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Purpose

To compare the different immunological mechanisms between aquaporin 4 antibody-associated optic neuritis (AQP4-ON) and myelin oligodendrocyte glycoprotein antibody-associated optic neuritis (MOG-ON) based on RNA sequencing (RNA-seq) of whole blood.





Methods

Whole blood was collected from seven healthy volunteers, 6 patients with AQP4-ON and 8 patients with MOG-ON, and used for RNA-seq analysis. An examination of immune cell infiltration was performed using the CIBERSORTx algorithm to identify infiltrated immune cells.





Results

RNA-seq analysis showed that the inflammatory signaling was mainly activated by TLR2, TLR5, TLR8 and TLR10 in AQP4-ON patients, while which was mainly activated by TLR1, TLR2, TLR4, TLR5 and TLR8 in MOG-ON patients. Biological function identification of differentially expressed genes (DEGs) based on Gene Ontology (GO) term and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis, as well as Disease Ontology (DO) analysis, showed that the inflammation in AQP4-ON was likely mediated by damage-associated molecular pattern (DAMP), while which in MOG-ON was likely mediated by pathogen-associated molecular pattern (PAMP). Analysis of immune cell infiltration showed that the proportion of immune cell infiltration was related to patients’ vision. The infiltration ratios of monocytes (rs=0.69, P=0.006) and M0 macrophages (rs=0.66, P=0.01) were positively correlated with the BCVA (LogMAR), and the infiltration ratio of neutrophils was negatively correlated with the BCVA (LogMAR) (rs=0.65, P=0.01).





Conclusion

This study reveals different immunological mechanisms between AQP4-ON and MOG-ON based on transcriptomics analysis of patients’ whole blood, which may expand the current knowledge regarding optic neuritis.
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1 Introduction

Optic neuritis (ON) is an inflammatory demyelinating disease that mainly affects young people, and its prevalence rate is about 1 to 6 per 100,000 population (1). In patients with non-infectious ON, 12% were aquaporin 4-immunoglobulin G (AQP4-IgG) positive and 10% were myelin oligodendrocyte glycoprotein-IgG (MOG-IgG) positive (2). Patients with AQP4-IgG related ON (AQP4-ON) have worse vision and usually develop blindness, while patients with MOG-ON have a higher recurrence rate (3, 4).

AQP4, the target protein attacked by AQP4-IgG, is responsible for maintaining water homeostasis and solute transfer, and can provide a fast water transport channel for astrocytes (5). Meanwhile, MOG, the target antigen recognized by MOG-IgG, is involved in myelin sheath adhesion and maintaining the integrity of the myelin sheath (6). Due to the distinct functions of AQP4 and MOG, the clinical features and pathological lesions caused by AQP4-IgG and MOG-IgG are different (7, 8). Besides, the co-existence of MOG-IgG and AQP4-IgG is highly uncommon (rate of 0.06%), indicating that AQP4-ON and MOG-ON may be developed through different immunological mechanisms (9, 10). However, to date, there have been no reports on the difference between the two types of immune-mediated ON.

We investigated the molecular mechanisms and therapeutic targets of AQP4-ON and MOG-ON by bioinformatic analysis. Whole blood samples from patients with AQP4-ON and MOG-ON as well as healthy control (HC) subjects were subjected to RNA sequencing (RNA-seq) analysis. The key differentially expressed genes (DEGs) in AQP4-ON and MOG-ON patients were comprehensively analyzed, and on this basis, the immune cell infiltration rates in all patients were analyzed.




2 Materials and methods



2.1 Subjects and samples

All subjects were recruited at the Affiliated Wuxi Clinical College of Nantong University from November 2020 to August 2022. The diagnosis of ON was made following the guidelines of the Optic Neuritis Treatment Trial (ONTT) study (11). The inclusion criteria were (1): serum AQP4-IgG or MOG-IgG was positive (2), the first attack of ON and in the stage of acute attack and (3) no treatment with glucocorticoid and other drugs. Exclusion criteria were (1) neurological disease such as encephalitis and myelitis (2), other eye diseases except cataract, such as glaucoma、uveitis and ischemic optic neuropathy. For high sensitivity and absolute specificity, the AQP4-IgG was measured using an enzyme-linked immunosorbent assay (ELISA) kit (RSR Ltd., Cardiff, UK) according to the previous study (12) and results 3.0 u/mL were considered as positive. The MOG-IgG was measured by indirect immunofluorescence testing (IIFT) using a cell-based assay (CBA), and the normal value was negative. For statistical analysis, the Snellen best-corrected visual acuity (BCVA) was transformed to logarithm of minimum angle of resolution (LogMAR) units (13). The ethics committee of the Affiliated Wuxi Clinical College of Nantong University approved the use of blood samples for scientific research purposes (certificate No.2021 Y-33), and all participants signed written informed consent.




2.2 RNA extraction and library preparation

Peripheral venous whole blood was collected from patients and HC subjects in vacuum tubes containing EDTA as an anticoagulant. After blood collection, 4 mL of TRIzol reagent (Beyotime, Nantong, China) was added to each blood sample and stored at −80°C for subsequent RNA extraction. Subsequently, after collecting all the samples, total RNA was extracted from each sample using the TRIzol extraction method, following the manufacturer’s instructions. After verifying its integrity, the total RNA was reverse transcribed into cDNA, and then the cDNA was size selected to 250-300 bp using AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA). Following polymerase chain reaction (PCR) amplification, the PCR product was once more purified using AMPure XP beads to prepare the cDNA library. The quality of the library was assessed using the Agilent 2100 bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA), and then sequenced using the Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA).




2.3 Data quality control and quantification

Cleaned data were obtained by filtering the original data, and the cleaned reads were compared with the reference genome using the HISAT2 v2.0.5 software (http://daehwankimlab.github.io/hisat2/). The new genes were predicted by the StringTie (1.3.3b) software, and the gene expression level was quantified by feature counts (1.5.0-P3). The raw data have been submitted to GEO database (GEO accession numbers: GSE217410).




2.4 DEGs analysis

The DESeq (1.20.0) software was used to analyze the DEGs (relative to HC group) between the two groups of patients (http://www.bioinformatics.babraham.ac.uk/pro-jects/trim_galore/). The Benjamini and Hochberg method was used to adjust the P value and the false discovery rate for multiple comparisons. The genes with P value ≤ 0.05 adjusted by DESeq2 were considered to be differentially expressed.




2.5 Enrichment analysis of DEGs

Gene Ontology (GO) enrichment analysis (as implemented in the cluster Profiler R package (3.8.1)), was performed on DEGs, in which gene length bias was corrected. The ClusterProfiler (3.8.1) software package in the R platform was used to perform the Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis of DEGs. The Disease Ontology (DO) is a knowledge database related to human diseases that describes the association of human genes to diseases.




2.6 Protein-protein interaction network analysis

The STRING software was used to predict the differential protein-protein interaction (PPI) network from the interaction relationship in the STRING protein interaction database, and then Cytoscape V3.9.1 was used to visually edit it to find the module network and prioritize the genes (14).




2.7 Immunocyte infiltration analysis

Cell-type identification by estimating relative subsets of RNA transcripts (CIBERSORTx) (https://cibersortx.stanford.edu) is a method to characterize the cell composition of complex tissues from gene expression profiles (GEPs). The CIBERSORTx algorithm was used to analyze 22 immune cell subsets significantly differentially expressed in all patients and control subjects. Then, the Immune Cell Abundance Identifier (ImmuCellAI) gene set signature-based method (http://bioinfo.life.hust.edu.cn/ImmuCellAI#!/) was used to estimate the proportion of infiltrated immune cell types.




2.8 Statistical analysis

Statistical analysis was performed using the IBM SPSS statistical 26.0. software for macOS (IBM Corporation, Armonk, NY, USA). For statistics, Snellen visual acuity was converted to logarithm of the minimum angle of resolution (logMAR). Counting fingers vision was converted to a value of 2.0 logMAR, hand motion vision was converted to a value of 2.5 logMAR, light perception vision was converted to a value of 3.0 logMAR and no light perception vision was converted to a value of 3.5 logMAR (15). Fisher’s exact test was used for comparison of clinical characteristics among the groups. One-way analysis of variance (ANOVA) was used to compare normally distributed data, and the Kruskal-Wallis test was used for non-normally distributed data. Spearman correlation analysis was used to evaluate the relationship between data and vision. Data are expressed as the mean ± standard deviation (SD) or median, P < 0.05 was considered statistically significant. Graphs were plotted using the GraphPad Prism 9 software (GraphPad Software Inc., San Diego, CA, USA).





3 Results



3.1 Clinical features of included individuals

A flow chart of this study was shown in Figure 1. The clinical manifestations in 6 AQP4-ON patients, 8 MOG-ON patients and 7 HC subjects were shown in Table 1. The mean age was 37.83 ± 20.48 years for the AQP4-ON group, 38.25 ± 17.21 years for the MOG-ON group, and 41.42 ± 3.99 years for HC group. At the beginning of the disease, the BCVA (LogMAR) of the AQP4-ON group (2.13 ± 0.97) was slightly worse than which of the MOG-ON group (1.20 ± 0.71). The mean titer of anti-AQP4-IgG was 50.98 ± 29.35, and which of anti-MOG-IgG was 1:46.50 ± 44.92. In patients with AQP4-ON or MOG-ON, the thickness of the ganglion cell complex (GCC) and retinal nerve fiber layer (RNFL) became thinner as different degrees (Figure 2). In addition, one AQP4-ON patient and one MOG-ON patient were positive for antinuclear antibodies (ANA), and one MOG-ON patient had hypothyroidism.




Figure 1 | A workflow of this study. Age (years): age at the time of blood sample collection. Antibody titers: anti-AQP4 antibody titers detected by ELISA and the anti-MOG antibody titers detected by a CBA before blood samples were collected.




Table 1 | Demographic data of AQP4-ON and MOG-ON patients and healthy controls (HCs).






Figure 2 | (A–C) A 25-year-old female complained of blurred vision in her left eye for 1 day. The BCVA (LogMAR) on presentation was 0.1 OD (Oculus Dexter) and 2 OS (Oculus Sinister). Fundus examination (A) showed a mildly edematous optic disc on OS, and optical coherence tomography (OCT) showed slight thickening of the retinal nerve fiber layer (RNFL) and thinning of the ganglion cell complex (GCC) at 1 month (B, C). The anti-AQP4 antibody titer in this patient was 79.9 u/ml. (D–F) A 39-year-old female presented to our hospital with blurred vision in both eyes for 1 month, and the BCVA (logMAR) was 0 OU (oculus uterque). According to fundus photographs (D), the optic disc of the right eye was almost normal, and the thicknesses of the RNFL and GCC were within the normal range (E, F). The titer of the anti-MOG antibody in this patient was 1:10.






3.2 Overview of RNA-Seq data and differential gene expression profiles

The gene expression matrices of AQP4-ON and MOG-ON patients and HC subjects were standardized, and the principal component analysis (PCA) plot was drawn (Figure 3A). The PCA results revealed (PC1 = 30.95%) that there was no significant difference among the three groups. Venn diagram showed that there were five co-expressed genes among the three groups, 517 unique genes in the AQP4-ON group and 1,198 unique genes in the MOG-ON group (Figure 3B). Heatmap analysis showed that there were significant differences in gene expression among the three groups (Figure 3C). For all DEGs, see Supplementary Document 1. Further analysis of the DEGs among the three groups was conducted (Figure 4). In the AQP4-ON group, the expressions of AC099489.1, ADAMTS2, REM2, CXCL1 and CACNA1E were significantly increased, while the expressions of DDX3Y, EEF1A1P6, PRKY, RPL2P4 and RPL13AP25 were significantly decreased, compared to the HC group. In MOG-ON group, the expressions of SULT1B1, FNIP1, RAB5B, NECAB2, HBP1 were significantly increased, and the expressions of EEF1A1P6, MARCO, HNRNP1AP48, MALAT1 and HNRNP1AP10 were significantly decreased, compared to the HC group. Furthermore, due to the important roles in innate immunity and adaptive immunity, the expression of toll-like receptors (TLRs) was compared among the three groups. Compared to the HC group, TLR2, TLR5, TLR8 and TLR10 were up-regulated in the AQP4-ON group, and TLR1, TLR2, TLR4, TLR5 and TLR8 were up-regulated in the MOG-ON group. In addition, it was also found that the expression of NLRP6 in AQP4-ON was increased and the expression of TLR7 in MOG-ON was decreased. The differential expression of TLRs and NODs might indicate the different immunological mechanism involved in the pathogenesis of AQP4-ON and MOG-ON (Figure 4C).




Figure 3 | (A) Principal component analysis (PCA). The green, red and blue dots represent the HC, AQP4-ON, and MOG-ON groups, respectively. (B) Co-expression Venn diagram. (C) Cluster map of FPKM value of DEGs. The abscissa is the group name, and the ordinate is the gene name. The redder the color, the higher the expression level, and the greener the color, the lower the expression level.






Figure 4 | (A) Volcano plots showing the DEGs in the AQP4-ON group and MOG-ON group. The left panel is the volcanic map of AQP4-ON group vs HC group, and the right is the volcanic map of the MOG-ON group vs HC group. Red and green dots represent up-regulated and down-regulated genes, respectively. (B) is the cluster map of FPKM value of the TLR genes. (C) The box plot of the TLRs and NLRs of the AQP4-ON and MOG-ON groups according to the result of the statistical analysis of DEGs. The symbol * indicates that the p-value is less than 0.05, and the symbol ** indicates that the p-value is less than 0.01. (D) was according to the DEG analysis, GO term enrichment analysis and KEGG pathway enrichment analysis, AQP4-ON and MOG-ON activate the NF-κB pathway through the promotion of the expression of different TLRs and NLRs. The mechanism plot was drawn using the online tool Figdraw (www.figdraw.com). Red arrows indicate inhibition and black arrows indicate promotion.






3.3 Biological significance of DEGs

For the biological functional analysis of DEGs, GO term enrichment analysis, KEGG pathway enrichment analysis and DO enrichment analysis were used to identify enriched GO functional categories (Biological Process (BP)), KEGG pathways and human diseases for DEGs. According to the GO term enrichment analysis of DEGs associated with the 10 most significant GO terms (Figure 5), the DEGs in AQP4-ON were likely associated with damage-associated molecular pattern (DAMP)-mediated inflammation, including neutrophil degranulation, neutrophil activation involved in immune response and neutrophil mediated immunity, and the DEGs in MOG-ON were likely associated with pathogen-associated molecular pattern (PAMP)-mediated inflammation, including activation of innate immune response, regulation of innate immune response and other biological functions. According to KEGG pathway enrichment analysis of the DEGs in AQP4-ON, they were mainly related to acquired immunity, including IL-17 signaling pathway, TNF signaling pathway and Th1 and Th2 cell differentiation. The corresponding KEGG enrichment analysis of the DEGs in MOG-ON revealed that MOG-ON signaling pathways mainly involved Influenza A, Kaposi sarcoma-associated herpesvirus infection, Herpes simplex infection and Toll-like receptor signaling pathway. According to DO enrichment analysis, the AQP4-ON group was mainly associated with atherosclerosis, arteriosclerotic cardiovascular disease and arteriosclerosis, while the MOG-ON group was associated with Alzheimer’s disease, hypersensitivity reaction type II disease and rheumatoid arthritis. The prediction of the interaction between proteins performed by PPI analysis in the AQP4-ON group using the STRING database revealed that TSPO and MAPK14 were the core genes (Figure 5B). Translocator protein (TSPO) has been found to be up-regulated in inflammation diseases of central nervous system, and according our results, TSPO may be an important target for AQP4-ON (16). MAPK14 is an important player in a variety of nervous system diseases, and contributes to the control of cerebrovascular and blood-brain barrier. The disruption of the blood-brain barrier in AQP4-ON may be related to the activation of MAPK14 (17). Meanwhile the PPI analysis in the MOG-ON group identified UBB and MAPK14 as the most significant targets. UBB is an important gene encoding ubiquitin, and ubiquitination plays an important role in biological functions such as antigen presentation, immune response and inflammation, and according our results, UBB may be an important target for MOG-ON (18).




Figure 5 | (A) GO functional enrichment analysis, KEGG pathway enrichment analysis and DO enrichment analysis of DEGs in the AQP4-ON group and MOG-ON group. (B) PPI analysis of DEGs in the AQP4-ON group and MOG-ON group.






3.4 Cell type analysis based on gene expression signature

The proportion of immune cells in the three groups showed individual differences (Supplementary Table 1). The 22 types of immune cells analyzed by CIBERSORTx showed no Macrophages M1, mast cells activated and eosinophils infiltration in any subject, and T cells CD4 naïve was only found in one healthy control. Neutrophils were the largest subset of cells in the subjects (22.6%~80.1%). B cells memory infiltration was found only in A2, A4 and M5, T cells CD4 memory resting was found only in A1, A2 and a healthy control, T cells gamma delta was found only in A4, and Macrophages M2 was found only in A2 and A5. Finally, we found that Dendritic cells resting and Dendritic cells activated existed almost in ON patients. Then, the PCA based on the results of the CIBERSORTx analysis revealed that except for the sample from patient A1, the other samples showed obvious intra group clustering and inter group differences (Figure 6A). (Figure 6B, C) showed that there are differences in the proportion of immune cells among the three groups




Figure 6 | (A) PCA based on CIBERSORTx results. (B) The cumulative histogram of the proportion of 22 immune cell subtypes in each sample, and the total proportion of the 22 immune cell subtypes is equal to 100%. (C) The specific heat map analysis of the 22 immune cell subtypes in each sample.






3.5 Correlation between immune cell infiltration and clinical outcomes

The results of the ImmuCellAI analysis (Figure 7A) for AQP4-ON, MOG-ON and HC group revealed that although there were differences between the two methods in the classification of immune cells, the proportion of infiltrated immune cell types was roughly similar to that of CIBERSORTx. Thus, we analyzed the correlation between the proportion of infiltrated immune cell types and the clinical results of patients. A total of 14 patients were included in this study, and the therapeutic regimen as well as the BCVA(LogMAR) at the last follow up were shown in Table 2. The patient A4 refused to be treated, and the BCVA (LogMAR) of the Oculus Dexter (OD) recovered to normal levels in about 2 months after the onset, and no recurrence has occurred to date. The data in Figure 5B revealed that there was almost no B cell infiltration in the peripheral blood, which might explain the good prognosis of this patient. The AQP4-IgG titer of patient A2 was only 10.37 u/ml; however, despite the IVMP and oral prednisolone treatment, her vision was still very poor. It showed that the proportion of neutrophil infiltration accounted for the largest proportion of all subjects, which might indicate that her severe inflammatory rection was the cause of irreversible damage of her vision. The Spearman correlation analysis of the relationship between the 22 kinds of immune cells and patients’ BCVA (LogMAR) at diagnosis (Figure 7) showed that the infiltration ratios of monocytes (rs=0.69, P=0.006) and M0 macrophages (rs=0.66, P=0.01) were positively correlated with the BCVA (LogMAR). Moreover, the infiltration ratio of neutrophils was negatively correlated with the BCVA (LogMAR) (rs=0.65, P=0.01). No significant correlation was found among the other 18 immune cell subtypes (data not shown).




Figure 7 | (A) Immune cell abundance analysis was performed on all patients and subjects using the ImmuCellAI software. Histogram of the proportions of the 24 immune cells in the AQP4-ON group, MOG-ON group and HC group. X-axis: ID of each subject; Y-axis: percentage of immune cell types. Gamma_delta: γδ T cell, NKT, natural killer T cell; CD8_T, CD8 + T cell; CD4_T, CD4 + T cell; NK, natural killer T cell; DC, dendritic cell. (B) Spearman correlation analysis of the relationship be-tween immune cells and BCVA (LogMAR) at diagnosis. rs is the Spearman correlation coefficient, negative number represents negative correlation and positive number represents positive correlation. P < 0.05 indicates statistical significance.




Table 2 | Treatment and prognosis of patients.







4 Discussion

Currently, most researchers in the field believe that although MOG-ON is similar to AQP4-ON in clinical manifestations, unlike AQP4-ON, MOG-ON is not an immune subtype of neuromyelitis optica spectrum disorder (NMOSD), but a subtype of MOG antibody-related diseases (MOGAD) (19). Moreover, magnetic resonance imaging (MRI) reveals obvious differences between the cortical grey/juxtacortical white matter lesions on the brain of patients with MOGAD and those of patients with AQP4-IgG seropositive NMOSD (20). This finding indicates that the immunological mechanism of AQP4-ON and MOG-ON may be different. In this study, the RNA-seq analysis of whole blood from AQP4-ON and MOG-ON patients and HC subjects revealed that there were significant differences in gene expression and cell function among the three groups. In particular, the results suggested that the AQP4-ON patients likely presented PAMP-induced inflammation, and MOG-ON patients likely presented DAMP-induced inflammation. In addition, cell type analysis based on gene expression signature showed that the proportion of immune cells was similar in the HC group, but was significantly different between the AQP4-ON group and MOG-ON group.

DAMPs are endogenous molecules released from the cell, which serve as potent activators of the immune system (21). Cellular stressors, including physical (trauma, radiation), chemical (toxins, osmolarity), metabolic (ischemia/reperfusion), and infectious (viruses, bacteria, protozoa) factors, can trigger DAMP release (21). DAMPs are systemically and locally up-regulated in autoimmune diseases, such as rheumatoid arthritis. PAMPs are derived from microorganisms and recognized by pattern recognition receptor (PRR)-bearing cells of the innate immune system (22). However, the roles of DAMPs and PAMPs in AQP4-ON and MOG-ON have never been reported. Biological function analysis of DEGs revealed that DEGs in AQP4-ON patients were mainly involved in the regulation of inflammatory cells, such as regulation of granular chemotaxis, positive regulation of leucocyte chemotaxis, regulation of leucocyte chemotaxis. and these over-represented terms are closely related to DAMP-induced adaptive immunity. The analysis also revealed that DEGs in MOG-ON patients were mainly involved in the activation of inflammatory cells, such as neutrophil activation, granulocyte activation, neutrophil activation involved in immune responses, and the reaction to bacteria and viruses, such as response to bacteria, defense response to bacterium, response to LPS, and these enriched terms fully indicate that MOG-ON is closely related to PAMP-induced innate immunity. Currently, PAMPs and DAMPs are known to bind to the receptors of TLRs to modulate their activation and promote the synthesis of cytokines. TLRs are type I transmembrane pattern recognition receptors which can recognize molecules present on the surface of pathogen cells (23). Ten types of TLRs have been identified in human, with different ligands. TLRs are widely distributed on the surface of macrophages, dendritic cells and epithelial cells. It has been found that the percentage of peripheral CD4+ T cells expressing TLR2, TLR4 and TLR9 in NMOSD samples was significantly higher than that in healthy subjects (24). According to our DEGs analysis, the expression of TLRs was clearly different between the AQP4-ON and MOG-ON groups. Specifically, TLR2, TLR5, TLR8 and TLR10 were significantly up-regulated in the AQP4-ON group, while TLR1, TLR2, TLR4, TLR5 and TLR8 were significantly up-regulated in the MOG-ON group. Both the TLR2 and TLR5 are only expressed on the cell surface of myeloid cells, such as monocytes and macrophages, while TLR7 is found in intracellular vesicles, where it is involved in identifying the nucleic acid components of microorganisms, and all of them can activate NF-κB. TLR10 is the most recently identified human TLR, and its function and ligand are still unclear. TLR10 can inhibit other TLRs by competing with dimers of TLR1, TLR2 and TLR6, which can induce PI3K/AKT signaling, but other studies have reported that TLR10 may stimulate and amplify the activity of TLR2 when it forms an isomeric dimer with TLR2 (25). However, the detailed functions of TLR10 in AQP4-ON need to be further investigated in animal models. TLR4 is the main receptor of LPS, an important PAMP. The binding of LPS to TLR4 activates signal transduction pathways in two ways, namely through toll-interleukin-1 receptor domain containing adaptor protein (TIRAP) and MyD88. TLR2/TLR4 have emerged as targets for treating a wide array of autoimmune disorders. Liu et al. reported that blocking TLR2/TLR4 in the experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis prevents the production of proinflammatory factors, which is consistent with our clinical data (26). In addition to TLRs, Nod-like receptors (NLRs) are also important PRRs for identifying PAMP and DAMP. Our results showed that NLRP6 was significantly up-regulated in AQP4-ON, which is different from other pro-inflammatory mechanisms initiated by NLRs (27).

At present, it has been confirmed that T, NK and B cells play important roles in the pathogenesis of AQP4-ON and MOG-ON. The B cell-mediated humoral immune response by autoreactive IgG antibodies against AQP4 or MOG is considered to be the driver of NMOSD. Recently, other immune cells, such as T cells, have also attracted the attention of researchers. However, their detailed functions remain unclear. A previous study by Zhou et al. analyzed non-coding RNAs in peripheral blood mononuclear cells (PBMCs) from NMOSD patients using the online web tool xCell, and found that the immune scores of CD8+ T cells, M1 macrophages and plasma cells in the NMOSD group were increased, while that of M2 macrophages was decreased (28). The traditional method uses immunohistochemistry to infer immune subsets of cells to evaluate immune cell tissue invasion, but such a method is often useful for solid tumors (29). At present, flow cytometry is widely used for counting mixed cells, which is an alternative method for quantitating immune infiltration that can simultaneously measure multiple parameters (30). However, this method requires processing samples in a timely and precise manner, which may lead to loss of some cell types and distortion of GEPs. Unlike flow cytometry, which relies on cell surface marker antibodies as the basis for cell classification, our study applied CIBERSORTx to quantify cell fractions from GEPs using a deconvolution algorithm based on peripheral blood RNA-seq data, and then accurately estimated the proportion of infiltrated immune cells. CIBERSORTx immune cell infiltration results were verified by fluorescent activated cell classification, and have been widely used in a variety of tumors and immune diseases. Our analysis of the correlation between the proportion of 22 types of immune cells and BCVA (LogMAR) of patients at the last follow-up showed that the ratio of monocytes or M0 macrophages was negatively correlated with BCVA (LogMAR), while the ratio neutrophils was positively correlated with BCVA (LogMAR). In other words, the infiltration ratio of monocytes or M0 macrophages was negatively correlated with the prognosis of the visual acuity of patients, and the infiltration ratio of neutrophils was positively correlated with the prognosis of the visual acuity of patients. Therefore, our study revealed that monocytes, M0 macrophages and neutrophils might serve as indicators of the visual prognosis of patients.

Over all, this study revealed different immunological mechanisms between AQP4-ON and MOG-ON patients based on transcriptomics analysis of patients’ whole blood, and found the proportion of immune cell infiltration was closely related to patients’ vision. However, there are still some limitations to this study. First, the sample size is still small, which may lead to the deviation of the results, and it needs to expand the sample size in the further study. Then, future research is warranted to investigate the detailed pathological mechanism responsible for AQP4-ON and MOG-ON using in vitro and in vivo models based on transcriptomics data; however, this is beyond the scope of the current study.




5 Conclusion

In conclusion, our study shows that AQP4-ON and MOG-ON differ in the immune mechanism of activation of different TLR-related pathways as well as the infiltration of different immune cells, which not only provides novel insights into the pathogenic mechanism of AQP4-ON and MOG-ON, but also clues for the development of new therapeutic approaches for these diseases.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: GSE226808 (GEO).





Ethics statement

The studies involving human participants were reviewed and approved by The ethics committee of the Affiliated Wuxi Clinical College of Nantong University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.





Author contributions

Study conception and design: WZ, and KW. Collection of samples: XC, LC, YP, PC, YL, and SL. Data analysis: XC and LC. Drafting of manuscript and figures: XC and LC. Critical revision of the manuscript: WZ and KW. Statistical analysis: YP and PC. Obtained funding: WZ. All authors contributed to the article and approved the submitted version.





Funding

This research was financially supported by Major project of Wuxi Commission of Health (Z202014), Young and middle-aged top medical and health talents project of Wuxi Commission of Health (BJ2020031) and Postdoctoral Science Foundation funded project of Jiangsu Province (2021K196B). The funding organization played no role in the study design or its conduct.




Acknowledgments

The authors thank all the patients and healthy volunteers for their participation.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1095966/full#supplementary-material




References

1. Levin, MH. Demyelinating optic neuritis and its subtypes. Int Ophthalmol Clin (2019) 59:23–37. doi: 10.1097/IIO.0000000000000278

2. Ishikawa, H, Kezuka, T, Shikishima, K, Yamagami, A, Hiraoka, M, Chuman, H, et al. Epidemiologic and clinical characteristics of optic neuritis in Japan. Ophthalmology (2019) 126:1385–98. doi: 10.1016/j.ophtha.2019.04.042

3. Toosy, AT, Mason, DF, and Miller, DH. Optic neuritis. Lancet Neurol (2014) 13:83–99. doi: 10.1016/S1474-4422(13)70259-X

4. Kitley, J, Waters, P, Woodhall, M, Leite, MI, Murchison, A, George, J, et al. Neuromyelitis optica spectrum disorders with aquaporin-4 and myelin-oligodendrocyte glycoprotein antibodies: A comparative study. JAMA Neurol (2014) 71:276–83. doi: 10.1001/jamaneurol.2013.5857

5. Nielsen, S, Nagelhus, EA, Amiry-Moghaddam, M, Bourque, C, Agre, P, and Ottersen, OP. Specialized membrane domains for water transport in gial cells: high-resolution immunogold cytochemistry of aquaporin-4 in rat brain. J Neurosci (1997) 17(1):171–80. doi: 10.1523/JNEUROSCI.17-01-00171.1997

6. Marignier, R, Hacohen, Y, Cobo-Calvo, A, Pröbstel, A-K, Aktas, O, Alexopoulos, H, et al. Myelin-oligodendrocyte glycoprotein antibody-associated disease. Lancet Neurol (2021) 20:762–72. doi: 10.1016/S1474-4422(21)00218-0

7. Filippatou, AG, Mukharesh, L, Saidha, S, Calabresi, PA, and Sotirchos, ES. AQP4-IgG and MOG-IgG related optic neuritis–prevalence, optical coherence tomography findings, and visual outcomes: A systematic review and meta-analysis. Front Neurol (2020) 11:540156. doi: 10.3389/fneur.2020.540156

8. Reindl, M, and Waters, P. Myelin oligodendrocyte glycoprotein antibodies in neurological disease. Nat Rev Neurol (2019) 15:89–102. doi: 10.1038/s41582-018-0112-x

9. Sotirchos, ES, Filippatou, A, Fitzgerald, KC, Salama, S, Pardo, S, Wang, J, et al. Aquaporin-4 IgG seropositivity is associated with worse visual outcomes after optic neuritis than MOG-IgG seropositivity and multiple sclerosis, independent of macular ganglion cell layer thinning. Mult Scler (2020) 26:1360–71. doi: 10.1177/1352458519864928

10. Kunchok, A, Chen, JJ, McKeon, A, Mills, JR, Flanagan, EP, and Pittock, SJ. Coexistence of myelin oligodendrocyte glycoprotein and aquaporin-4 antibodies in adult and pediatric patients. JAMA Neurol (2020) 77:257–9. doi: 10.1001/jamaneurol.2019.3656

11. Beck, RW, Cleary, PA, Anderson, MM, Keltner, JL, Shults, WT, Kaufman, DI, et al. A randomized, controlled trial of corticosteroids in the treatment of acute optic neuritis. N Engl J Med (1992) 326:581–8. doi: 10.1056/NEJM199202273260901

12. Tampoia, M, Abbracciavento, L, Barberio, G, Fabris, M, and Bizzaro, N. A new M23-based ELISA assay for anti-aquaporin 4 autoantibodies: diagnostic accuracy and clinical correlation. Auto Immun Highlights (2019) 10:5. doi: 10.1186/s13317-019-0115-7

13. Lee, JWY, Lai, JSM, Yick, DWF, and Tse, RKK. Retrospective case series on the long-term visual and intraocular pressure outcomes of phacomorphic glaucoma. Eye (2010) 24:1675–80. doi: 10.1038/eye.2010.108

14. Szklarczyk, D, Franceschini, A, Kuhn, M, Simonovic, M, Roth, A, Minguez, P, et al. The STRING database in 2011: Functional interaction networks of proteins, globally integrated and scored. Nucleic Acids Res (2011) 39:D561–8. doi: 10.1093/nar/gkq973

15. Schulze-Bonsel, K, Feltgen, N, Burau, H, Hansen, L, and Bach, M. Visual acuities “Hand motion” and “Counting fingers” can be quantified with the freiburg visual acuity test. Invest Ophthalmol Vis Sci (2006) 47:1236. doi: 10.1167/iovs.05-0981

16. Tournier, BB, Tsartsalis, S, Ceyzériat, K, Garibotto, V, and Millet, P. In vivo TSPO signal and neuroinflammation in alzheimer’s disease. Cells (2020) 9:1941. doi: 10.3390/cells9091941

17. Asih, PR, Prikas, E, Stefanoska, K, Tan, ARP, Ahel, HI, and Ittner, A. Functions of p38 MAP kinases in the central nervous system. Front Mol Neurosci (2020) 13:570586. doi: 10.3389/fnmol.2020.570586

18. Banasiak, K, Szulc, NA, and Pokrzywa, W. The dose-dependent pleiotropic effects of the UBB+1 ubiquitin mutant. Front Mol Biosci (2021) 8:650730. doi: 10.3389/fmolb.2021.650730

19. Jarius, S, Paul, F, Aktas, O, Asgari, N, Dale, RC, de Seze, J, et al. MOG encephalomyelitis: international recommendations on diagnosis and antibody testing. J Neuroinflamm (2018) 15:134. doi: 10.1186/s12974-018-1144-2

20. Salama, S, Khan, M, Shanechi, A, Levy, M, and Izbudak, I. MRI Differences between MOG antibody disease and AQP4 NMOSD. Mult Scler (2020) 26:1854–65. doi: 10.1177/1352458519893093

21. Gong, T, Liu, L, Jiang, W, and Zhou, R. DAMP-sensing receptors in sterile inflammation and inflammatory diseases. Nat Rev Immunol (2020) 20:95–112. doi: 10.1038/s41577-019-0215-7

22. Rai, DV, and Agrawal, DK. The role of DAMPs and PAMPs in inflammation-mediated vulnerability of atherosclerotic plaques. Can J Physiol Pharmacol (2017) 95(10):1245–53. doi: 10.1139/cjpp-2016-0664

23. Akira, S, and Takeda, K. Toll-like receptor signalling. Nat Rev Immunol (2004) 4:499–511. doi: 10.1038/nri1391

24. Jiménez-Dalmaroni, MJ, Gerswhin, ME, and Adamopoulos, IE. The critical role of toll-like receptors — from microbial recognition to autoimmunity: A comprehensive review. Autoimmun Rev (2016) 15:1–8. doi: 10.1016/j.autrev.2015.08.009

25. Lai, N, Qian, Y, Wu, Y, Jiang, X, Sun, H, Luo, Z, et al. Toll-like receptor 10 expression in b cells is negatively correlated with the progression of primary sjögren’s disease. Clin Immunol (2022) 237:108989. doi: 10.1016/j.clim.2022.108989

26. Liu, X, Zhang, X, Niu, X, Zhang, P, Wang, Q, Xue, X, et al. Mdivi-1 modulates Macrophage/Microglial polarization in mice with EAE via the inhibition of the TLR2/4-GSK3β-NF-κB inflammatory signaling axis. Mol Neurobiol (2022) 59:1–16. doi: 10.1007/s12035-021-02552-1

27. Anand, PK, Malireddi, RKS, Lukens, JR, Vogel, P, Bertin, J, Lamkanfi, M, et al. NLRP6 negatively regulates innate immunity and host defence against bacterial pathogens. Nature (2012) 488:389–93. doi: 10.1038/nature11250

28. Zhou, Y, Song, S, Han, Y, Liu, J, Yin, B, Yuan, C, et al. Altered non-coding RNA profiles and potential disease marker identification in peripheral blood mononuclear cells of patients with NMOSD. Int Immunopharmacol (2022) 109:108899. doi: 10.1016/j.intimp.2022.108899

29. Sukswai, N, and Khoury, JD. Immunohistochemistry innovations for diagnosis and tissue-based biomarker detection. Curr Hematol Malig Rep (2019) 14:368–75. doi: 10.1007/s11899-019-00533-9

30. Saeys, Y, Van Gassen, S, and Lambrecht, BN. Computational flow cytometry: helping to make sense of high-dimensional immunology data. Nat Rev Immunol (2016) 16:449–62. doi: 10.1038/nri.2016.56




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Chen, Cheng, Pan, Chen, Luo, Li, Zou and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1095966-g006.jpg
PC2 (18.62%)

Relative percentage

group

@ He
aqpa
® wmos

1.0

[5)

00

K] 1] T

PC1 (56.71%)

AR P IE PP AR EE L

B cells naive
= B cells memory
s Plasma cells
= T cells CD8
m= T cells CD4 naive
cells CD4 memory resting
cells CD4 memory activated
cells follicular helper
= T cells regulatory (Tregs)
= T cells gamma delta
NK cells resting
NK cells activated
Monocytes.
Macrophages M0
Macrophages M2
== Dendritic cells resting
Dendritic cells activated
Mast cells resting
== Neutrophils

B cells naive

Plasma cells.

Dendritic cells activated

Macrophages M2

Neutrophils

Dendritic cells resting

B cells memory

T cells CD4 memory resting

T cells CD8

T cells regulatory (Tregs)

Monocytes

Macrophages MO

T cells follicular helper

NK cells activated

Mast cells resting

T cells CD4 memory activated

T cells gamma delta

T cells CD4 naive

NK cells resting





OEBPS/Images/fimmu-14-1095966-g001.jpg





OEBPS/Images/fimmu-14-1095966-g003.jpg
PC2 (16.44%)

60

af

group

@ v
AQP4

30 0

AQP4vsHC

517

201

50

50
PC1 (27.77%)

MOGvsHC
399
1198
5
128
340
AQP4vsMOG

AQP4

MOG HC

expression
2

i
0
L
iz
fengh
20105
150000
o105
150000
2o
type
racosed pseudogene
B poten codng
arsrbed unprocesed_pseudogene
W prcesse ascrpt
I

urprocessed pseudogere

misc ANA

N tensied_processed._pseudogens
anisrse
ansorbed_processed_pseudogens

W miANA

s ntonc

TEC

sense_cvrapping

6.0 gene

SO

poymarphic_pseudogene

16.V_pseudogene

W iy pseudogene
pine_vergping CANA

MGG gene
16.C_pseucogene

W ransoribed_unitary_pseudogene
TRV pseudogene

W bidrectional_promoter IncANA

RANA pseudogere

TR_L_gene

B VUANA

o

‘e (AR RTIN TR T OO RO RO T WRTRT 0000 MR 0 WO AT 3 T WA 0 R ERE 08 R0 0¥ WO 0 W 0 0 0 OO0 SO SO VO W






OEBPS/Images/fimmu-14-1095966-g005.jpg
DO analysis

KEGG pathway

GO function (biological process)

L ¥ o o«
(Iped)oiBoy-

(fped)oyBor-

8

© o«

(fped)oyof-

AQP4 vs HC

~

o

KEGG pathway DO analysis

GO function (biological process)

S
i

~ -
(fped)oiBoy-

w o v

-
(Iped)o o

< ~
(fped)oyBoy-

MOG vs HC

0.0

12 T

99,

AQP4 vs HC






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Different immunological mechanisms between AQP4 antibody-positive and MOG antibody-positive optic neuritis based on RNA sequencing analysis of whole blood

      

        		

          Purpose

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Subjects and samples

          



          		

            2.2 RNA extraction and library preparation

          



          		

            2.3 Data quality control and quantification

          



          		

            2.4 DEGs analysis

          



          		

            2.5 Enrichment analysis of DEGs

          



          		

            2.6 Protein-protein interaction network analysis

          



          		

            2.7 Immunocyte infiltration analysis

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Clinical features of included individuals

          



          		

            3.2 Overview of RNA-Seq data and differential gene expression profiles

          



          		

            3.3 Biological significance of DEGs

          



          		

            3.4 Cell type analysis based on gene expression signature

          



          		

            3.5 Correlation between immune cell infiltration and clinical outcomes

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Patient 5 . Affected Therapeutic BCVA at diagno- Last follow-u
Sex Antibody titer P .Hlagd P
ID methods sis BCVA
. IVMP and oral

Al 71 Female = AQP4-IgG:>80u/ml = Right prednisolone 35 35

A2 45 Female Q?P‘ch':m'”“l Left Oral prednisolone 17 2

A3 1 Female AQP4-1gG:67.90u/ Right IVMP. and oral 2 04

ml prednisolone
Ad 3 Female :](121’4-1ng40.83|1/ Right None 06 0
. IVMP and oral
A5 32 Female = AQP4-IgG:>80u/ml  Right prednisolone 25 02
i - Female | AQP4-18G:26.80/ Lo IVMP and oral 5 i
ml prednisolone

M1 18 Male  MOG-IgG:1:10 Left IVaMP and oral 04 02
prednisolone

M2 2 Female = MOG-IgG:1:10 Left TVMP and oral 05 0.1
prednisolone

M3 57 Female ~ MOG-IgG:1:10 Left IvMEand gl 11 04
prednisolone

M4 2 Female = MOG-IgG:1:100 Left IVMP:2nd orel 11 02
prednisolone

M5 39 Female = MOG-IgG:1:10 Right TVMPfand oral 2 0
prednisolone

M6 70 Female  MOG-IgG:1:100 Left TP and orsl 2 0.1
prednisolone

M7 35 Male | MOG-IgG:1:32 Right IVMP fnd.Ordl 2 09
prednisolone

M8 31 Male | MOG-IgG:1:100 Right IVMPand oral 05 02

prednisolone






OEBPS/Images/fimmu-14-1095966-g002.jpg
250

—200

—150

100

50
p>5% Within Normal
p<5% Borderline
_ Oum
260
— 200
—150
100
50
p>5% Within Normal
p<5% Borderline
| p<1% Cutside Normal | 0

6mm x 6mm

'v_fN





OEBPS/Images/fimmu.2023.1095966_cover.jpg
? frontiers \ Frontiers in Immunology

Different immunological
mechanisms between AQP4
antibody-positive and MOG

antibody-positive optic neuritis
based on RNA sequencing
analysis of whole blood





OEBPS/Images/fimmu-14-1095966-g007.jpg
Relative percentage

1.0 Beell

Monocyte
Macrophage
oc

NK
Neutrophil
coa_T
CcD8_T

NKT
Gamma_delta

0.5

0.0¢
DILILEEL DI D 9O O G LR EL®

15069
P=0.006

BCVA
v

1 P

00 o1 0z 03 o4
Monocytes

15=065

P=001

0.00

001

002 003

Macrophages MO

15066

0.04





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1095966-g004.jpg
=ogiipvalue)

AQP4 vs HC

MOG vs HC
“DDX3Y  gF1A1PE EEF1ATPE «
« PRKY °
MARCO +
g HNRNPATPAS «
RAL12RA e suLrie
lHnRNPATEIO. LT et
pralue<=0.05 ° 8%, value<=0.05
fogzFaacanga=0 NECAR? TogzRaachanget=0
e e
RPLIZAP25 + oo + oomms
= « vozers < vz
* | AC099489.1
REM2ADAMTS2
oxcLt
CACNATE
N ogrokcrarge B N U oo ’
TLR2 TLRS TLR8 TLR10 NLRP6
10000 *k_P=0003 800 *_P=003 3000, * P00z 6000 *_P005 *%_P=0.003 Bl HC
w00 an _ BN AQP4
H | € £ 40004
§ oo H §° g B MOG
§ i 400+ ° ‘=3
& v & & 1000 £ 2000
2000 20071
o o 0 o
He  Aape Hoe  Aaee He  Aaee He  Aaps
TLR1 TLR2 TLR4 TLRS TLRT TLR8
1500- %k P=0.003 10000 %% P=0003 4000 *  P=002 400+ * P=0.03 150- * P=001 2500- *% P=0008
- Pl Fhad %0 H e
£ 1000. 5, E 5 100 g
3 § o0 3 3 g o
1 k-1 2000- B 200 -1 -
fuo & aoon H H i w oo
200 1000 1004 w0
o y ; o T : o r r o r o r v o v r
HC MOG HC MOG HC MOG HC HC MoG HC MOG
AQP4-ON MOG-ON
el S Figalin
o 2 P
o TR2 TIRID Loa poyperiae TLRS L
R R0
Fagein ,(
\/ e MAPK

nucleu

Infiammatory Cylokines

Type | PN






OEBPS/Images/table1.jpg
MOG-ON HC P value

Number 6 8 7 -
Sex (female/male) 6/0 5/3 5/2 0.36
Age(years) 37.83+20.48 38.25£17.21 41.4243.99 0.90
I0P(mmHg) 15.75+5.74 16.15+£3.67 NA 0.88
BCVA at diagnosis 2.13+0.97 1.20+0.71 NA 0.06
BCVA at the last follow-up 0.78+1.34 0.27+0.29 NA 0.31
AQP4 antibody titers 50.98+29.35 - NA -
MOG antibody titers - 46.50+44.92 NA -

Age: years at diagnosis; IOP, Intra-Ocular Pressure; BCV A: Snellen visual acuity was converted to logarithm of the minimum angle of resolution (logMAR). Counting fingers vision was converted
to a value of 2.0 logMAR, hand motion vision was converted to a value of 2.5 logMAR, light perception vision was converted to a value of 3.0 logMAR and no light perception vision was converted
to a value of 3.5 logMAR. NA, Not applicable.





