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Immune cells transcriptome-
based drug repositioning for
multiple sclerosis

Xinyue Yin1, Xinming Rang1, Xiangxiang Hong1,
Yinglian Zhou1, Chaohan Xu2* and Jin Fu1*

1Department of Neurology, the Second Affiliated Hospital of Harbin Medical University, Harbin, China,
2College of Bioinformatics Science and Technology, Harbin Medical University, Harbin, China
Objective: Finding target genes and target pathways of existing drugs for drug

repositioning in multiple sclerosis (MS) based on transcriptomic changes in MS

immune cells.

Materials and Methods: Based on transcriptome data from Gene Expression

Omnibus (GEO) database, differentially expressed genes (DEGs) in MS patients

without treatment were identified by bioinformatics analysis according to the

type of immune cells, as well as DEGs in MS patients before and after drug

administration. Hub target genes of the drug for MS were analyzed by

constructing the protein-protein interaction network, and candidate drugs

targeting 2 or more hub target genes were obtained through the

connectivity map (CMap) database and Drugbank database. Then, the

enriched pathways of MS patients without treatment and the enriched

pathways of MS patients before and after drug administration were

intersected to obtain the target pathways of the drug for MS, and the

candidate drugs targeting 2 or more target pathways were obtained through

Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

Results: We obtained 50 hub target genes for CD4+ T cells in Fingolimod for

MS, 15 hub target genes for Plasmacytoid dendritic cells (pDCs) and 7 hub

target genes for Peripheral blood mononuclear cells (PBMC) in interferon-b
(IFN-b) for MS. 6 candidate drugs targeting two or more hub targets

(Fostamatinib, Copper, Artenimol, Phenethyl isothiocyanate, Aspirin and Zinc)

were obtained. In addition, we obtained 4 target pathways for CD19+ B cells

and 15 target pathways for CD4+ T cells in Fingolimod for MS, 7 target pathways

for pDCs and 6 target pathways for PBMC in IFN-b for MS, most of which

belong to the immune system and viral infectious disease pathways. We

obtained 69 candidate drugs targeting two target pathways.
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Conclusion: We found that applying candidate drugs that target both the

“PI3K-Akt signaling pathway” and “Chemokine signaling pathway” (e.g.,

Nemiralisib and Umbralisib) or applying tyrosine kinase inhibitors (e.g.,

Fostamatinib) may be potential therapies for the treatment of MS.
KEYWORDS

multiple sclerosis, transcriptome, drug repositioning, differentially expressed gene,
candidate drug
Introduction

Multiple sclerosis (MS) is one of the most common

idiopathic inflammatory demyelinating diseases, involving the

white matter of the central nervous system (CNS), with widely

distributed lesions, high recurrence rate, and disability rate (1).

The number of MS patients worldwide has increased to 2.8

million in 2020, the global prevalence rate was 35.9 per 100,000

people [95%CI: 35.87, 35.95], and the incidence rate was 2.1 per

100,000 persons/year [95%CI: 2.09, 2.12] (2). However, the

treatment effect of MS patients is not ideal. Its effective

prevention and treatment are urgent problems that need to be

solved clinically.

For patients with poor prognosis and recurrent MS, the use of

disease-modifying therapies (DMTs) should be considered early

(3). There are currently more than a dozen DMTs approved for

the treatment of MS, such as subcutaneous injection of Interferon-

b (IFN-b), Fingolimod, Teriflunomide, Ocrelizumab,

Natalizumab, etc. However, the medicines for the treatment of

MS are expensive, have different degrees of side effects, and the

control of the recurrence rate of MS is not ideal (4). Therefore, it is

very important to find effective MS drugs.
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Traditional drug development has the characteristics of high

cost, low success rate, lengthy development cycles, and heavy

financial burden on patients. Drug repositioning is inspired by

Sildenafil and Azidothymidine, which refers to the discovery of

new indications of existing drugs in addition to the original

indications. It is an increasingly attractive treatment discovery

model, which not only saves time and money, but also has the

advantage of already having been tested for safety, dosage, and

toxicity (5, 6). There are no previous reports in the literature

regarding the application of bioinformatic analysis to MS drug

repositioning. Therefore, we aim to apply this method to

determine candidate drugs for the treatment of MS.

The etiology and pathogenesis of MS are not fully

understood, but scholars generally believe that MS is an

autoimmune disease mediated by myelin-specific CD4+ T cell

attacks on CNS myelin sheaths triggered by environmental and

infectious factors based on genetic susceptibility (7). CD4+ T

cells can be divided into 4 subpopulations, namely Th1, Th2,

Th17 and Treg, according to their different functions. Th1 cells

trigger neuroinflammatory responses in MS pathogenesis, while

Th2 cells may have a protective role in suppressing

neuroinflammation in MS pathogenesis. Th17 cells promote

blood-brain barrier (BBB) injury and enter the CNS to trigger

neuroinflammation, while Treg cells have immunosuppressive

functions that downregulate the immune response. The tilt of

the Th1/Th2 axis toward Th1 and the tilt of the Th17/Treg axis

toward Th17 are both strongly associated with the development

of MS (8). In recent years, the effective application of anti-CD20

therapy has also revealed an important role of B cells in the

pathogenesis of MS (9). B cells play an important role in MS

pathogenesis through antibody-dependent and antibody-

independent mechanisms (10). Antibody-dependent

mechanisms promote MS pathogenesis by producing

autoantibodies against specific CNS tissues, while antibody-

independent mechanisms promote MS pathogenesis by

inducing B-cell receptor (BCR) internalization of autoantigens

and presentation to specific CNS pathogenic T cells to promote

T-cell activation, by producing cytokines and by forming ectopic

lymphoid tissue (11). In addition, plasmacytoid dendritic cells

(pDCs) in MS patients may also be involved in MS pathogenesis
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due to their pro-inflammatory state, their migratory phenotype,

and the influence of genetic risk factors (12). Therefore, our

study analyzed the transcriptomic data of the above-mentioned

immune cells from MS patients. In terms of treatment, DMTs

are mainly used for MS remission, including IFN-b, Glatiramer

acetate, Teriflunomide, Dimethyl fumarate, Fingolimod,

Ocrelizumab, Alemtuzumab, Natalizumab, and Mitoxantrone,

etc. Among them, IFN-b and Fingolimod are widely used in

early clinical practice with significant efficacy. IFN-b has

antiviral and immunomodulatory effects and inhibits T cell

migration by disrupting the balance of anti-inflammatory Th2

cells and by blocking metalloproteinases and adhesion molecules

(13). Fingolimod is an inhibitor of the sphingosine-1 phosphate

(S1P) receptor and inhibits S1P-mediated T-lymphocyte

migration, thus favoring the retention of T-lymphocytes in

lymph nodes and triggering a “homing response” of peripheral

lymphocytes and thus immunosuppression (14). Patients with

MS treated with Fingolimod or IFN-b have a significantly lower

annualized relapse rate (ARR) (15, 16), so our analysis is reliable

using the currently reported transcriptomic dataset of MS

patients treated with these two drugs. We obtained the

original data from Gene Expression Omnibus (GEO) database,

analyzed the target genes and pathways in drug treatment of MS,

and obtained potential MS candidate drugs targeting these target

genes/pathways based on the connectivity map (CMap)

database, Drugbank database and Kyoto Encyclopedia of

Genes and Genomes (KEGG) database. Our study may help

provide clues to potential MS therapeutic strategies.
Materials and methods

Identification of MS transcriptome data

A total of 295 sets of MS transcriptomic data were obtained in

the GEO database (https://www.ncbi.nlm.nih.gov/geo/), and

transcriptomic datasets of MS patients without treatment, as

well as transcriptomic datasets of MS patients before and after

treatment, were screened according to the following criteria (17).

Inclusion criteria: ① The study samples were immune cells of

patients with relapsing-remitting multiple sclerosis (RRMS); ②

The number of samples in the experimental group and the control

group should not be less than 3 (First, the transcriptome datasets

of MS patients without treatment were screened, in which MS

patients were the experimental group and healthy people were the

control group; second, the transcriptome datasets of MS patients

before and after medication were screened, in which the

experimental group was the MS patients after the treatment, and

the control group was the MS patients before the treatment); MS

patients without treatment and MS patients before the treatment

have not received DMTs or have not received DMTs for at least

one month before the start of the experiment; There is an

additional inclusion criteria for the transcriptome datasets of MS
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patients before and after medication: ④ The drugs used for MS

patients before and after the treatment were widely used clinically

and have significant effects.
Transcriptome data preprocessing

The mRNA raw data (CEL files) and the annotation file of

the sequencing platform were downloaded from the GEO

database and processed using the R language. Due to the large

difference between the data, the data were log2 transformed and

normalized using quantile normalization.
Identification of the differentially
expressed genes

The R package “Limma” was used for linear fitting and

difference analysis on each group of data to calculate the difference

in gene expression between MS patients without treatment and the

difference in gene expression of MS patients before and after

medication (18). Differentially expressed genes (DEGs) were

screened by P < 0.05 and fold-change (FC) > 1.2 or 0 < FC < 1/

1.2. When FC > 1.2, they were regarded as up-regulated DEGs and

when 0 < FC < 1/1.2, they were regarded as down-regulated DEGs.
Identification of target genes for drug
treatment of MS

According to the type of immune cells, the up-regulated

DEGs of MS patients without treatment and the down-regulated

DEGs of MS patients before and after medication were

intersected to obtain the up-regulated target genes for MS

drug therapy, the down-regulated DEGs of MS patients

without treatment and the up-regulated DEGs of MS patients

before and after medication were intersected to obtain the down-

regulated target genes for MS drug therapy.
Construction of protein-protein
interaction network and identification of
hub target genes for drug treatment of
MS

According to the type of immune cells, the protein-protein

interaction (PPI) network of target genes was constructed

using the STRING database (https://cn.string-db.org/, version

11.5) (combined confidence score > 0.400), visualized by

Cytoscape (https://cytoscape.org/, version 3.9.1) and the degree

of nodes was calculated (19). Using the CytoHubba plugin in

Cytoscape, the top 10% of nodes with the highest degree of PPI

network connectivity were identified as hub target genes.
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Identification of candidate drugs through
CMap database and Drugbank database

Candidate drugs targeting hub target genes were identified

through the CMap database (https://clue.io/) and Drugbank

database (https://go.drugbank.com/) according to the different

types of immune cells (Inclusion criteria: Approved/

Investigational drugs) (20, 21). The drug-hub target gene

network diagram was visualized through Cytoscape.
Pathway enrichment analysis of DEGs

The pathway enrichment analysis for the DEGs of MS

patients without treatment and the DEGs of MS patients

before and after the medication was performed using Rstudio

(Ver.3.6.1) according to the different types of immune cells (22),

and only the pathways with P < 0.05 were included. Then, the

pathways of MS patients without treatment and the pathways of

MS patients before and after medication were intersected to

obtain the target pathways of MS treatment. According to the

type of immune cells, calculate the types of DEGs of MS patients

without treatment included in each target pathway, the types of

DEGs of MS patients before and after medication included in

each target pathway, and the types of common DEGs included in

each target pathway, and identify the target pathways that were

mainly targeted when these drugs were used to treat MS.
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Identification of candidate drugs through
the KEGG database

According to the type of immune cells, the candidate drugs

targeting target pathways were obtained through the KEGG

database (www.genome.jp/kegg/pathway.html) and drug-

pathway interaction networks were conducted by Cytoscape (23).
Proteomic data validation

We extensively screened proteomic data of MS patients

without treatment and MS patients before and after drug

administration that applying liquid chromatography-tandem

mass spectrometry (LC-MS/MS) for further validation through

the Proteomics Identification Database (PRIDE, http://www.ebi.

ac.uk/pride) (24), the GEO database and Google Scholar (https://

scholar.google.com) (25). We only found PXD011785 and

PXD028702 data from the PRIDE that could be used to

validate the transcriptomic data of MS patients without

treatment, both of which were protein-level data on CD4+ T

cells in MS patients without treatment (26, 27). Unfortunately,

we did not find the proteomic dataset of MS patients before and

after drug administration, so only the transcriptomic data of MS

patients without treatment on CD4+ T cells were validated in

this article.

The workflow of the study was shown in Figure 1.
FIGURE 1

The workflow of the study.
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Results

Identification of DEGs of MS patients
without treatment and DEGs before and
after IFN-b or Fingolimod treatment

4 sets of transcriptome datasets of CD19+ B cells, CD4+ T

cells, pDCs, and Peripheral blood mononuclear cells (PBMC)

from MS patients without treatment were obtained (GSE117935

(28), GSE172009 (29), GSE37750 (30), GSE41890 (31). Then,

according to the type of CD19+ B cells, CD4+ T cells, pDCs and

PBMC, 5142 DEGs of MS patients without treatment were

obtained according to the standards of P < 0.05 and FC > 1.2

or 0 < FC < 1/1.2 (CD19+ B cells: 293 DEGs; CD4+ T cells: 2032

DEGs; pDCs: 1712 DEGs; PBMC: 1561 DEGs) (Table 1;

Supplementary Table S1). Furthermore, we could only obtain

the transcriptome datasets of MS patients before and after the

application of IFN-b or Fingolimod. There were 2 sets of

transcriptome datasets of CD19+ B cells and CD4+ T cells

from MS patients before and after the application of

Fingolimod and 2 sets of transcriptome datasets of pDCs and

PBMC fromMS patients before and after the application of IFN-

b (GSE81604 (32, 33), GSE73079 (32–34), GSE37750 (30),

GSE33464 (35, 36)). According to the type of CD19+ B cells,

CD4+ T cells, pDCs and PBMC, 14300 DEGs in MS patients

before and after the application of Fingolimod and IFN-b were

obtained according to the standards of P < 0.05 and FC > 1.2 or 0

< FC < 1/1.2 (CD19+ B cells: 1164 DEGs; CD4+ T cells: 13201

DEGs; pDCs: 668 DEGs; PBMC: 593 DEGs) (Table 2,

Supplementary Table S2).
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Identification of hub target genes in MS
patients before and after the application
of Fingolimod or IFN-b

According to the type of CD19+ B cells, CD4+ T cells, pDCs,

and PBMC, a total of 164 up-regulated target genes and 649

down-regulated target genes were obtained (Figure 2;

Supplementary Table S3). The types of target genes targeting

CD4+ T cells were the most and mainly focused on down-

regulated target genes. A PPI network of 560 nodes and 2386

edges was constructed using target genes of CD4+ T cells from

MS patients after the application of Fingolimod, and 50 hub

target genes (top 10%: degree ≥ 21) were identified by PPI

analysis and visualization with Cytoscape. In addition, a PPI

network with 138 nodes and 115 edges was constructed using

target genes targeting pDCs from MS patients after the

application of IFN-b, and 15 hub target genes were identified

(top 10%: degree ≥ 6). A PPI network with 73 nodes and 40

edges was constructed using target genes targeting PBMC from

MS patients after the application of IFN-b, and 7 hub target

genes (top 10%: degree ≥ 3) were identified (Figure 3).
Identification of potential candidate
drugs for the treatment of MS through
the CMap database and Drugbank
database

A total of 193 candidate drugs (CD4+ T cells: 51; pDCs: 13;

PBMC: 134) targeting hub target genes were obtained through
TABLE 1 Transcriptome datasets of MS patients without treatment.

ID Disease Platform ID Case/control Sample Publish time DEG

Up-regulated DEG Down-regulated DEG

GSE117935 RRMS GPL5175 10/10 CD19+ B cells 2018 216 77

GSE172009 RRMS GPL20301
GPL24676

4/4 CD4+ T cells 2021 163 1869

GSE37750 RRMS GPL570 9/8 pDCs 2015 792 920

GSE41890 RRMS GPL6244 8/4 Peripheral blood leukocytes 2013 883 678
TABLE 2 Transcriptome datasets of MS patients before and after medication.

ID Disease Platform ID Drug Case/control Sample Publish time DEG

Up-regulated DEG Down-regulated DEG

GSE81604 RRMS GPL17586 Fingolimod 5/5 CD19+ B cells 2016 723 441

GSE73079 RRMS GPL17586 Fingolimod 5/5 CD4+ T cells 2015 4162 9039

GSE37750 RRMS GPL570 IFN-b 9/9 pDCs 2015 263 405

GSE33464 RRMS GPL14837 IFN-b 12/12 PBMC 2011 296 297
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the CMap database and Drugbank database according to the

types of CD4+ T cells, pDCs, and PBMC (Figure 4), most of

which belonged to antineoplastic drugs and 6 candidates

targeted more than 2 hub target genes (Table 3).
Identification of target pathways for
Fingolimod and IFN-b in the treatment of
MS

According to the type of CD19+ B cells, CD4+ T cells, pDCs,

and PBMC, a total of 139 pathways were enriched at P < 0.05 for

DEGs in MS patients without treatment (Supplementary Table

S4), and a total of 112 pathways were enriched at P < 0.05 for

DEGs in MS patients before and after Fingolimod or IFN-b
application (Supplementary Table S5). The 28 target pathways

of Fingolimod and IFN-b for MS treatment were obtained by

taking the intersection processing (Tables 4, 5). The target

pathways were classified according to the classification of

pathways in the KEGG database into immune system pathways

(22%), nervous system pathways (11%), endocrine system

pathways (7%), excretory system pathways (4%), viral infectious

disease pathways (22%), bacterial infectious disease pathways

(7%), parasitic infectious disease pathways (4%), specific types

of cancer pathways (4%), metabolism pathways (7%), cellular

process pathway (4%), genetic information processing pathway

(4%) and environmental information processing pathway (4%)

(Figure 5). Among them, the immune system pathways and viral

infectious disease pathways accounted for the largest proportion.

The main target pathways of Fingolimod and IFN-b for MS

treatment were identified according to the type of CD19+ B cells,

CD4+ T cells, pDCs, and PBMC (Figure 6), where the main target

pathway of Fingolimod for MS treatment against CD19+ B cells

was “Yersinia infection”, the main target pathways for CD4+ T

cells in Fingolimod therapy for MS were “Endocytosis”, “PI3K-

Akt signaling pathway”, “Chemokine signaling pathway” and

“Neurotrophin signaling pathway”, the main target pathways for

pDCs in MS treatment with IFN-b were “Influenza A”, “Epstein-
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Barr virus infection” and “NOD-like receptor signaling pathway”,

the main target pathways for PBMC in MS treatment with IFN-b
were “Fatty acid metabolism” and “Hepatitis C”.
Identification of potential candidate
drugs for the treatment of MS based on
the KEGG database

Our approach is based on two biological assumptions: first,

proteins always have cascading effects in pathways, not just acting

alone; second, drugs exert therapeutic effects by modulating

pathways involved in disease pathology, rather than directly

targeting disease-related proteins (37), so we considered drug

candidates that target pathways as potential therapeutic agents for

MS. A total of 1062 candidate drugs targeting target pathways

were obtained through the KEGG database (CD19+ B cells: 33;

CD4+ T cells: 495; pDCs: 26; PBMC: 304) (Supplementary Table

S6), most of which were antineoplastic and immunosuppressive

drugs. There were 58 candidate drugs targeting 2 target pathways

(Supplementary Table S7).
Proteomic data validation

From a biological point of view, the transcriptome represents

the intermediate state of gene expression, while proteins are the

direct functional performers of the organism, and therefore the

study of protein expression levels has an irreplaceable advantage.

In the PXD011785 data, a total of 228 proteins were differentially

expressed between MS patients and healthy individuals (P <

0.05), of which 24 proteins encoded genes consistent with the

DEGs we obtained (Supplementary Table S8). Among them, 12

were regulated with the same trend at transcriptome level and

protein level (TES, GABPA, ARF6, VCL, TYMP, LIMS1,

YWHAG, ATP6V1A, PDIA3, ATP2A2, TPM4, CLTC).

Among these 24 overlapping coding genes, YWHAG was

involved in the “PI3K-Akt signaling pathway”. A total of 10
FIGURE 2

The types of up-regulated and down-regulated target genes for CD19+ B cells, CD4+ T cells, pDCs, and PBMC in MS patients treated with
Fingolimod or IFN-b.
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B

C
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FIGURE 3

(A) Target genes of CD4+ T cells in MS patients treated with Fingolimod, red nodes were hub target genes; (B) target genes of pDCs in MS
patients treated with IFN-b, red nodes were hub target genes; (C) target genes of PBMC in MS patients treated with IFN-b, red nodes were hub
target genes.
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FIGURE 4

Candidate drugs targeting hub target genes were identified based on the CMap database and Drugbank database. Red nodes represent hub target genes,
blue nodes represent candidate drugs targeting hub target genes, and green nodes represent candidate drugs targeting 2 or more than 2 hub target
genes. (A) The candidate drugs targeting hub target genes of CD4+ T cells in MS patients treated with Fingolimod. (B) The candidate drugs targeting hub
target genes of pDCs in MS patients treated with IFN-b. (C) The candidate drugs targeting hub target genes of PBMC in MS patients treated with IFN-b.
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pathways were enriched for the 24 overlapping coding genes at P

< 0.05 (Supplementary Table S9), in which the ‘‘Endocytosis’’

pathway was enriched in both transcriptome and proteome,

further validating the confidence of the transcriptome data. In

the PXD028702 data, a total of 18 proteins were differentially

expressed (adjusted p ≤ 0.05) between MS patients and healthy

individuals (DPH6, GNPDA2, ACAD8, CORO2A, PHF20L1,

SRA1, EPC1, PTPN13, DENND10, LAMTOR5, NRDE2,

PSMD5, GOPC, ASPH, TCEA3, RHOC, TYK2, BORCS6).

With a more stringent threshold, we still obtained 2 protein-

coding genes (SRA1 and DENND1) that were consistent with

the DEGs we obtained.
Discussion

MS is considered to be a chronic inflammatory and

demyelinating disease of the CNS, and various immune cells

play a crucial role in the development of MS (38). In this study,

we obtained the target genes and target pathways of Fingolimod

and IFN-b for MS treatment based on immune cell

transcriptomic datasets of MS patients without treatment and
Frontiers in Immunology 09
immune cell transcriptomic datasets of MS patients before and

after application of Fingolimod or IFN-b, and identified MS

candidate drugs targeting hub target genes and target pathways.
Target genes and target pathways for
CD4+ T cells in the treatment of MS with
Fingolimod

15 target pathways and 586 target genes (6 up-regulated

target genes and 580 down-regulated target genes) were obtained

by the analysis of CD4+ T cell transcriptomic data from MS

patients without treatment and CD4+ T cell transcriptomic data

before and after Fingolimod treatment, suggesting that

Fingolimod treatment for MS mainly targeted CD4+ T cells,

which was consistent with the mechanism that Fingolimod

inhibited the migration of T lymphocytes to the CNS and thus

relieved MS. Recent clinical trial data suggested that increased

Th1/Th17 cells (CD4+ T cell subpopulation) in CNS tissue,

cerebrospinal fluid, and blood predominate in the pathogenesis

of MS (8), so we focused on target genes and target pathways

that target CD4+ T cells.
TABLE 3 The candidate drugs that target 2 or more than 2 hub target genes.

Drug Target Gene Effect Sample

Fostamatinib LRRK2, PAK1, PRKACA, CSK, PIK3CG,
CHEK1, PDE5A

Antineoplastic, Immunomodulator, Spleen tyrosine kinase inhibitor CD4+ T cells, pDCs,
PBMC

Copper YWHAB, SRSF1, HNRNPA2B1, CLU Supplement CD4+ T cells, PBMC

Artenimol IQGAP1, HNRNPA2B1, MYH9, HNRNPD Antimalarial CD4+ T cells

Phenethyl
Isothiocyanate

YWHAB, YWHAQ, YWHAH Antineoplastic CD4+ T cells

Aspirin TP53, PTGS1 Analgesic, Anti-inflammatory, Antipyretic, Antirheumatic, Antiplatelet,
Cyclooxygenase inhibitor

CD4+ T cells, PBMC

Zinc TP53, CLU Supplement CD4+ T cells, PBMC
TABLE 4 The number of enriched pathways of DEGs in MS patients without treatment, the number of enriched pathways of DEGs before and
after application of Fingolimod or IFN-b, and the number of target pathways.

ID Sample Drug Pathway Target pathway

GSE117935 CD19+ B cells / 50 4

GSE81604 Fingolimod 24

GSE172009 CD4+ T cells / 40 15

GSE73079 Fingolimod 75

GSE37750 pDCs / 54 7

GSE37750 IFN-b 20

GSE41890 PBMC / 58 6

GSE33464 IFN-b 19
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TABLE 5 Target pathways of Fingolimod and IFN-b for MS.

Sample Pathway ID Pathway Name Pathway Class

CD19+ B cells hsa04062 Chemokine signaling pathway Organismal Systems (Immune system)

hsa05135 Yersinia infection Human Diseases (Infectious disease: bacterial)

hsa05163 Human cytomegalovirus infection Human Diseases (Infectious disease: viral)

hsa04120 Ubiquitin mediated proteolysis Genetic Information Processing (Folding, sorting and degradation)

CD4+ T Cells hsa04670 Leukocyte transendothelial migration Organismal Systems (Immune system)

hsa04611 Platelet activation Organismal Systems (Immune system)

hsa04062 Chemokine signaling pathway Organismal Systems (Immune system)

hsa04722 Neurotrophin signaling pathway Organismal Systems (Nervous system)

hsa04720 Long-term potentiation Organismal Systems (Nervous system)

hsa04728 Dopaminergic synapse Organismal Systems (Nervous system)

hsa04927 Cortisol synthesis and secretion Organismal Systems (Endocrine system)

hsa04935 Growth hormone synthesis, secretion and action Organismal Systems (Endocrine system)

hsa04962 Vasopressin-regulated water reabsorption Organismal Systems (Excretory system)

hsa05161 Hepatitis B Human Diseases (Infectious disease: viral)

hsa05135 Yersinia infection Human Diseases (Infectious disease: bacterial)

hsa05120 Epithelial cell signaling in Helicobacter pylori infection Human Diseases (Infectious disease: bacterial)

hsa04120 Ubiquitin mediated proteolysis Genetic Information Processing (Folding, sorting and degradation)

hsa04144 Endocytosis Cellular Processes (catabolism)

hsa04151 PI3K-Akt signaling pathway Environmental Information Processing (Signal transduction)

pDCs hsa04621 NOD-like receptor signaling pathway Organismal Systems (Immune system)

hsa04962 Vasopressin-regulated water reabsorption Organismal Systems (Excretory system)

hsa05164 Influenza A Human Diseases (Infectious disease: viral)

hsa05162 Measles Human Diseases (Infectious disease: viral)

hsa05169 Epstein-Barr virus infection Human Diseases (Infectious disease: viral)

hsa05142 Chagas disease Human Diseases (Infectious disease: parasitic)

hsa05216 Thyroid cancer Human Diseases (Cancer: specific types)

PBMC hsa04610 Complement and coagulation cascades Organismal Systems (Immune system)

hsa04640 Hematopoietic cell lineage Organismal Systems (Immune system)

hsa05160 Hepatitis C Human Diseases (Infectious disease: viral)

hsa00590 Arachidonic acid metabolism Metabolism (Lipid metabolism)

hsa00480 Glutathione metabolism Metabolism (Metabolism of other amino acids)

hsa01212 Fatty acid metabolism
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FIGURE 5

Classification of target pathways in MS patients treated with Fingolimod or IFN-b. (A) Organismal Systems; (B) Human Diseases; (C) Metabolism; (D)
Cellular Processes; (E) Genetic Information Processing; (F) Environmental Information Processing. “Fatty acid metabolism” is not classified yet.
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FIGURE 6

Bar graphs of the target pathways in MS patients treated with Fingolimod or IFN-b. (A) DEGs contained in the target pathways of CD19+ B cells
in MS patients treated with Fingolimod; (B) DEGs contained in the target pathways of CD4+ T cells in MS patients treated with Fingolimod; (C)
DEGs contained in the target pathways of pDCs in MS patients treated with IFN-b; (D) DEGs contained in the target pathways of PBMC in MS
patients treated with IFN-b.
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Among these 15 target pathways, “Endocytosis”, “PI3K-

Akt signaling pathway”, “Chemokine signaling pathway” and

“Neurotrophin signaling pathway” are more important. Many

studies have shown that the “PI3K-Akt signaling pathway” is

associated with autoimmune diseases, inflammation and

hematological malignancies and plays an important role in

the activation and migration of leukocytes (39). PI3K can be

classified into type I, II and III according to the structure and

substrate. And according to its type I catalytic subunit, type I

PI3K can be further subdivided into 4 subtypes (a, b, g, d).
The distribution of PI3K expression differs among different

catalytic subunits, with PI3Ka and PI3Kb being expressed in

a variety of cells, while PI3Kd and PI3Kg are only expressed in

the immune system. Among them, PI3Kd is highly expressed

in all leukocyte types, conferring it an important position in

immunotherapy. PI3Kd protects CD4+ T cells from apoptosis

during autoimmune responses (40). In PI3Kd-inactivated
mice, T cell activation and function were significantly

reduced in experimental allergic encephalomyelitis (EAE)

and fewer T cells were observed in CNS (40). AKT is a

serine/threonine kinase, also known as protein kinase B.

Inhibition of Akt phosphorylation in the CNS of EAE

reduced the worsening of clinical symptoms (41). Regarding

the effect of the PI3K-AKT pathway on MS patients, PI3K is a

key signaling mediator of CD28. CD28 can promote the

increase of c-myc and Glucose transporter type 1 (Glut1) in

CD4+ T cells of MS patients by activating the PI3K-AKT

pathway, upregulating glycolysis and increasing Th17 cell-

associated inflammatory cytokine expression (42). Therefore,

inhibition of PI3K-Akt activity plays an important role in the

treatment of MS. In addition, the “Chemokine signaling

pathway” is an important immune system-related pathway

also associated with leukocyte migration (43), and changes in

chemokine expression and distribution are closely associated

with the pathological process of MS demyelination (44).

There is evidence that CCR2 on human Th17 cells (CCR2

(+) CCR5(-) memory CD4+ T cells) may serve as a

therapeutic target for MS (45). Blockade of the “Chemokine

signaling pathway” is expected to be a new therapeutic

approach (45). The “Neurotrophin signaling pathway” is a

neurologically relevant pathway. Oligodendrocyte precursor

cells (OPCs) are differentiated into myelin-forming

oligodendrocytes (OLs) under the influence of various

factors (including trophic factors, growth factors, and

inhibitory factors in the microenvironment), and on this

basis, OLs cross-link with each other to form myelin

sheaths outside the axons of the central nervous system, a

process called myelin regeneration (46). Therefore, regulation

of neurotrophic factors is crucial for myelin regeneration in

MS patients. Although no studies clearly show the relevance

of “Endocytosis” to the treatment of MS, based on our

analysis, we believe that relevant studies are necessary.
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The top 3 node degrees among the 50 hub target genes

obtained by constructing PPI networks were TP53 (down-

regulated in MS), LRRK2 (down-regulated in MS), and PTEN

(down-regulated in MS). TP53 and PTEN are both tumor

suppressor genes associated with PI3K-Akt signaling. Among

them, TP53 is one of the most frequently inactivated tumor

suppressor genes in human cancer (47). It is a downstream target

of the PI3K-Akt signaling pathway, and activation of PI3K-Akt

signaling decreases TP53 expression (48). Production of IL-6,

granulocyte-macrophage colony-stimulating factor and IL-10 is

significantly higher in TP53-deficient EAE mice than in wild-

type EAE mice and CNS-infiltrating cells are less apoptotic,

suggesting that TP53 may be involved in the regulatory process

of EAE by controlling cytokine production and/or inhibiting

apoptos i s o f inflammatory ce l l s (49) . PTEN is a

phosphatidylinositol-3,4,5- trisphosphate (PIP3)-phosphatase

that is required to antagonize PI3K-AKT signaling by

dephosphorylating PIP3 on the cell membrane to generate

PIP2, which in turn antagonizes PI3K-mediated cell growth,

metabolism, proliferation and survival signaling (50). PTEN also

dephosphorylates Akt and reduces Akt activation while blocking

all downstream signaling events regulated by Akt (50). Reduced

PTEN expression indirectly stimulates PI3K-AKT activity. In

the last two decades, our understanding of PI3K has evolved

from recognition of growth factors, G protein-coupled receptors

(GPCR) and enzymatic activities associated with certain

oncogene products to targets in cancer and inflammatory

diseases (50). Among these, PTEN plays a key role in Th17

cell differentiation by blocking IL-2 expression, and PTEN

deficiency increases IL-2, promotes phosphorylation of STAT5

and inhibits phosphorylation of STAT3, thereby inhibiting Th17

cell differentiation (51). LRRK2 is a protein kinase, a gene highly

associated with Parkinson’s disease (52), and has not been

studied in MS and EAE.
Target genes and target pathways for
CD19+ B cells in the treatment of MS
with Fingolimod

4 target pathways were obtained by analyzing CD19+ B cell

transcriptome data from MS patients without treatment and

CD19+ B cell transcriptome data before and after Fingolimod

treatment, and no target genes were obtained, suggesting that

Fingolimod treatment in MS has less effect on B cells. Most of

these 4 target pathways are associated with immune and

infectious diseases, with “Yersinia infection” being the main

target pathway. Yersinia is an intestinal bacterium and intestinal

bacteria have an important regulatory role in CNS disorders.

The concept of the “brain-gut axis” has been proposed early (53).

The gut is rich in nerve cells and immune cells, which reach the

brain via the vagus system or the immune system, thus affecting
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1020721
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yin et al. 10.3389/fimmu.2022.1020721
brain function (54). Intestinal microorganisms can be in direct

contact with intestinal cells, and the metabolic by-products of

intestinal microorganisms can also activate the intestinal

nervous system, interfere with the intestinal neurometabolic

secretion system, and regulate the intestinal immune system,

and this mode of action is called the “intestinal microbial-gut-

brain axis” (55). Intestinal bacteria have been shown to regulate

the differentiation, maturation and activation of B cells (56).

Yersinia infection can induce polyclonal B-cell activation leading

to increased autoantibodies resulting in autoimmune rheumatic

diseases such as reactive arthritis and Lyme disease (57), and the

relationship between Yersinia infection and MS has not

been confirmed.
Target genes and target pathways for
pDCs in the treatment of MS with IFN- b

7 target pathways and 154 target genes (97 up-regulated

target genes and 57 down-regulated target genes) were

obtained by analyzing the transcriptomic data of pDCs

from MS patients without treatment and before and after

the application of IFN-b treatment. Most of these 7 target

pathways are associated with viral infectious diseases. We

know that pDCs sense and process viral DNA through Toll-

like receptor 9 (TLR9) and that IFN-b treatment of MS leads

to a reduction in the activation of pDCs by viral pathogens

and a decrease in the frequency of MS progression by

inhibiting TLR9 processing (58). Therefore, it can explain

the results obtained from our analysis that the hub target

genes with the top 3 node degrees and most of the target

pathways were associated with viral infectious diseases.

Among them, “Epstein-Barr virus infection” is more

important. EBV, one of the most studied viruses regarding

MS, is a persistent and frequently reactivated virus with close

to 100% epidemiological relevance to MS, triggering local

inflammation near or within the CNS and thought to play a

dominant role in MS pathogenesis (59).

By constructing a PPI network, 15 hub target genes were

obtained, and the top 3 node degrees were MX2 (down-

regulated in MS), DDX60 (down-regulated in MS) and IRF7

(down-regulated in MS), all of which were associated with the

viral infection. IRF7 (Interferon regulatory factor 7) is a key

regulator of the host antiviral defense response and is one of

the most important members of the interferon regulatory

factor family, playing an essential role in the induction of type

I interferon synthesis and in the cellular innate immune

response (60). IRF7-deficient mice have a higher degree of

CNS leukocyte infiltration, and IRF7 is essential for

regulating the inflammatory response in the CNS of MS

patients (61). MX2 and DDX60 have not been studied

about MS and EAE.
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Target genes and target pathways for
PBMC in the treatment of MS with IFN- b

6 target pathways and 73 target genes (61 up-regulated

target genes and 12 down-regulated target genes) were

obtained by analyzing PBMC transcriptomic data from MS

patients without treatment and before and after the

application of IFN-b treatment. “Fatty acid metabolism” is

more important, as fatty acids are key regulators in the gut,

altering the balance between Th1 and Th17 and Treg cells in

autoimmune neuroinflammation (62). Long-chain fatty acids

(LCFAs) exacerbate EAE by increasing pathogenic Th1 and

Th17 cell populations, and short-chain fatty acids (SCFAs)

improve EAE and reduce axonal damage by promoting

differentiation and proliferation of Treg cells (62),

suggesting that regulation of fatty acid metabolism may

have an impact on the autoimmune response of MS patients

by regulating the intestinal immune microenvironment.

By constructing the PPI network, 7 hub target genes were

obtained. Among them, the highest node degree target gene is

EGF (upregulated in MS), which is an epidermal growth factor

that binds to receptors on the cell membrane and activates the

PI3K-Akt signaling pathway (63), and as mentioned earlier,

inhibition of the “PI3K-Akt signaling pathway” is essential for

MS treatment.
Potential candidate drugs for
MS treatment

Among the 6 candidates obtained for 2 or more hub target

genes, Fostamatinib is particularly important, targeting 7 hub

target genes (LRRK2, PAK1, PRKACA, CSK, PIK3CG,

CHEK1, PDE5A), which are targets of CD4+ T cells in

Fingolimod for MS and targets of pDCs and PBMCs in

IFN-b for MS. Fostamatinib is a spleen tyrosine kinase

(SYK) inhibitor. A phase 2 clinical trial of a tyrosine kinase

inhibitor (TKI) (Evobrutinib) has been completed in MS with

promising results (64), and data from a post-hoc analysis of a

phase 2 trial of Evobrutinib were presented at the 37th

Congress of the European Committee for Treatment and

Research in Multiple Sclerosis (ECTRIMS) in 2021,

confirming that oral Bruton’s tyrosine kinase inhibitor

(BTKi) Evobrutinib affects brain injury associated with

chronic inflammation in the CNS, making it the first BTKi

shown to significantly reduce slowly expanding lesion (SEL)

(65). Among these, SELs are chronic, active, demyelinating

MS lesions that are considered to be early indicators of MS

disease progression. Fostamatinib is currently used to treat

chronic adult idiopathic thrombocytopenic purpura (ITP),

which has been poorly treated with previous therapy, by
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blocking platelet destruction and is the only approved SYK

inhibitor on the market (66). Clinical trials have also been

conducted on Fostamatinib for the treatment of RA, but the

results have not been satisfactory (67). Whether it is effective

in treating MS remains unclear.

Based on the target pathways of CD19+ B cells and CD4+

T cells in Fingolimod for MS and pDCs and PBMCs in IFN-b
for MS, we can know that the “PI3K-Akt signaling pathway”

and the “Chemokine signaling pathway” are more important,

so we focus on drugs that target these pathways

simultaneously. Among the 58 candidate drugs obtained

that target 2 target pathways, Nemiralisib and Umbralisib

target both the “PI3K-Akt signaling pathway” and the

“Chemokine signaling pathway”. Nemiralisib, a PI3Kd
inhibitor, is an anti-asthmatic and anti-inflammatory agent

(68), while Umbralisib, a dual PI3Kd/CK1ϵ inhibitor, is an

anti-tumor agent currently used in the treatment of

lymphoma (69). Neither of them has been studied in MS,

and they deserve focused attention.

Our study has the following limitations. First, we could

only obtain the transcriptomic dataset of MS patients treated

with IFN-b and Fingolimod in the GEO database. If the

transcriptome datasets of MS patients treated with other

effective drugs are reported in the future, this method can

continue to be used to find potential candidate drugs for MS.

Second, in our study, the critical values of DEG were

relatively low (P < 0.05, FC > 1.2 or 0 < FC < 1/1.2). When

we increased the FC used for common cases to 2 and

performed subsequent analyses, the DEGs for MS patients

without treatment were shown in Supplementary Table S10,

and the DEGs for MS patients before and after the application

of IFN-b or Fingolimod were shown in Supplementary Table

S11. Target genes for CD19+ B cells and PBMC were reduced

to 0. The upregulated target genes for CD4+ T cells were

reduced to 0 and the downregulated target genes were

reduced to 55. The upregulated target genes of pDCs were

reduced to 0 and the downregulated target genes were

reduced to 2. In terms of pathway enrichment, CD19+ B

cells and PBMC did not obtain target pathways, CD4+ T cells

obtained 7 target pathways, and pDCs obtained 11 target

pathways (Supplementary Table S12). Although the cutoff for

DEGs was relatively low, the results based on transcriptome

data were meaningful to a certain extent. Third, limited by the

lack of compliant proteomic datasets, we were only able to

validate a small portion of our transcriptomic data – the

transcriptomic data on CD4+ T cells from MS patients

without treatment, and protein validation may continue in

the future. Fourth, no basic trials or clinical trials have been

conducted with Nermiralisib, Umbralisib or Fostamatinib.

More work needs to be done in this area to fully realize the

practical value of this study.
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Conclusion

In this study, we applied bioinformatics analysis of MS

transcriptome data to reposition drugs that may treat MS,

which can help identify target genes and target pathways for

the treatment of MS, redirect the use of approved drugs, and find

new effective drugs that may treat MS. According to our analysis,

MS treatment is a complex process involving multiple systemic

pathways, including immunity, infection, and signal

transduction, etc. We should focus on candidate drugs that

target both the “PI3K-Akt signaling pathway” and the

“Chemokine signaling pathway” (e.g., Nemiralisib and

Umbralisib) and TKI (e.g., Fostamatinib).
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