stimulating auto-
immune T cells, inducing neural toxicity, and compromising the BBB.'*'**° According to the GSEA analysis, the
pathways of NLRC4 in MS were significantly enriched in staphylococcus aureus (S. aureus) infection, asthma, allograft
rejection, autoimmune thyroid disease, and hematopoietic cell lineage. Studies have confirmed that intracellular S. aureus
triggers pyroptosis in host cells.’’ Airway epithelial damage can induce pyroptosis.”® Allograft rejection liberates
pathogen-associated molecular patterns and damage-associated molecular patterns, which causes caspase-1 cleavage of
pro-IL-1p into mature IL-1B and pyroptosis.”® Multiple inflammasomes mediate cytokine secretion and pyroptosis in
autoimmune thyroid disease.®® However, autophagy, long-term potentiation, RNA polymerase, protein export, and
circadian rhythm were the negatively regulated pathways of NLRC4. The aberrant export and biochemical processes
in MS may be affected by the dysregulation of NLRC4.

To screen out and unveil a systematic regulatory network of the pyroptosis-related CASP4 and NRLC4 in MS, we carried out
a literature review to identify IncRNAs and miRNAs in MS. Among the target IncRNAs obtained from the database, four
IncRNAs, namely KCNQ1OT1,°! NEAT,*%* 10IP5-AS1% and XIST,** were reportedly upregulated in MS. Furthermore, six
miRNAs among the target miRNAs of CASP4 and NRLC4 were shown to be downregulated in MS: hsa-let-7d-5p, hsa-mir-103a-
3p, hsa-mir-122-5p, hsa-mir-210-3p, hsa-mir-335-5p, and hsa-mir-671-5p.>°” According to the ceRNA hypothesis, ceRNA
networks interact with hub pyroptosis-related mRNA CASP4 and NRLC4. We hypothesize that KCNQ10OT1-hsa-let-7d-5p/hsa-
mir-103a-3p/hsa-mir-122-5p/hsa-mir-210-3p/hsa-mir-671-5p-CASP4, NEAT 1-hsa-let-7d-5p/hsa-mir-103a-3p/hsa-mir-122-5p/
hsa-mir-671-5p-CASP4, OIP5-AS1-hsa-let-7d-5p-CASP4, XIST-hsa-let-7d-5p/hsa-mir-103a-3p/hsa-mir-122-5p/hsa-mir-671-
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5p-CASP4 and KCNQIOT1/NEAT1/0OIP5-AS1/XIST-hsa-mir-335-5p-NLRC4 might serve pivotal regulatory roles in MS.
These correlations implied that CASP4 and NRLC4 mediated pyroptosis in MS pathogenesis and they were also regulated by
complex interaction networks. The nodes of the networks could be targets for novel drug development for MS. However, further
studies are warranted to confirm these correlations.

This study has some limitations. First, the expression levels of biomarkers such as CASP9 and PLCG1 may require
further verification in clinical samples. Second, a comprehensive characterization of the ceRNA networks was not
performed; which should be explored in future work. Finally, heterogenecous data integration, MS type, sample selection
biases, and other characteristics may impact the generalization of the findings. Therefore, these results should be
cautiously interpreted and further validation through human studies is hence necessary.

Conclusion

In addition to the well-known T/B cells theory, the occurrence of MS is related to immune infiltration by naive CD4"
T cells, resting NK cells, activated mast cells, and neutrophils. CASP4 and NLRC4 appear to be key mediators of
pyroptosis in MS and have been implicated in a variety of biological processes and are regulated by complex ceRNA
networks. CASP4 and NLRC4 were screened as novel biomarkers for distinguishing patients with MS from controls.
Pathological immune infiltration and regulatory mechanisms of pyroptosis-related genes could be novel entry points for
MS drug development. There are still many gaps in our knowledge regarding immune infiltration and the role of
pyroptosis in MS. Sample selection biases and potential uncertainties in the data analysis may have influenced the
conclusions. Therefore, further studies are warranted to validate these findings.
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