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Abstract

Multiple sclerosis (MS) and glioblastoma (GBM) are CNS diseases in whose development

and progression immune privilege is intimately important, but in a relatively opposite man-

ner. Maintenance and strengthening of immune privilege have been shown to be an impor-

tant mechanism in glioblastoma immune evasion, while the breakdown of immune privilege

leads to MS initiation and exacerbation. We hypothesize that molecular signaling pathways

can be oppositely regulated in peripheral blood CD8+ T cells of MS and glioblastoma

patients at a transcriptional level. We analyzed publicly available data of the peripheral

blood CD8+ T cell MS vs. control (MSvsCTRL) and GBM vs. control (GBMvsCTRL) differen-

tially expressed gene (DEG) contrasts with Qiagen’s Ingenuity pathway analysis software

(IPA). We have identified sphingolipid signaling pathway which was significantly downregu-

lated in the GBMvsCTRL and upregulated in the MSvsCTRL. As the pathway is important

for the CD8+ T lymphocytes CNS infiltration, this result is in line with our previously stated

hypothesis. Comparing publicly available lists of differentially expressed serum exosomal

miRNAs from MSvsCTRL and GBMvsCTRL contrasts, we have identified that hsa-miR-

182-5p has the greatest potential effect on sphingolipid signaling regarding the number of

regulated DEGs in the GBMvsCTRL contrast, while not being able to find any relevant

potential sphingolipid signaling target transcripts in the MSvsCTRL contrast. We conclude

that the sphingolipid signaling pathway is a top oppositely regulated pathway in peripheral

blood CD8+ T cells from GBM and MS, and might be crucial for the differences in CNS

immune privilege maintenance of investigated diseases, but further experimental research

is necessary.

1. Introduction

The blood–brain barrier (BBB) is a physiological barrier formed by the endothelial cells (ECs)

of the blood vessel walls to maintain a stable environment for the distribution of resident
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immune cells (perivascular macrophages and microglial cells) in the central nervous system

(CNS) and circulation [1]. The BBB is important to provide immune privilege for the CNS and

reduction of immune mediated CNS damage [2]. Immune privilege is the feature of adaptive

immune system of avoiding lymphocyte migration through specific tissues, greatly reducing

the probability and level of potential immune cell infiltration and inflammation [3].

Glioblastoma (GBM) and multiple sclerosis (MS) are two CNS diseases which have a rela-

tively opposite effect on the maintenance of CNS immune privilege [4]. MS is a chronic auto-

immune disease of the CNS, the most common cause of neurological disability in the young

adult population (aged 18–40 years) and is still incurable, despite advancements in immuno-

modulation therapies [5]. Its pathogenesis is defined by CNS immune privilege breakdown

and immune cell activation and transmigration in the CNS [6]. CD8+ T lymphocytes mediate

focal destruction of myelin sheath and underlying nerve fibers in autoimmune attacks [7].

Self-reactive lymphocytes found in CNS lesions, mainly CD4+ T helper cells, are known to

release inflammatory cytokine and chemokines and have been shown to activate resident

astrocytes and microglia, increase antigen-presenting cells and effector lymphocyte activity

leading to neuroinflammation, disruption of BBB and neurodegeneration [8]. The presence of

myelin basic protein and myelin oligodendrocyte glycoprotein antigens activate immune cells

in the CNS, leading to chronic demyelinating and autoimmune processes in the CNS [9].

Other theories suggest the role of B cells in immunopathogenesis of MS [10].

GBM is the most common aggressive tumor of the CNS in adults with a poor prognosis in

spite of maximal therapy including surgical resection, radiation, and chemotherapy [11]. Infil-

tration and proliferation of CD8+ T lymphocytes in GBM is associated with improved survival

in GBM patients [12], while CD8+ CNS infiltration is associated with active lesions and demy-

elination in MS patients which leads to progression of the disease and disability [7]. Contrary

to MS, GBM exhibits profound local and systemic suppression of adaptive immune response

and maintenance of immune privilege, limiting the efficacy of therapeutic strategies and

patient survival through immunotherapy [13]. Recently, it was demonstrated that extracellular

vesicles (EVs) produced by GBM could change surrounding tumor cells’ phenotype to be

more aggressive and have a role in tumor escape from immunosurveillance [14]. EVs, which

are considered cellular crosstalk transporters of information, are produced by most known cell

types in healthy donors and patients with various pathologies [15]. In immune response mod-

ulation, EVs have an important role in the bidirectional communication between the CNS and

periphery, and therefore, can be considered as easily accessible transporters of therapies [16].

EVs released from the CNS are involved in the pathogenesis of MS [17], but can also contrib-

ute to the repair of demyelinating lesions [18]. The understanding of immune privilege is

essential for the development of new therapies for different CNS diseases. It is of importance

to understand immunosuppression especially in GBM [19] and relapsing and progressive MS

[20] to reveal new therapeutic avenues to treat these two major diseases of the CNS. Ground-

breaking discovery of small non-coding RNAs–micro RNAs as EV cargo, which can alter

expression of messenger RNA (mRNA) in the CNS and periphery, revealed EV miRNAs as

new therapeutic targets [21]. MiRNAs influence GBM growth and progression [22] and MS

progression and severity [23].

Therefore, to understand differences in molecular mechanisms pertaining to CNS immune

privilege in GBM and MS, we aim to perform comparative transcriptomic analysis of periph-

eral blood CD8+ T cells from GBM and relapsing-remitting MS (RRMS) patients by analyzing

the differentially expressed mRNA genes (DEGs) relative to controls (CTRL), from online

sources [24, 25]. To analyze if EV miRNA could through specific miRNA-mRNA interactions

influence observed mRNA expression patterns in relevant molecular signaling pathways

observed in CD8+ T cells, we aim to compare previously reported serum exosomal miRNAs
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differentially expressed (DEmiRNAs) in RRMS and GBM patients relative to controls [26, 27]

with differentially expressed mRNAs to identify potential mRNA targets.

Our comparative transcriptome analysis has identified the sphingolipid signaling pathway

as the top oppositely regulated pathway in CD8+ T cells in GBM and MS, which might be a

molecular process relevant to the explanation of differences in immune privilege in two CNS

targeting diseases. We have also identified hsa-miR-182-5p as the differentially expressed

serum exosomal miRNA which is the most likely to contribute to sphingolipid signaling down-

regulation in CD8+ T cells of GBM patients.

2. Materials and methods

2.1. Obtaining publicly available data

Data used for statistical re-analysis of DEGs was obtained from publicly available sources.

FASTQ files containing mRNA-mapping reads (Illumina NovaSeq 6000) from CD8+ T cells

from GBM patients (n = 8) and their age matched healthy CTRL (n = 6) were downloaded

from GEO database entry GSE171197 (downloaded on 03.15.2023.). The list of DEGs between

peripheral blood CD8+ T cells of RRMS patients and healthy controls was obtained from Bror-

son et al., 2020 [24]. Lists of DEmiRNAs from RRMS vs. CTRL and GBM vs. CTRL contrasts

were obtained from Ebrahimkhani et al., 2017 [26] and Ebrahimkhani et al., 2018 [27] respec-

tively. Used publicly available data did not contain information of patients and individual par-

ticipants could not be identified from the obtained data. None of the GBM and MS patients

involved in the study of DEGs in peripheral blood CD8+ T cells were receiving disease treat-

ment at the moment of blood collection [24, 25]. Six out of 14 RRMS patients who donated

blood for serum exosomal miRNA were on MS treatment [26], while 3 out of 12 GBM patients

whose serum exosomal miRNAs were sequenced have been receiving GBM prescription treat-

ment [27].

2.2. Differential mRNA expression analysis from FASTQ files

FASTQ files from GSE171197 entry were analyzed for differential expression using the online

bioinformatics platform Galaxy (https://usegalaxy.org). Quality of the raw RNASeq reads was

analyzed with the FastQC tool. After the FASTQ files have passed the quality test, RNA

sequencing adapters were excluded from the reads sequences using the Cutadapt tool. Pro-

cessed reads were mapped to the reference genome ((Homo sapiens) (b38); hg38) using the

RNA STAR tool. Mapping quality of the BAM files was assessed with the RNA STAR tool,

while counting of mapped reads was performed using the featureCounts tool. Graphical pre-

sentation of the data and identification of DEGs was performed for the defined contrast using

limma voom package. Differential expression of the genes was defined at an adjusted p-

value < 0.05 (Benjamini and Hochberg’s, BH, method of adjustment for multiple testing was

used) and presented as absolute logarithmic fold change (log2FC).

2.3. Bioinformatic analysis

Pathway analysis of both DEG lists in CD8+ T cells (from GBMvsCTRL and MSvsCTRL con-

trasts was performed using Qiagen’s Ingenuity pathway analysis (IPA, https://digitalinsights.

qiagen.com/IPA, spring 2023 release) [28] based on the Ingenuity canonical pathways module

with a DEG inclusion criteria of p adj. < 0.05.

To identify oppositely regulated individual DEGs from the GBMvsCTRL and MSvsCTRL

contrasts, we have performed an intersection of the DEG lists and retained those which were

oppositely regulated between GBM and MS CD8+ T cells relative to controls. DEGs passing
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previous filtering method were subsequently annotated in the Kyoto Encyclopedia of Genes

and Genomes (KEGG) to identify their involvement in the respective pathways.

For the purpose of finding DEmiRNAs which have the potential to target pathway-specific

DEGs, we have initially generated lists of reported and predicted interacting miRNAs for all

gene members of enriched molecular pathways using gene2mir tool of the miRNet software

(https://www.mirnet.ca, last accessed in April 2023). Subsequently, only interactions relevant

to previously identified DEGs have been retained. The extracted interactions were used to per-

form the intersection with lists of serum exosomal DEmiRNAs to prioritize miRNAs with a

potentially regulatory role on DEGs which are members of the corresponding pathways.

Finally, we have compared the direction of differential expression of DEmiRNAs with the

direction of differential expression in DEGs to further analyze the possibility of individual

miRNAs affecting the differential expression of mRNAs in molecular pathways in a canonical

manner (downregulation of gene expression).

3. Results

3.1. GBMvsCTRL differential gene expression

Analysis of the data obtained from the GSE171197 transcriptome profiling dataset led to the

identification of 3852 differentially expressed mRNAs in peripheral blood CD8+ T lympho-

cytes between GBM patients and age-matched healthy CTRL, of which 2004 were upregulated

while 1848 genes were downregulated in GBM patients (adjusted p-value < 0.05) (S1 Table).

Principal component analysis has demonstrated a clear split between the analyzed groups

(Fig 1) supporting the identification of a relatively high number of DEGs and warranting fur-

ther bioinformatic interpretation regarding molecular pathway enrichment.

3.2. Sphingolipid signaling pathway is oppositely-regulated between

MSvsCTRL and GBMvsCTRL DEGs from peripheral blood CD8+ T

lymphocytes

To further examine the biological meaning of the transcriptional profiles from the investigated

contrasts, we analyzed the two lists of DEGs (MSvsCTRL and GBMvsCTRL) using the Canoni-

cal pathway module of the IPA tool. Full list of IPA Canonical pathways enriched in DEGs of

GBMvsCTRL and MSvsCTRL contrasts is presented in S2 Table. For the investigated contrasts

(GBMvsCTRL and MSvsCTRL) ceramide signaling, sphingosine-1-phosphate signaling, IL-33

signaling pathway, 2-oxobutanoate degradation I, superpathway of methionine degradation,

BMP signaling pathway, sumoylation pathway and adipogenesis pathway have been identified

as commonly significantly enriched pathways in both lists of DEGs. Ceramide signaling was

the top of the common enriched pathways in both investigated contrasts (Table 1). Sphingo-

sine-1-phosphate signaling pathway was also identified as commonly enriched. Along with

ceramide signaling, these two pathways constitute the sphingolipid signaling pathway. Cer-

amide signaling had 33 DEGs from the GBMvsCTRL contrast (22 downregulated and 11 upre-

gulated) and 3 DEGs from the MSvsCTRL contrast (CTSD, S1PR4 and S1PR5, all

upregulated) while Sphingosine-1-phosphate signaling contained 30 DEGs from the

GBMvsCTRL contrast (21 downregulated and 9 upregulated) and 2 DEGs from the

MSvsCTRL contrast (S1PR4 and S1PR5, both upregulated). The negative Z score in

GBMvsCTRL shows the cumulative gene expression effect on a both sphingosine-1-phosphate

and ceramide signaling pathway depicting significant downregulation in signaling. It should

be noted that Z score signaling could not be calculated for MSvsCTRL contrast in the case of

the described pathways. However, all of the DEGs from MSvsCTRL contrast involved in these
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pathways were upregulated and identified to have a positive effect on corresponding signaling

pathways according to IPA. This suggest the potential upregulation of the both, sphingosine-

1-phosphate and ceramide signaling pathways. DEG interactions with downstream molecules

and cellular functions in the sphingolipid pathway, as predicted and calculated by IPA, are

Fig 1. Principal component analysis plot for leading Log2FC genes in peripheral blood CD8+ T cell transcriptome

of GBM patients and healthy CTRL samples. Red lettered entries represent GBM patient samples, while black

lettered entries represent CTRL samples. Samples are annotated with their GEO accession numbers in S1 Table. GBM–

Glioblastoma patients; CTRL–Control samples.

https://doi.org/10.1371/journal.pone.0305042.g001

Table 1. Mutually enriched IPA Canonical pathways that belong to sphingolipid signaling in GBMvsCTRL and MSvsCTRL contrasts.

IPA Canonical pathway GBMvsCTRL MSvsCTRL

p adj, Ratio Z score p adj. Ratio Z score

Ceramide Signaling 1x10-6 33/91 -2.117 4x10-4 3/91 NA

Sphingosine-1-phosphate Signaling 0.006 30/120 -2.353 0.014 2/120 NA

IPA–Qiagen Ingenuity Pathway Analysis; GBMvsCTRL–DEGs between CD8+ T cells from peripheral blood of GBM patients vs. age-matched healthy CTRL;

MSvsCTRL–DEGs between CD8+ T cells from peripheral blood of RRMS patients vs. age-matched healthy CTRL; GBM–glioblastoma patients; RRMS–relapsing-

remitting multiple sclerosis; CTRL–healthy controls; DEG–differentially expressed mRNA genes; p adj.–adjusted p value of < 0.05 is considered as statistically

significant pathway enriched in DEGs; Ratio–number of DEGs in a pathway/all genes in that pathway; Z-score–describes the cumulative gene expression effect on

pathway signaling; NA–IPA was unable to calculate Z-score for the contrast DEGs.

https://doi.org/10.1371/journal.pone.0305042.t001
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illustrated in Fig 2. Effects of DEGs in the sphingolipid signaling pathway are shown in

S2 Table.

3.3. DEGs oppositely-regulated between GBMvsCTRL and MSvsCTRL

contrasts

We have additionally performed the analysis of the oppositely regulated DEGs between

GBMvsCTRL and MSvsCTRL contrasts and characterized their pathway involvement using

the KEGG database. Five DEGs were oppositely-regulated between MSvsCTRL and

GBMvsCTRL DEG lists, of which all were upregulated in MS patients and downregulated in

GBM patients compared to CTRL. Of the identified oppositely regulated intersecting genes,

CTSD was found to be involved in sphingolipid signaling pathway (Table 2).

3.4. Serum DEmiRNAs in glioblastoma have potential targets in the

sphingolipid signaling DEGs

By analyzing the interactions of the all known sphingolipid pathway genes and their miRNAs,

a list of miRNA-gene interactions has been generated. From the conceived list, DEmiRNAs

interacting with GBMvsCTRL and MSvsCTRL DEGs were filtered. We have discovered that

40 sphingolipid pathway DEGs in the GBMvsCTRL contrast were potential DEmiRNA targets

(shown in S2 Table). Contrary there were no exosomal serum DEmiRNAs targeting

Fig 2. Sphingolipid signaling pathway illustrations presenting effects of differential gene expressions. (A) Sphingosine-1-phosphate signaling in the

GBMvsCTRL contrast. (B) Sphingosine-1-phosphate signaling in the MSvsCTRL contrast. (C) Ceramide signaling in the GBMvsCTRL contrast. (D) Ceramide

signaling in the MSvsCTRL contrast. Effects on downstream molecules and cellular functions are predicted and calculated with Qiagen’s Ingenuity Pathway

Analysis algorithm. GBM–glioblastoma patients; CTRL–healthy controls; MS–multiple sclerosis patients.

https://doi.org/10.1371/journal.pone.0305042.g002
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MSvsCTRL DEGs. We have also analyzed the potential miRNA- mRNA interactions in the

context of the direction of differential expressions of GBMvsCTRL miRNAs and mRNAs. By

following the canonical miRNA activity stating that miRNA-mRNA interaction leads to

mRNA degradation, we have identified hsa-miR-182-5p as a serum exosomal DEmiRNA with

the greatest potential effect on the observed downregulation on sphingolipid signaling DEGs

in peripheral blood CD8+ T cells of GBM patients (19 hits, 16 of which are downregulated).

The DEmiRNA list with proportions of target DEGs with expected directions of differential

expression regarding miRNA activity is shown in Table 3.

4. Discussion

In this study, we performed in silico multi-omics approach to investigate the differential regu-

lation of molecular pathways in the peripheral blood CD8+ lymphocytes between GBM and

MS, aiming for further elucidation of the mechanisms involved in maintenance of CNS

immune privilege. Our results have directed to sphingolipid signaling as the top oppositely

regulated pathway between glioblastoma vs. control and MS vs. control contrasts.

Sphingolipids are cell membrane lipids, involved in cell proliferation, signaling cascades

and apoptosis and the dysregulation of sphingolipid signaling was recognized in neurodegen-

erative diseases, including MS [29].

Sphingosine-1-phosphate and ceramide signaling canonical pathways constitute the sphin-

golipid signaling pathway, being separated by the IPA software using their main cellular effects

(cell survival and migration for sphingosine-1-phosphate, and apoptosis and inflammatory

gene activation for ceramide signaling pathway) [28]. Sphingolipid signaling has been previ-

ously shown to play an important role in pathogenic T lymphocyte infiltration in the CNS of

humans [30] and rodents [31, 32]. In mouse and rat models of traumatic CNS injury, suppres-

sion of sphingosine-1-phosphate signaling leads to reduction of T lymphocyte infiltration,

Table 2. Five oppositely-regulated differentially expressed genes between GBMvsCTRL and MSvsCTRL contrasts.

GENE MSvsCTRL

Log2FC

MSvsCTRL

p adj.

GBMvsCTRL

Log2FC

GBMvsCTRL

p adj.

KEGG pathway

H2AX 0.724 0.021 -1.4451 0.003 • hsa03082 ATP-dependent chromatin remodeling—Homo sapiens (human)

• hsa04217 Necroptosis—Homo sapiens (human)

• hsa04613 Neutrophil extracellular trap formation—Homo sapiens (human)

• hsa05034 Alcoholism—Homo sapiens (human)

• hsa05322 Systemic lupus erythematosus—Homo sapiens (human)

JUND 0.510 0.036 -3.70787 8x10-6 • hsa04010 MAPK signaling pathway—Homo sapiens (human)

• hsa04380 Osteoclast differentiation—Homo sapiens (human)

• hsa04657 IL-17 signaling pathway—Homo sapiens (human);

• hsa04928 Parathyroid hormone synthesis, secretion and action—Homo sapiens (human)

MIDN 0.447 0.036 -3.51161 7x10-6 NA

RBM38 0.372 0.037 -2.76309 4.5x10-6 NA

CTSD 0.280 0.039 -1.14923 0.013 • hsa04071 Sphingolipid signaling pathway—Homo sapiens (human)

• hsa04140 Autophagy—animal—Homo sapiens (human)

• hsa04142 Lysosome—Homo sapiens (human)

• hsa04210 Apoptosis—Homo sapiens (human)

• hsa04915 Estrogen signaling pathway—Homo sapiens (human)

• hsa05152 Tuberculosis—Homo sapiens (human)

• hsa05415 Diabetic cardiomyopathy—Homo sapiens (human)

GBMvsCTRL–DEGs between CD8+ T cells from peripheral blood of GBM patients vs. age-matched healthy CTRL; DEGs between MSvsCTRL–CD8+ T cells from

peripheral blood of RRMS patients vs. age-matched healthy CTRL; GBM–glioblastoma patients; RRMS–relapsing-remitting multiple sclerosis; CTRL–healthy controls;

DEG–differentially expressed mRNA genes; KEGG—Kyoto Encyclopedia of Genes and Genomes; p adj.–adjusted p value of < 0.05 is considered statistically significant

pathway enriched in DEGs; Log2FC–logarithm base 2 of fold change; NA–not a member of a defined KEGG pathway.

https://doi.org/10.1371/journal.pone.0305042.t002
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reduced inflammation and reduced BBB disruption [31, 32]. In vitro models of BBB have also

confirmed the role of sphingosine-1-phosphate signaling in BBB preservation by reducing

peripheral blood mononuclear cell transendothelial migration via signaling modulation [33].

In mouse models of encephalomyelitis virus infection, activated CD8+ T cells have been

shown to be solely sufficient for BBB disruption [34].

In MS, the sphingolipid pathway could affect CNS immune privilege by: positively influenc-

ing effector lymphocyte transmigration from lymphoid tissues to the blood stream and lym-

phatic system [35, 36]. These mechanisms are most evident with the pharmacophysiological

effect of the sphingolipid signaling suppressor drug fingolimod [30, 37]. Fingolimod exhibits

Table 3. MSvsCTRL and GBMvsCTRL exosomal serum DEmiRNAs target DEGs in sphingolipid signaling and their expression regarding canonical miRNA

activity.

Serum exosomal DEmiRNA Direction of differential expression Contrast Expected regulation/total number of DEG targets in sphingolipid signaling

hsa-miR-486-5p UP GBMvsCTRL 2/2

hsa-miR-182-5p UP GBMvsCTRL 16/19

hsa-miR-486-3p UP GBMvsCTRL 0/0

hsa-miR-183-5p UP GBMvsCTRL 8/10

hsa-miR-378a-3p UP GBMvsCTRL 9/11

hsa-miR-501-3p UP GBMvsCTRL 1/1

hsa-miR-20b-5p UP GBMvsCTRL 8/13

hsa-miR-106b-3p UP GBMvsCTRL 1/1

hsa-miR-629-5p UP GBMvsCTRL 0/0

hsa-miR-185-5p UP GBMvsCTRL 6/7

hsa-miR-25-3p UP GBMvsCTRL 5/11

hsa-miR-7d-3p DOWN GBMvsCTRL 2/9

hsa-miR-21-5p DOWN GBMvsCTRL 4/11

hsa-miR-409-3p DOWN GBMvsCTRL 0/0

hsa-miR-381-3p DOWN GBMvsCTRL 0/2

hsa-miR-7a-3p DOWN GBMvsCTRL 1/2

hsa-miR-130b-5p DOWN GBMvsCTRL 0/4

hsa-miR-328-3p DOWN GBMvsCTRL 0/1

hsa-miR-323b-3p DOWN GBMvsCTRL 0/1

hsa-miR-126-5p DOWN GBMvsCTRL 3/6

hsa-miR-493-5p DOWN GBMvsCTRL 0/4

hsa-miR-340-5p DOWN GBMvsCTRL 2/6

hsa-miR-339-5p DOWN GBMvsCTRL 1/5

hsa-miR-654-3p DOWN GBMvsCTRL 1/2

hsa-miR-543 DOWN GBMvsCTRL 0/2

hsa-miR-485-3p DOWN GBMvsCTRL 0/2

hsa-miR-15b-5p UP MSvsCTRL 0/0

hsa-miR-30b-5p UP MSvsCTRL 0/0

hsa-miR-342-3p UP MSvsCTRL 0/0

hsa-miR-451a UP MSvsCTRL 0/0

GBMvsCTRL–DEmiRNA between serum exosomes of GBM patients vs. age-matched CTRL; MSvsCTRL–DEmiRNA between serum exosomes of RRMS patients vs.

CTRL; GBM–glioblastoma patients; RRMS–relapsing-remitting multiple sclerosis patients; CTRL–healthy controls; DEmiRNA–serum exosomal differentially expressed

miRNA; DEG–differentially expressed peripheral blood CD8+ T cell mRNA genes; Log2FC—Logarithm base 2 of fold change; Expected regulation/total number of

DEG targets in sphingolipid signaling–number of potential target DEGs in the sphingolipid signaling pathway for defined contrast which follow miRNA canonical

activity/number of all potential target DEGs in the sphingolipid signaling pathway for defined contrast. Lists of DEmiRNA were extracted from Ebrahimkhani et al.,

2017 [26] and Ebrahimkhani et al., 2018 [27].

https://doi.org/10.1371/journal.pone.0305042.t003
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negative modulation of sphingosine-1-phosphate signaling by causing the internalization and

intracellular degradation of sphingosine-1-phosphate receptors [38–41], and may also nega-

tively regulate the pathway by suppressing sphingosine-1 phosphate production via inhibition

of activity and downregulation of expression of sphingosine kinases [37, 42]. In mice and rat

model of MS, experimental autoimmune encephalomyelitis (EAE), suppression of sphingo-

sine-1 phosphate signaling with fingolimod leads to lower infiltration of CD8+ and CD4+ T

lymphocytes in the CNS, slower disease progression and increased BBB reparation [43–47].

Thus, fingolimod prevents MS-induced BBB disruption [48], effector T cell transendothelial

migration [36] and T cell chemotaxis [49]. Therefore, observed potential upregulation of

sphingolipid signaling pathways in the peripheral blood CD8+ T cell DEGs in MSvsCTRL con-

trast is expected due to its essential role in lymphocyte trafficking and entry into inflamed tis-

sues [49, 50]. It is crucial to underlie that according to the original publication [24] none of the

included RRMS patients were receiving therapy, thus no influence of treatment on our results

could be possible. The ceramide signaling “sub-pathway” of sphingolipid signaling was also

shown to be crucial for the infiltration of CD8+ and CD4+ T lymphocytes in EAE, as mice

which are knockouts for the acid sphingomyelinase (Asm) gene, which produce ceramide,

have lower T lymphocyte infiltration into the CNS and better BBB preservation after disease

induction [51].

In the glioblastoma tissue, sphingolipid signaling has dual effects on disease exacerbation.

Ceramide signaling leads to the apoptosis of tumor cells [52–54] while sphingosine-1-phos-

phate leads to tumor vascularization, migration and survival of tumor cells [55–57]. However,

it has been shown that peripheral blood T lymphocytes have lower Sphingosine-phosphate

receptor 1 (S1PR1) expression on cell surface in GBM patients, and mice with intracranial

tumors had greater T cell bone marrow sequestration compared to controls [58, 59]. This is in

line with our results showing a significant downregulation of the sphingolipid pathways in the

peripheral blood CD8+T lymphocytes of GBMvsCTRL contrast, which could be a mechanism

of T cell dysfunction caused by cancer, suggested earlier [58, 59]. Although the downregulation

of S1PR1 expression was not statistically significant in GBMvsCTRL contrast in our study, we

have identified significant upregulation of S1PR4 and downregulation of S1PR2. The specific

function of S1PR2 receptor in the context of T cell activity is still unclear as its expression does

not significantly change in CD8+ T cells during in vitro activation [60], and it should be

pointed out that S1PR2 knockout CD4+ T lymphocytes do not exhibit any changes in transen-

dothelial migration [61]. In vitro suppression of sphingosine-1-signaling via S1PR2 leads to

higher levels of CD4+ and CD8+ effector memory T cells migration, implying that S1PR2 sig-

naling promotes the retention of these lymphocytes in lymphoid organs [62]. Therefore, we

cannot suggest that identified S1PR2 downregulation in peripheral blood CD8+ T cells of

GBM patients is a putative mechanism of GBM immune evasion. On the other hand, wild type

mice had a lesser abundance of antitumor CD8+ T cells in breast and colon cancer compared

to S1pr4 knockout mice [63], while in an in vitro model of nutrient deprivation the stimulation

signaling via S1PR4 promotes the expression of immunosuppressive CXCR4 on the cell sur-

face of human CD8+ T cells [64], supporting the identified S1PR4 upregulation in CD8+ T

cells of GBM patients as a potential mechanism of immune evasion.

Regarding the specific DEGs oppositely regulated in the investigated contrasts, we have

identified Cathepsin D (CTSD) as a member of the sphingolipid pathway (upregulated in

MSvsCTRL and downregulated in GBMvsCTRL). CTSD is a lysosomal aspartate endoprotei-

nase which promotes the mitochondrial apoptotic pathway via direct proteolytic activation of

the proapoptotic Bid protein or indirect destabilization of antiapoptotic Bcl-XL [65–69]. Lyso-

somal exit and proteolytic activity of CTSD is also promoted by ceramides [67, 70, 71]. This is

in line with results describing that peripheral blood CD8+ and CD4+ T cells of RRMS patients
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are more prone to apoptosis compared to CTRL ex vivo [72] and in vivo [73, 74]. However, the

downregulation of CTSD in the GBMvsCTRL contrast might imply that apoptosis is downre-

gulated in peripheral blood CD8+ T cells of GBM patients, which would be contrary to the

documented increase of apoptotic elimination of peripheral blood T lymphocytes in patients

with primary intracranial tumors [75], and in vitro capacity of GBM cell culture medium to

promote CD8+ T cell apoptosis [76]. This suggests a more complex mechanism underlying the

opposite regulation of CTSD in GBM and MS. However, it should be noted that there was a

relatively high discrepancy in the number of identified DEGs between the contrasts. This war-

rants further studies, and represent the main limitation of the current study, in order to

increase the number of samples to precisely discover additional DEGs which could be oppo-

sitely regulated and thus providing more key targets of the dysregulated pathways.

One of the factors which may contribute to differential sphingolipid signaling in peripheral

blood lymphocytes of MS and GBM patients are differences in the peripheral blood lipidomic

profiles of the diseases. Sphingosine-1-phosphate has a higher concentration in plasma of

GBM patients compared to controls [77]. While the concentration of sphingosine-1-phosphate

is not different between MS patients and healthy controls [78], serum concentration of multi-

ple ceramide species is elevated in MS [79].

In the current study, we further evaluated if differentially expressed exosomal miRNAs

might affect expression of the sphingolipid pathway DEGs in investigated phenotypes. We

have observed that most of the exosomal serum DEmiRNAs target at least one of the sphingoli-

pid pathway DEGs in GBM. On the other hand, none of the identified MSvsCTRL DEGs in

sphingolipid signaling were targets of the RRMS exosomal serum DEmiRNAs. However, it

should be noted that only four miRNAs were identified to be differentially expressed in serum

exosomes of RRMS patients compared to controls [26] warranting further integrative studies

toward future identification of additional exosomal DEmiRNA in MS with potential activity

on sphingolipid signaling. Herein, we intentionally included RRMS data set in which age, gen-

der and treatment did not correlate with the expression profiles of the identified DEmiRNAs

[26]. Although we did not present evidence of serum exosomal miRNAs affecting sphingolipid

signaling in RRMS, in another study the suppression of the pathway via fingolimod therapy

led to changes in expression of certain exosomal miRNAs in fingolimod responding RRMS

patients [80]. We additionally investigated if the miRNAs presented in Table 3. correspond to

suggested fingolimod responsive miRNAs [80] and found no overlap. We also considered the

possibility of the effect of GBM treatment on miRNA expression, but it was not addressed in

original study as only 25% was on treatment [27]. However, we created a PCA plot using

miRNA normalized counts and found that therapy did not differentiate samples from treated

glioblastoma patients in comparison to treatment naïve samples.

Cancer derived exosomal cargo including exosomal miRNAs has been suggested to contrib-

ute to suppression of antitumor CD8+ T cell activity via their modulation of relevant pathways.

For example, CD8+ T cells internalize melanoma-derived exosomes carrying hsa-miR-3187-

3p, which contributes to the inhibition of T cell receptor signaling in CD8+ T cells [81]. It has

been described that certain GBM derived exosomal cargo can inhibit antitumor cytotoxicity of

CD8+ T cells in mice [82] and humans [83]. The hsa-miR-29a, hsa-miR-92a and hsa-miR-

1246 from GBM cell derived exosomes indirectly suppress CD8+ T lymphocyte activation by

mediating the expansion and activation of myeloid-derived suppressor cells [84, 85]. In the

current study we have identified that hsa-miR-182-5p interacts with the largest number of

sphingolipid pathway DEGs in GBM, making it the most interesting exosomal miRNA hub of

the sphingolipid pathway. In sera of breast cancer patients, the observed upregulation of hsa-

miR-182-5p was in line with the downregulation of corresponding target genes in peripheral

blood leukocytes, while treatment of Jurkat cells with hsa-miR-182-5p induces their direction
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to an T regulatory phenotype [86]. The microRNA-183/96/182 cluster expression in lung cells

causes IL-2 mediated paracrine activation of effector CD8+ T cell proliferation and function

promoting CD8+ T cell antitumor response [87]. In literature, there are inconsistent results

regarding the effect of hsa-miR-182-5p on glioblastoma development [88, 89]. Oncogenic

receptor EGFR amplification is associated with microRNA-183/96/182 cluster upregulation

and proposed downregulation of proapoptotic FOXO1 [89] and hypoxic glioblastoma secreted

exosomal hsa-miR-182-5p promote cancer survival and angiogenesis [88]. Contrary, hsa-miR-

182 expression in GBM is associated with longer patient survival and exogenous miR-182

treatment of mice with intracranial GBM xenografts leads to longer survival and reduced

tumor burden [90]. To our knowledge, there is no data associating hsa-miR-182-5p expression

in GBM patients with CD8+ T cell function in literature making it an interesting field for

future investigation of CD8+ T cell regulation via the miRNA-sphingolipid pathway axis.

Current study offers new insight into sphingolipid signaling as a plausible process of differ-

entiation between the CNS infiltrating CD8+ T lymphocyte with regard to distinct phenotypes

and capacity of exosomal cargo to modify it. The understanding of peripheral immune modu-

lation in CNS diseases might open the possibilities to practical and non-invasive approaches in

disease management and therapy development. Exosomes are coming of age as a potent carrier

of therapeutic agents. Further investigation of miRNA effects on sphingolipid signaling and

the mechanisms for precise delivery to target cells may represent a way forward in pursuit of

novel avenues in treatment of the two immunologically different but both devastating diseases.

The results of this in silico study have underscored the importance of sphingolipid signaling

on the peripheral blood CD8+ T lymphocytes transcriptome in MS and GBM, and strongly

suggest that sphingolipid signaling might be a mechanism which is behind the differences in

CD8+ T cell behavior with regard to CNS infiltration. The results themselves represent a fur-

ther contribution to the understanding of opposing immunological effects in the two patho-

physiologically different CNS diseases by emphasizing the opposite expression of the relevant,

and even, crucial immune system molecular pathways with the top cellular players of the

immune system in MS and GBM. It adds up to current knowledge of sphingolipids’ role in

reciprocal interference and modulation of immune components in immune response. Further

link toward regulatory exosomal miRNAs, at least in one of investigated phenotypes, provide

insight into possible modulatory interventions relevant for modification of gene expression

and enhancement of communication between the periphery and CNS. While envisaging the

therapeutic application of EVs in focal CNS diseases, further in vitro and in vivo experimental

validation is necessary to fully understand the importance of sphingolipid signaling in regard

to CNS immune privilege.
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