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Editorial on the Research Topic
 Advances in neuromyelitis optica spectrum disorders




This topic issues, Advances in Neuromyelitis Optica Spectrum Disorder, jointly published by Frontiers in Neurology and Frontiers in Immunology represents the contribution and efforts of many individuals over the better part of a year. The co-editors of this issue would like to thank the journal staff and all of those who submitted their manuscripts for consideration. We were encouraged to see 40 submissions during the call for papers, with almost half (19) accepted for publication.

This issue was created to highlight important, new work in the field, both in neuromyelitis optica spectrum disorder (NMOSD) and MOG-associated disease (MOGAD), providing new insights into disease mechanisms, diagnosis, and treatment.


Advances in NMOSD

Formerly known as Devic's disease or neuromyelitis optica (NMO), Neuromyelitis optica spectrum disorders (NMOSD) is an autoimmune demyelinating disease, characterized by demyelination primarily of the optic nerves and spinal cord. The central nervous system (CNS) is more commonly affected in Asian and black patients than in white patients, in whom the age of onset is typically around 40 years (1). Yu et al. reported a higher likelihood of severe disabilities in NMOSD patients with onset after age 40 in central China.

Despite the discovery of autoantibody NMO IgG directed against aquaporin-4 (AQP4), the mechanisms and dynamics of inflammatory degeneration of the CNS in NMOSD, remain elusive. Using a mouse model of spontaneous opticospinal encephalomyelitis (OSE), Petrikowski et al. depicted characteristics of inflammatory and degenerative alterations in both morphology and function of retina and optic nerve with involvement of the complement system. T follicular helper (Tfh) cells derived from germinal center (GC) plays a critical role in promoting pathogenic autoantibody production (2). Cheng et al. demonstrated a correlation of NMOSD recurrence with Tfh cells and CXCL13, in which gut microbiome and bile acid metabolism plays a critical role. These findings lead to the establishment of a gut microbiome–metabolite–Tfh-CXCL13 system to predict the recurrence of NMOSD.

The diagnosis of NMOSD is based on the presence of core clinical manifestation, biomarkers and MRI neuroimaging features (3). AQP4 antibody is a major diagnostic biomarker distinguishing NMOSD from other neuroimmune disorders, but identification of new potential biomarkers also better assist the diagnosis of NMOSD especially in patients with negative AQP4 antibody status (4). Zhang et al. reported a case of NMOSD with similar clinical manifestation of infectious meningomyelitis, highlighting the significant diagnostic and therapeutic importance of biomarker. Based on the expression and clinical correlation analysis, Tang et al. showed the potential of serum repulsive guidance molecules a (RGMa) as a prognostic biomarker of NMOSD. Intriguingly, Shang et al. reported a case of NMOSD with the presence of anti-flotillin, a novel antibody. Kim et al. also review clinical data suggesting glial fibrillary acidic protein (GFAP) as a prospective serum biomarker candidate for NMOSD. Dinoto et al. further summarize current evidence of both CSF and serum biomarkers from the perspectives of antibody titers, cytokine profiles, complement factors and markers of neuronal and astroglial damage. In addition to biomarkers, MRI neuroimaging also plays an indispensable role in diagnosing NMOSD, but it remains a challenge to interpret neuroimaging results for differentiating between neuroimmune disorders in a non-bias manner. Based on the MRI imaging of brain and spinal cord, Huang et al. successfully developed a novel transformer-based deep-learning model for discriminating CNS demyelinating diseases including multiple sclerosis (MS), AQP4-seropositive NMOSD and MOGAD.

Currently, glucocorticoid therapy and adjunctive plasma exchange are the mainstay of the treatment in acute attacks of NMOSD while long-term immunotherapy is recommended to reduce the risk of relapse (5). Deng et al. demonstrated that pregnancy is associated with increased rates of relapse of NMOSD, which can be reduced by prompt immunosuppressive (IS) therapy. Saab et al. reported two cases improved chronic cognitive impairment in AQP4-seropositive NMOSD treated with eculizumab. However, there is still an urgent need for refinement and development of precise therapeutic methods to reduce the rates of long-term disability and mortality while minimizing the adverse effects. Accumulating evidence showed that human umbilical cord mesenchymal stem cells (hUC-MSC) possess differentiation capability, regulate immune response, promote local tissue repair and regeneration, suggesting a therapeutic potential of hUC-MSC in autoimmune disorders (6). Yao et al. thus proposed a study protocol for a prospective multicenter, randomized, placebo-controlled clinical trial for hUC-MSC to treat NMOSD (hUC-MSC-NMOSD).



Advances in MOGAD

MOGAD, a more recently discovered mimic of NMOSD, albeit one with distinct immunopathological, clinical and treatment features, was a common area of research. Sechi et al. provided a detailed update of clinical and MRI features, as well as diagnostic and treatment guidelines in an international and collaborative effort.

Liu et al. submitted a fascinating look at the immune signatures in a small cohort of RRMS and MOG patients using single cell transcriptome profiling, finding that while CD19+ CXCR4+ naive B cell subsets were expanded in both these MS and MOGAD patients, but in RRMS patients, single-cell transcriptomic was characterized by increased naive CD8+ T cells and cytotoxic memory-like NK cells coupled with a decrease in inflammatory monocytes, while MOGAD exhibited increased inflammatory monocytes and cytotoxic CD8 effector T cells, coupled with decreased plasma cells and memory B cells. Such methods could potentially become a diagnostic tool. Lin et al. presented their work providing evidence that the easily measured plasma C3 and C4 were significantly lower in NMOSD vs. MOGAD and controls, raising the possibility it could be a viable, and easily obtained, biomarker for diagnosis. As is now being understood, SARS-CoV-2 infection can lead to possibly immune mediated complications, including cases of MOGAD and NMOSD. Matsumoto et al. provided a fascinating and complex case of such a patient to educate us in recognizing and considering this possibility. Furthermore, Di Pauli et al. review the co-occurrence of MOG and AQP-4 antibodies with another common virus, VZV, finding both are, rare, MOG rarer still.

Neuroimaging also serves as one of the most critical diagnostic methods for MOGAD. Wang et al. showed 4 cases of MOGAD with abnormal signals in cortical or brainstem observed in cranial MRI. Rechtman et al. demonstrated an association between a relapsing disease course and reduced volume in gray matter in cerebrum and hippocampus within the 1st year of diagnosis.

In conclusion, this Research Topic attempts to show the most up-to-date advances in the field of NMOSD and MOGAD, covering a broad range of topics from mechanistic studies, case reports, diagnostic innovations and therapeutic strategies. We hope that these findings could provide insights for both physicians and researchers interested in the CNS demyelinating disorders.
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To determine whether there is a correlation between myelin oligodendrocyte glycoprotein (MOG) antibody-associated diseases and varicella zoster virus (VZV) infection. We provide a case report and performed a study to determine the frequency of MOG antibodies (MOG-IgG) in neurological VZV infections. Patients admitted to the Medical University of Innsbruck from 2008–2020 with a diagnosis of a neurological manifestation of VZV infection (n=59) were included in this study; patients with neuroborreliosis (n=34) served as control group. MOG-IgG was detected using live cell-based assays. In addition, we performed a literature review focusing on MOG and aquaporin-4 (AQP4) antibodies and their association with VZV infection. Our case presented with VZV-associated longitudinally extensive transverse myelitis and had MOG-IgG at a titer of 1:1280. In the study, we did not detect MOG-IgG in any other patient neither in the VZV group (including 15 with VZV encephalitis/myelitis) nor in the neuroborreliosis group. In the review of the literature, 3 cases with MOG-IgG and additional 9 cases with AQP4 IgG associated disorders in association with a VZV infection were identified. MOG-IgG are rarely detected in patients with VZV infections associated with neurological diseases.




Keywords: AQP-4-IgG, MOG-IgG, MOG antibody associated diseases, longitudinally extensive transverse myelitis, varicella zoster virus infection, neuromyelitis optica spectrum disorder



1 Introduction

Varicella zoster virus (VZV) is an exclusively human neurotropic herpes virus, presents with chickenpox (varicella) as inaugural infection, and remains latent in the dorsal root ganglions, cranial nerves, and the autonomic nervous system, and upon reactivation, results in rash and pain in one or more dermatomes, known as shingles (herpes zoster). This would occur often decades after the primary infection, particularly in susceptible immunocompromised patients, and older patients due to immunosenescence (1).

Typical VZV neurological complications include postherpetic neuralgia, VZV vasculopathy, cranial nerve neuropathy, and radiculopathy (2). Central nervous system (CNS) demyelinating-inflammatory diseases, such as myelitis and encephalitis, are rare complications in primary VZV infection and VZV reactivation (3, 4). It has been suggested that VZV myelitis is caused by direct viral invasion of the spinal cord and cell lysis (5). However, there is mounting evidence for an immune-mediated mechanism, as there are several case reports of aquaporin-4 antibody (AQP4-IgG) positive neuromyelitis optica spectrum disorder (NMOSD) following VZV infection (6–13). Recently, in addition to AQP4-IgG associated NMOSD, the identification of myelin oligodendrocyte glycoprotein (MOG) antibodies has broadened the spectrum of antibody-associated CNS demyelinating-inflammatory diseases that are distinct from classical multiple sclerosis (14). Similar to the identification of AQP4-IgG following VZV infection, some case reports described MOG-IgG antibody-associated disease (MOGAD) following VZV, influenza A, or herpes simplex virus infection (15–18).

However, until now, there has been no systematic analysis about the association of MOG-IgG and neurological manifestations of VZV infection. Here, we describe a patient with MOG-IgG positive VZV-associated longitudinally extensive transverse myelitis (LETM), perform a study to determine the MOG-IgG frequencies in patients with VZV infection and neurological involvement and present the results of a literature review.



2. Materials and Methods


2.1 Patients and Samples

The retrospective study included 59 patients who were admitted to the Medical University of Innsbruck between 2008 and 2020 with the diagnosis of a neurological manifestation due to VZV infection and had an available serum sample of at least 500 µl. Diagnosis of VZV infection with neurological involvement (i.e., meningitis, encephalitis, myelitis, encephalomyelitis, cranial nerve or/and segmental zoster paresis) was based on the presence of typical dermatomal rash followed by neurological symptoms and supported by laboratory findings (elevated CSF cell count, positive VZV DNA in the cerebrospinal fluid (CSF) as determined by polymerase chain reaction (PCR), or increased CSF VZV-IgG) (19, 20). CNS involvement was defined as encephalitis or myelitis or a combination of both. In the absence of a typical rash, diagnosis was always based on a positive CSF VZV DNA and CSF pleocytosis.

Patients with neuroborreliosis [previously published (21)] were included as control group (n=34), as this is also a disease entity of infectious origin that might affect the CNS as well as the PNS, and also typically shows elevated CSF cell count and disrupted blood-CSF-barrier as indicated by elevated Qalb. In addition, there is no known association of neuroborreliosis with AQP4 or MOG antibodies. Briefly, these patients were admitted to Medical University of Innsbruck between 2009 and 2016 and received diagnosis of neuroborreliosis according to EFNS criteria (22). Diagnosis was based on typical neurological symptoms, appropriate routine CSF findings (pleocytosis, blood-CSF barrier impairment, and/or intrathecal synthesis of immunoglobulins), and intrathecal synthesis of borrelia-specific IgG antibodies [antibody specificity index (ASI) >1.5] (22).

Results of routine diagnostic procedures, clinical, magnetic resonance imaging (MRI), and CSF data were collected. Routine CSF work-up comprised red blood cell (RBC) and white blood cell (WBC) count, CSF total protein concentration, CSF/serum albumin quotient, and CSF and serum IgG, IgM, and IgA concentrations. Intrathecal synthesis of IgG, IgM and IgA were calculated by the Auer and Hegen formula (23) and expressed as percentage intrathecal fraction. IgG index was calculated as [CSF IgG/serum IgG]/[CSF albumin/serum albumin]. CSF was collected by lumbar puncture and blood by simultaneously peripheral venous puncture. Serum was isolated from blood by centrifugation after the blood samples were allowed to clot for ≥30 min. All samples were centrifuged at 2000 g for 10 min at room temperature.



2.2 MOG-IgG Assay

The presence of MOG-IgG was determined by live cell-based immunofluorescence assay with HEK293 cells transfected with full-length human MOG (alpha-1 isoform), as previously described (24). Screening for serum antibodies was performed at 1:20 and 1:40 dilutions by two independent investigators blinded for the clinical diagnosis. An isolated IgM reactivity was excluded by the use of heavy chain-specific secondary antibodies against IgG (Dianova, Hamburg, Germany) (24).



2.3 Ethics

The study was approved by the Ethics Committee of the Medical University of Innsbruck (approval number AM3041A). Written informed consent was obtained from all patients. Authorization has been obtained for disclosure (consent to disclose) from the index case patient.



2.4 Statistics

Statistical analysis was performed using SPSS 26.0 (SPSS Inc, Chicago, IL, USA). Non-parametric data were displayed as median and interquartile range. Categorical variables were reported as frequency and percentage. For group comparisons, Mann-Whitney-U and χ2 tests were applied, as appropriate. Two-sided P-values <0.05 were considered statistically significant.



2.5 Literature Review

We conducted a literature search in MEDLINE and Google Scholar. Search terms were: VZV AND MOG or AQP4 or NMOSD or LETM; herpes zoster AND MOG or AQP4 or NMOSD or LETM. Abstracts that primarily did not deal with VZV infection and MOGAD or NMOSD or LETM were excluded. In addition, articles identified in reference lists of the individual papers were selected if considered appropriate.




3 Results


3.1 Index Case

A 30-year-old, previously healthy man presented in 2019 with sensomotor paralytic syndrome (sensory level below T6), subsequent gait ataxia and neurogenic bladder disturbance requiring catheterization at our emergency department. Six days before the first neurological symptoms, the patient had developed herpes zoster infection (dermatome T6 right side) treated by his general practitioner with oral acyclovir (5 days, 3 x 1000 mg per day orally). There was no history of constitutional symptoms or a recent vaccination. A MRI of the spinal cord showed a T2 hyperintense lesion extending from T1 to conus medullaris confined to gray matter (Figure 1) with only a very faint contrast enhancement, whereas brain MRI was normal. CSF analysis revealed lymphocytic pleocytosis with a WBC count of 101 cells/μl, and oligoclonal bands were negative. Despite the VZV DNA PCR results being negative, the CSF VZV antibody-specific index (ASI) was highly elevated (9.4). However, in addition, MOG-IgG in serum were positive at high titer (1:1280), while AQP4-IgG were absent. Further diagnostic work-up to determine immune deficiency or a malignancy was negative (including a whole body 18F-fluorodeoxyglucose positron emission tomography-computed tomography, human immunodeficiency virus screening, serum immunoglobulin levels, flow cytometry of peripheral blood). MOG-IgG associated LETM following VZV infection was diagnosed, and the patient was treated with a combination of high-dose methylprednisolone (10 days: 1,000 mg for 3 days, 500mg for 4 days, 250 mg for 3 days) followed by oral tappering and intravenous acyclovir (3 x 750 mg for 10 days, 3 x 500 mg for 8 days followed by oral acyclovir 3 x 1000 mg for 5 days). Thereafter, no further disease-modifying or immunosuppressive therapy was started. After three months, the MOG-IgG titer had decreased to 1:320, and MOG-IgG was undetectable after another five months. Except for mild neurogenic bladder dysfunction, there was complete clinical and imaging remission without further relapses after an 18-month follow-up. EDSS improved from an initial score of 3.5 to 1.0 at 18-month follow-up.




Figure 1 | Spinal MRI of the index patient presenting with MOG-IgG associated LETM following VZV infection. T2 weighted cervical, thoracic [panel (A), sagittal view] and lumbar [panel (B), sagittal view] spinal cord MRI shows extensive hyperintense lesion from the level T1 to the conus medullaris [panel (C), axial view of T4; and panel (D), axial view of T9] with only a very faint contrast enhancement (not shown).





3.2 Retrospective Study


3.2.1 Demographic, Clinical, and Main Cerebrospinal Fluid Characteristics

A total of 59 patients with neurological involvement due to VZV infection and 34 patients with neuroborreliosis were included into this study (Figure 2). Demographic and main clinical characteristics of patients with VZV infection and CNS involvement are shown in Table 1, those of patients with neuroborreliosis elsewhere (21). Fifteen patients with a VZV infection (25.4%) presented with either myelitis (n=6; one patient with a LETM), encephalomyelitis (n=1), or encephalitis (n=8). Parenchymal CNS involvement occurred in three (8.8%) of the patients with neuroborreliosis. Patients with neuroborreliosis (median age 46 years, interquartile range [IQR] 10.4–65.6) were younger than patients with VZV infection (median age 63 years, IQR 45.5–76, p<0.001), while males and females were equally distributed in both disease groups (p=0.610). The average interval between typical VZV-associated rashes and neurological symptoms was 7 days (range 2-12). In Table 2, the main CSF findings of VZV infection with CNS involvement and neuroborreliosis are shown. In both diseases, the WBC count was increased, although the WBC count was significantly higher in patients with neuroborreliosis. Intrathecal IgG and IgM fraction (%) was significantly elevated in patients with neuroborreliosis compared to patients with VZV infection.




Figure 2 | Inclusion flowchart VZV infection with neurological involvement. * Negative CSF VZV specific antibody index, VZV DNA PCR and normal CSF cell count. CSF, cerebrospinal fluid; VZV, varicella zoster virus.




Table 1 | Demographic and clinical data of patients with varicella zoster virus infection with central nervous system involvement.




Table 2 | Cerebrospinal fluid characteristics of patients with varicella zoster virus infection and neuroborreliosis.





3.2.2 MOG-IgG in VZV Infection With CNS Involvement

All patients – those with VZV infection with CNS involvement and those with neuroborreliosis – were negative for serum MOG-IgG. One patient with VZV infection and radiculitis had a borderline MOG-IgG positive titer of 1:160. This result was not confirmed by using heavy chain–specific secondary antibodies and was therefore regarded as negative.




3.3 Literature Review

We identified 2 case reports (15, 25) and 1/10 patients in a case series (20) with MOG antibody-associated myelitis in association with a VZV infection; in addition, there are 9 reports of AQP4 antibody-associated CNS disorders in patients with VZV infections (6–13, 20) (Table 3).


Table 3 | Varicella zoster virus infection-associated cases with MOG/AQP4 antibody associated central nervous system disorders.






4 Discussion

Here, we present a case with MOG-IgG associated LETM triggered by VZV infection. In a subsequent retrospective study of 59 patients with VZV infection and neurological involvement; however, we did not found MOG-IgG in any patient (including 15 with VZV encephalitis/myelitis).

MOG-IgG are more often present in children than in adults and are associated with a variable clinical spectrum. Typical clinical presentation of MOGAD, particularly in children, is an acute disseminated encephalomyelitis (approximately 50%), whereas in adults myelitis (up to 30%) or optic neuritis (up to 50%) are more common (14, 26–28). Similar to our case, MOG-IgG associated myelitis is characterized in the MRI by longitudinally extensive T2 hyperintense lesions affecting mainly the grey matter and lack of contrast enhancement (29). MOG-IgG case reports showing an association between MOGAD and VZV infection are rare. Two case reports described the occurrence of LETM after herpes zoster and chicken pox, respectively (15, 25) (Table 3). In only one patient, the VZV DNA PCR result was available and reported as positive. In our case, the VZV DNA PCR result was negative, which may have been due to the preceding acyclovir therapy (6 days). However, elevated WBC count and a highly increased VZV ASI confirmed the diagnosis. In a group of 10 immunocompetent patients with VZV infection–related myelitis, MOG-IgG was present in one patient (20). This patient relapsed and fulfilled the seronegative NMOSD criteria during follow-up. In contrast, our patient showed nearly complete recovery without further relapses, and MOG-IgG was undetectable after eight months. Approximately 35% of patients with MOGAD have a relapsing disease (14). Although persistent MOG-IgG positivity is only a moderate marker for relapsing disease with a positive predictive value of approximately 60%, a conversion to undetectable antibody reliably predicted a monophasic disease course in approximately 90% of cases (14). Due to limitations such as a lack of prospective clinical trials in MOGAD and established standard test criteria conversion of detectable to undetectable MOG-IgG is currently not a reliable marker for treatment decisions. However, as a) only approximately one third of the patients with MOG-IgG relapse, b) MOG-IgG was negative during follow-up, and c) due to the known viral trigger, we decided not to start a disease modifying or immunosuppressive treatment. In addition to MOG-IgG, several case reports have described an association of AQP4-IgG with VZV infection (Table 3), we identified 9 further reports of AQP4-IgG associated CNS inflammatory demyelinating disorder related to a VZV infection. In synopsis with the MOG-IgG associated cases, eleven patients out of twelve presented with LETM (the one remaining case was MRI-negative myelitis), LETM seems to be a typical clinical presentation of these rare associations. Of particular importance, for eight patients, there was information available that indicated that the NMOSD (1/8 MOG-IgG positive, 7/8 AQP4-IgG positive) criteria were fulfilled, and that relapses occurred in at least six patients. Therefore, in the rare clinical presentation of LETM triggered by a VZV infection, screening for MOG-IgG or AQP4-IgG has therapeutic implications. In contrast to cases in whom MOG-IgG are detected, treatment with a disease-modifying therapy should be considered if AQP4-IgG is detected.

The pathophysiological basis of the association between VZV infection and MOG or AQP4 antibody-associated associated LETM is unclear. In the majority of the reported cases, CSF VZV DNA PCR results were negative (Table 3), and a direct viral invasion of the spinal cord seems unlikely, although pathological data are missing. These data are consistent with the retrospective case series of immunocompetent individuals with VZV myelitis published by Wang et al. (20). Four out of 11 patients fulfilled the NMOSD criteria, and despite immunosuppressive treatment in the two relapsing patients, no VZV reactivity was observed. Given the rising number of cases with the presence of MOG-IgG or AQP4-IgG and the typically delayed onset of neurological symptoms (Table 3) after the rash, immune-mediated genesis seems likely. The mechanisms suspected to be involved in triggering autoimmunity after infection are molecular mimicry, bystander activation, epitope spreading, and the release of cryptic antigens (30). A possible hypothesis for MOG and AQP4 antibody-associated autoimmunity triggered by a VZV infection is that the VZV infection causes a breakdown of the blood-brain barrier, as indicated by the common finding of an elevated CSF/serum albumin ratio in herpes zoster (31). Subsequently, CNS antigen is released into the periphery, which induces an immune reaction against self-antigens by autoreactive B and T cells.

A limitation of our study is the retrospective design and small number (n=15) of patients with myelitis, encephalomyelitis, or encephalitis. However, data specifically excluded a nonspecific bystander reaction, as patients with VZV infection without parenchymal involvement were negative for MOG-IgG (n=44). As CSF analysis of MOG-IgG improve the sensitivity by 7%, another limitation is that MOG-IgG was only tested in patient sera (32).

Overall, we showed that the presence of MOG-IgG is a rare finding in patients with a VZV infection complicated by CNS demyelinating-inflammatory diseases. Nevertheless, due to therapeutic implications, antibody screening is a useful tool, particularly in patients with a higher pre-test probability, e.g. with LETM. Further prospective larger studies, including children, are required to analyze the frequency of neurological antibody-associated diseases triggered by VZV infection.
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Background

Demyelination diseases are complex puzzles that are not always straightforward to diagnose. Multiple sclerosis and neuromyelitis optica are two that are frequently encountered. Numerous autoantibodies newly discovered in recent years have significantly aided clinical reasoning and diagnosis in differentiating demyelination disorders. Here we report a case of demyelination disease with anti-flotillin autoantibodies positive, which is not common in past references.



Case summary

The patient presented with characteristic neuromyelitis optica symptoms and had remission and relapse. But his images exhibited characteristics of both neuromyelitis optica spectrum illness and multiple sclerosis.



Conclusion

This is the first case report describing the clinical course and imaging characteristics of demyelination illness associated with anti-flotillin autoantibodies. Although so far it appears to be a subtype of multiple sclerosis, there is still a potential that it is separate from MS and NMOSD.
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Introduction

Flotillins are considered to be scaffolding proteins of lipid rafts and are reported to participate in axon regeneration, neuronal differentiation, endocytosis, T-lymphocyte activation, membrane protein recruitment, insulin signaling, cell proliferation, and tumor progression (1, 2). As to flotillins’ role in diseases, they had been reported in Alzheimer’s disease (AD) (1, 3). Serum flotillin levels are significantly decreased in patients with AD and amyloid-positive MCI (Mild cognition impairment) patients compared with age-matched patients with VaD (Vascular dementia) and MCI patients without amyloid. The decrease in flotillin levels may result from reduced exosome secretion caused by Aβ42 oligomers. Hahn et al. reported the presence of autoantibodies against the flotillin-1/2 heterocomplex in the serum and CSF of patients with multiple sclerosis (4). Here, we first described the clinical and imaging characteristics of a patient with anti-flotillin autoantibodies in detail.



Case Presentation


Patient Presentation

In 2017, a 26-year-old man experienced a sudden reduction of vision in his left eye without eye movement pain or diplopia. Upon presentation to another hospital, he was diagnosed with optic neuritis and underwent treatment with high-dose intravenous methylprednisolone. Two weeks later, his left eye visual acuity returned to normal. In 2020, he was admitted to our hospital because of blurred vision that had been present in the left eye for 3 months and progressive lower limb weakness that had been present for 1 month. He did not exhibit other new symptoms. Cerebral and cervical magnetic resonance imaging in another hospital revealed multiple demyelinating lesions in the brainstem, bilateral insula, corpus callosum, left parietal lobe, and cervical cord (at the level of C3–C5). The patient had a history of 4–5 cigarettes per day for 8 years. He had no history of rheumatic disorders or other systemic disorders; he also had no history of mental or genetic disorders. His parents did not have a consanguineous relationship.



Physical Examinations

Neurological examination revealed horizontal nystagmus and the presence of weakened light perception and limited abduction in the left eye. Muscle strength in the patient’s lower limbs was 80% of normal (4/5) under normal muscular tension. The patient’s tendon reflexes were brisk in both lower extremities, but normal in the upper limbs. He exhibited bilateral positive Babinski signs, as well as hemi-thermanalgesia immediately below the level of T8. His other physical findings were unremarkable.



Laboratory Findings

Cerebrospinal fluid (CSF) examination revealed pressure of 0.59 kPa and nucleated cell count of 3*106/L (reference: 0–8*106/L). The patient’s immunoglobulin G index was 1.3 (reference: 0.00–0.70). CSF biochemical, immunological, microbiological, and virological tests showed no abnormalities. Complete blood count, biochemical test results, and findings concerning TPPA, HIV, HBV, HCV, tumor markers, thyroid function, and HbA1c were normal. Furthermore, ANA, RF, ANCA, and LA results were in normal ranges. Oligoclonal band and anti-flotillin-1/2 autoantibodies (1:1) were present in CSF but absent from serum; anti-AQP4, anti-MOG, and anti-MBP autoantibodies were absent from both CSF and serum.



Imaging Data

Chest CT findings were normal. Bilateral optic nerves showed strong signals on T2WI with minimal gadolinium enhancement on T1WI. Spinal MRI revealed long-segment extensive lesions without enhancement, extending from C3 to C5 and from Th5 to Th10. Cerebral MRI showed abnormal long T1 and T2 signals at the bilateral frontal parietal lobe, centrum ovale, bilateral lateral ventricle, corpus callosum, hippocampus, and right cerebellar peduncles; these signals did not show mild enhancement or strong signals on DWI.



Other Examinations

The corrected decimal visual acuity values were 0.08 and 0.1 in the patient’s left and left eyes, respectively. Fundus examination and OCT indicated retrobulbar neuritis in the left eye. Visual evoked potential analysis confirmed visual pathway impairment in both eyes. Brainstem auditory evoked potential analysis showed relatively low amplitudes with normal latency, which indicated conduction dysfunction in the peripheral segment of bilateral brainstem auditory pathways. Sensory-evoked potential analysis suggested a conduction dysfunction in the central segment of the bilateral lower limb sensory pathway with normal SEP of the upper limbs.



Diagnosis, Treatment, and Follow-Up

Based on the patient’s history, symptoms, and signs, including classical demyelination and evidence of anti-flotillin autoantibody, he was diagnosed with NMOSD. Figure 1 was showcasing a timeline with relevant data from the episode of care. Therefore, he received high-dose intravenous methylprednisolone (initially 1 g per day, then tapering by half at 3-day intervals). He then received oral prednisone acetate 60 mg per day, with tapering. He also received immunosuppressants; tacrolimus was initially used, but azathioprine was subsequently used because the tacrolimus trough level was insufficient. The patient’s lower limb muscle strength recovered to 100% (5/5). His visual acuity in the left eye improved, but has not yet returned to normal. In the next face-to-face follow-up, radiological examinations including susceptibility weighted images, retest of CSF and serum autoantibodies, and thorough cognition assessment were scheduled.




Figure 1 | Timeline of the case report.






Discussion

Flotillins, also called reggies, are considered to be scaffolding proteins of lipid rafts and are generally used as marker proteins of lipid microdomains. They were initially identified as regeneration molecules that demonstrated upregulation in the regenerating axons of goldfish retinal ganglion cells following optic nerve lesion (5). There are two homologous proteins in flotillin family, flotillin-1 and flotillin-2. Flotillin-1 is expressed most abundantly in brain, heart, lung, and placenta, as well as hematopoietic cells; in contrast, flotillin-2 is expressed in all tissues; the expression of one is regulated by the other. These proteins are ubiquitous and highly conserved lipid raft scaffolding proteins (2). Flotillins do not span the membrane, but interact with other proteins on the other side of the membrane (6). Flotillins reportedly participate in axon regeneration, neuronal differentiation, endocytosis, T-lymphocyte activation, membrane protein recruitment, insulin signaling, cell proliferation, and tumor progression (1, 2). In neuronal cells, flotillins might modulate cadherin-mediated cell–cell adhesion, which is important for synapse organization and function, neuron regeneration, and dendritic spine morphogenesis (2). After reviewing basic functions of flotillins, we first went back to the clinical course of this patient.

The patient’s first disease onset in 2017 comprised optic neuritis without limb weakness or numbness. Treatment with high-dose methylprednisolone provided rapid remission. It is unclear whether the patient received anti-AQP4 autoantibody detection at the time. In 2020, the patient presented with myelitis, including new symptoms such as lower limb weakness, and sensory disorder below the level of T8. The patient was initially misdiagnosed with NMOSD, on the basis of his disease beginning characteristics (neuritis and myelitis) and imaging findings. The international consensus diagnostic criteria for NMOSD were considered for this patient (7). Although he did not exhibit anti-AQP4, anti-MOG, or anti-MBP autoantibodies in the CSF or serum, he demonstrated two core clinical characteristics: acute optic neuritis and acute myelitis. Furthermore, he had some typical NMOSD lesions on cerebral MRI (Figure 2). Nearly symmetrical confluent deep white matter lesions were distributed around bilateral ventricles (red arrows in Figure 2); the corpus callosum (blue arrows in Figure 2) and associated periependymal brainstem (yellow arrows in Figure 2) were also involved.




Figure 2 | The patient’s MR images which mimicking NMOSD.



However, a search of the literature revealed that anti-flotillin autoantibodies were mostly identified in reports of multiple sclerosis patients except for one recent case which reported anti-flotillin 1/2 autoantibody-associated atypical dementia (8). Furthermore, the patient’s optic nerve and spinal cord lesions did not clearly meet the diagnostic criteria for NMOSD (7). The T1-weighted gadolinium enhancing lesion in the patient’s optic nerve did not extend over more than half of the optic nerve length (red arrows in Figure 3); neither cervical nor thoracic lesions extended over three contiguous segments (blue arrows in Figure 3). Dawson’s fingers (i.e., elongated flame-shaped lesions perpendicular to the lateral ventricle wall) were observed on FLAIR images (yellow arrows in Figure 3); in light of the patient’s age, his brain displayed slight atrophy. The presence of Dawson’s fingers and brain atrophy are considered indicative of multiple sclerosis (9, 10). Consideration of the above posed a difficulty to the diagnosis of NMOSD.




Figure 3 | The patient’s MR images which mimicking MS.



In Hahn’s research (4), most of the anti-flotillin-1/2-positive patients had no evidence for a disorder other than MS. CSF analysis had revealed mild pleocytosis and/or CSF-specific oligoclonal band (OCB) in all patients. Thirteen (93%) patients were female. Nine (64%) patients had a history of optic neuritis. None of the patients displayed anti-AQP4 or anti-MOG antibodies. And none met the latest international consensus criteria for NMOSD and all demonstrated ‘red flag’ criteria according to that consensus (7). This study did not describe radiological signs of disseminated demyelination in detail, except for those described in the ‘red flag’ section, such as symmetrical confluent deep white matter lesions surrounding bilateral ventricles, lesions in the corpus callosum, and periependymal brainstem lesions, which were obvious in this case. These lesions, when paired with two key clinical characteristics: acute optic neuritis and acute myelitis, easily misled us into diagnosing NMOSD; nevertheless, a ‘red flag’ informed us of the need for a correction diagnosis of MS with anti-flotillin autoantibodies positive. Based on Hahn’s research (4) in a large cohort of pre-diagnosed MS patients, the flotillin-1/2 heterocomplex seems to be a B cell autoantigen in a subset of about 1–2% of MS patients. We hadn’t found studies or cases reporting anti-flotillin autoantibodies positive in Asian population. As more understanding of it and more patients diagnosed, we speculated that it would become a new subtype of MS or a disease distinctive from MS. Since flotillins had been reported as a possible new marker of AD (11, 12) and recently found in a patient of atypical dementia (8), besides classical symptoms and relapses, this patient’s cognition function requires further care during long-term follow-up.

Given a deep understanding of flotillins’ physiological functions, it’s not hard to infer why optic nerves, deep white matter and spinal cord are prone to be impaired by anti-flotillin autoantibodies. In early years, flotillins were found to be unregulated in retinal ganglion cells (RGCs) in fish (5) and the same in mammalian RGCs (13), which might explained vision loss. Munderloh et al. found that downregulation of flotillins triggered a clear reduction (up to 70%) of the number of regenerating axon in zebrafish and the knockdown of flotillins by flotillin-specific siRNAs restrained the axon regeneration (14), indicating that flotillins are indeed necessary for axon regeneration, which might illustrate the deep white matter and spinal cord lesions. Besides, flotillins had been reported to participate in hippocampal neurons differentiation. Downregulation of expression levels of flotillins in mammalian hippocampal neurons caused the neurons failed to differentiate (15). Langhorst et al. reported that expression of a trans-negative flotillin-2 deletion mutant, which interfered the oligomerization of flotillin, could inhibit insulin-like growth factor (IGF)-induced neurite outgrowth in N2a cells and impair differentiation of primary rat hippocampal neurons in vitro (16). These clues also reminded us to notice if there exists hippocampal injury and cognition impairment during long-term follow-up of this patient. Therefore, based on flotillins’ role in axon regeneration and RGCs, clinical symptoms and imaging characteristics of this patient were reasonable, despite the parallels and contrasts with NMOSD or MS.

This case remained a source of contention. To begin, the titer of anti-flotillin autoantibodies (1:1) was low, and this was the first time anti-flotillin autoantibodies had been found in the laboratory. To validate it, the laboratory conducted tests twice using cell-based assays (CBA) and enzyme-linked immunosorbent assays (ELISA). We addressed it in our department of neurology and determined that it was not a false positive based on the patient’s clinical presentations and a review of the literature. In due course, we will follow up on this case and reexamine his anti-flotillin autoantibodies in CSF. Second, long-term immunosuppressive medication requires additional observation. In our discussion, the diagnosis of MS and the subtype of relapse-remission MS (RRMS) are contentious. It is well established that disease modifying therapy is the first line of treatment for remission in RRMS. However, it has been noted that several disease-modifying medicines can exacerbate neuromyelitis optica (17–20). We picked tacrolimus and converted it to azathioprine after extensive consideration. As of last month, there has been no relapse attack.

Finally, given that flotillin-1/2 heterocomplexes have been detected on the cell surfaces of neural cells in vivo, mostly present on the intracellular side or temporarily on the extracellular side, corresponding autoantibodies could be pathogenic and contribute to demyelination. Demyelination disorders induced by anti-flotillin autoantibodies need further investigation and might constitute independent clinical entities that are distinct from NMOSD and MS.
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Objective

This study aimed to investigate the demographic characteristic of pregnancy-related attacks (PRAs) in neuromyelitis optica spectrum disorder (NMOSD). In addition, we investigated the predictors of PRAs as well as the effect of immunosuppressive (IS) therapy in patients with pregnancy-related NMOSD.



Method

We retrospectively analyzed data on clinical and diagnostic characteristics, therapeutic management, and pregnancy outcomes for PRAs in AQP4-IgG-positive NMOSD patients admitted to the Second Xiangya Hospital of Central South University. Moreover, we searched the literature (without any temporal restriction) to identify all such similar cohorts and performed a meta-analysis to evaluate the effectiveness and safety of IS therapy on NMOSD patients with PRAs.



Result

We collected clinical data on 117 women with AQP4 antibody-positive NMOSD; we ultimately included 33 patients (34 pregnancies). Ten patients were relapse-free during pregnancy, and 23 (69.7%) had PRA; attacks were most common during the first trimester of the postpartum period. Maintenance of IS treatment during pregnancy was found to greatly reduce PRAs in patients with NMOSD. PRAs were associated with a higher neutrophil-to-lymphocyte ratio (NLR) at relapse during pregnancy and shorter time interval between the last relapse and conception. The meta-analysis suggested that maintenance of IS treatment during pregnancy can significantly reduce the RR of NMOSD (95%CI=0.35-0.62; z=5.18, p<0.0001) and had no adverse effect on the miscarriage rate. However, the unhealthy newborn occurrence among those receiving IS treatment was 3.73 times higher than that of those not receiving treatment during pregnancy (95%CI=1.40–9.91; z=2.64, p=0.008).



Conclusion

Our study results demonstrates that pregnancy can induce the onset or relapse of attacks in NMOSD patients. The increased NLR value and disease activity may be a predictor for PRAs in patients with NMOSD. Moreover, administration of IS treatment during pregnancy can reduce the relapse rate. However, the dosage of drugs and risks of adverse effects to the fetus need to be considered. Future prospective studies with larger sample sizes are needed to confirm and extend our findings.
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1 Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is a serious, recurrent antibody-mediated inflammatory demyelination disorder that is mainly characterized by optic neuritis and transverse myelitis; however, it can also affect other areas of the central nervous system (e.g., the brainstem and hypothalamus). This disease causes blindness, paralysis, cognitive impairment (1). Several studies have suggested increased relapse rates and a higher risk of disability in patients with NMOSD occurring during pregnancy and the postpartum period (2, 3). Because NMOSD relapse during pregnancy has adverse effects on both the pregnant woman and the fetus, researchers have suggested the maintained administration of immunosuppressive (IS) treatment for NMOSD following pregnancy (4). However, there have been few cohort studies on the curative effect of IS treatment with respect to prognosis and relapse rates in pregnant patients with seropositive NMOSD (5, 6). Until now, cohort studies have been limited by their small number of cases (7). Delgado et al. were the first to retrospectively analyze the obstetric outcome of patients with NMOSD and AQP4-IgG positivity in Latin America, and only one pregnancy was reported after the first manifestation of NMOSD among 50 pregnancies as there was a decrease in the desire for motherhood after the diagnosis of NMOSD (8). Therefore, it is difficult to interpret the results and make clear conclusions as to whether IS treatment during pregnancy can prevent disease relapse.

Aquaporin-4 IgG is a specific diagnostic and serological marker of NMOSD (9) that binds to AQP4 in astrocyte feet and regulates complement recruitment and activation, thereby inducing complement-dependent cytotoxicity and leading to astrocyte damage (10). Additionally, effector neuroinflammatory cells (including eosinophils, neutrophils, and macrophages attracted by proinflammatory cytokines) lead to astrocytic death, secondary oligodendrocyte injury, and axonal injury (11). Substantial sex hormone shifts occur during gestation and puerperium in NMOSD, and this can alter the amount and function of AQP4 IgG and also the activation of effector neuroinflammatory cells (3). Therefore, pregnancy is a risk factor for relapse in NMOSD patients (12). The neutrophil-to-lymphocyte ratio (NLR) is a novel inflammatory marker and an easily obtained parameter (13). The NLR has been used to predict prognosis and disease activity in many neurologic demyelinating diseases, including NMOSD (14) and multiple sclerosis (15), and in other systemic immunologic diseases, such as systemic lupus erythematosus (16), Sjogren’s syndrome (SS) (17), and Behçet’s disease (18). There are no previous studies on the association between relapse rate (RR) and the NLR in patients with pregnancy-related NMOSD.

Therefore, the primary objective of this cohort study was to summarize the demographic and clinical characteristics of patients with pregnancy-related NMOSD attacks. We analyzed the risk factors for pregnancy-related attacks (PRAs), including IS treatment and NLR. In addition, we performed a meta-analysis to investigate the efficacy of IS treatments in reducing the RR during pregnancy in women with NMOSD.



2 Methods


2.1 Meta Analysis


2.1.1 Data Sources and Searches

Two reviewers independently searched the PubMed, Embase, and Cochrane Library databases for articles published in English (without any temporal restrictions). A combination search of MeSH terms and keywords related to “pregnancy” and “neuromyelitis optica” was used in our meta-analysis. The studies were read thoroughly in order to evaluate the appropriateness of their inclusion in the meta-analysis. Cohort studies or case series comprising patients diagnosed with NMOSD prior to pregnancy or for the first-time during pregnancy were included. We excluded studies that enrolled fewer than five patients and those that did not examine the main variables of interest. From the 270 studies initially identified, 7 fulfilled the inclusion criteria and were included. The flowchart of the search strategy is shown in Figure 1. The RRs, miscarriage rates and occurrence rate of unhealthy newborns for NMOSD patients treated with or without IS during pregnancy were extracted from these studies. Two reviewers independently screened the titles, abstracts, and full texts; any differences in opinion were resolved via discussion and consensus.




Figure 1 | Flow chart presenting the process of study selection for the pregnancy-related neuromyelitis optica spectrum disorder (NMOSD) meta-analysis.





2.1.2 Statistical Analysis

The data extracted from the included studies were analyzed using Review Manager 5.4 software (RevMan Corp, Houston, TX, USA). Heterogeneity in RRs, miscarriage rates and occurrence rate of unhealthy newborns was determined using the I2 index, with an I2 value greater than or equal to 50% indicating moderate or high heterogeneity (19). When p >0.1 and I2 ≤ 50%, we used a fixed-effect model to conduct the meta-analysis; otherwise, a random-effects model was used. Statistical significance was set at p <0.05.




2.2 Retrospective Analysis


2.2.1 Study Population

We collected data on clinical and diagnostic characteristics, therapy management, and pregnancy outcomes of pregnancy-related AQP4 positive NMOSD patients admitted to the Second Xiangya Hospital of Central South University between August 2000 and August 2020. All patients diagnosed with NMOSD met the diagnostic criteria established in 2015 (1), including those admitted before 2015. Cases lost to follow-up were excluded from the study. This study was approved by the Medical Ethics Committee of Second Xiangya Hospital of Central South University, and informed consent was obtained from all participants via telephone interview. This study had no adverse influence on the rights or welfare of patients. This study was conducted in accordance with the Declaration of Helsinki and with the utmost respect for patient privacy; we ensured the confidentiality of all patient information.



2.2.2 Clinical Data Collection

We collected medical data for the 33 patients enrolled in this cohort, including age at conception, relapse rate, pregnancy outcomes, clinical manifestations, routine blood test results, serological analysis of autoantibodies, imaging features, Expanded Disability Status Scale (EDSS) scores, treatment management, and time interval between last relapse and conception. In NMOSD patients who received IS treatment, the blood test results used were those obtained at the beginning of the second trimester of pregnancy (since IS treatment started at the beginning of the second trimester of pregnancy), while in those with PRAs who did not receive IS treatment, these data were obtained at relapse, before IS treatment (intravenous methylprednisolone or intravenous immunoglobulin). Blood test results of NMOSD patients without PRAs who did not receive IS treatment were obtained at the beginning of the second trimester.

Blood sample were tested for analysis of auto-antibodies and NLR. AQP4-IgG was assessed using cell-based transfection immunofluorescence assay (CBA) in a laboratory of neuroimmunology (20). The NLR was calculated as the ratio of absolute neutrophil count to absolute lymphocyte count. This ratio is influenced by different physiological and medical conditions as well as by some medications. Some of the influencing factors include (1) pregnancy; (2) presence of autoimmune (including rheumatoid arthritis, SS, SLE, and inflammatory bowel disease), cardiometabolic (including diabetes mellitus, hypertension, and dyslipidemia) or liver diseases; malignancies; or hematologic conditions; (3) blood transfusions during the last four months, as well as use of antiplatelet medications (such as aspirin and clopidogrel); and (4) treatment with hormones, gamma-globulins, and immunosuppressive drugs in the past 6 months. For the analysis of NLR, we excluded the data of patients who met one or more of the above factors, except for autoimmune diseases and pregnancy. We also excluded those who lacked information on blood counts or had missing follow-up information in the medical records. Those with evidence of other infections were also excluded (13, 17, 21).

The EDSS scores were evaluated by two experienced neurologists to determine the severity of neurological deficits. EDSS scores were assessed at onset or relapse of NMOSD during pregnancy or within 1 year postpartum in patients with PRA, while it was assessed at the first trimester of the postpartum period in patients without PRA. At 1 year after delivery, all patients underwent EDSS evaluation again. Magnetic resonance imaging (MRI) results showing characteristic lesions in the optic nerve, spinal cord, and brain were defined as abnormal, while normal brain images and unspecific demyelinating brain lesions were defined as normal (1, 14).

Referring to previous research (22), the definitions used in the current study were as follows: (1) informative pregnancies were defined as all pregnancies occurring after the onset of NMOSD as well as all patients in whom the disease presented during the pregnancy or within 12 months postpartum; (2) PRA was defined as onset or relapse occurring during pregnancy or within 12 months after delivery or abortion; (3) relapses were defined as new or substantially worsened neurological symptoms lasting for at least 24 hours and a new or enhancing lesion on MRI so as to exclude pseudorelapses (23); (4) pregnancy with IS treatment was defined as a pregnancy in which the patient was on IS treatment (including corticosteroids, azathioprine [AZA], or rituximab) during at least 7 months of the pregnancy; (5) pregnancy without IS treatment was defined as a pregnancy in which the patient did not receive any IS treatment before or during pregnancy; and (6) miscarriage was defined as a spontaneous loss of intrauterine pregnancy during the first 24 weeks.



2.2.3 Statistical Analysis

All statistical analyses were performed using Statistical Package for Social Sciences software (version 26.0; IBM Corp, Armonk, NY, USA). The Kolmogorov–Smirnov test was used to determine whether sample data were normally distributed. Continuous data conforming to a normal distribution were expressed as means ± standard deviations (SDs). When continuous data were normally distributed, we used Student’s t-tests to identify the differences between groups; otherwise, differences were examined using the Mann–Whitney U-test. The between-group differences in categorical variables were analyzed using Fisher’s exact tests. The predictive value of NLR for the prognosis of patients with NMOSD was analyzed using receiver-operating characteristic (ROC) curves, and the optimal cut-off point for continuous variables was determined based on the maximum Youden index (21). A P-value <0.05 was considered statistically significant.





3 Results


3.1 Pregnancy Outcomes

We retrospectively screened 117 women with AQP4 antibody-positive NMOSD. Nineteen NMOSD patients were excluded because they were lost to follow-up. Among the 98 informative NMOSD patients, we enrolled 33 patients with informative pregnancies, which included 34 pregnancies in total. Of these, 23 patients (69.7%) had PRAs. Figure 2 shows the clinical characteristics of the 23 patients who had at least one PRA. Attacks were most common during the first trimester after delivery/abortion (n=21, 65.6%).




Figure 2 | Summative statistics by study population. An informative pregnancy was defined as cases in which an attack occurred during pregnancy or within 1 year after delivery or abortion. DP, the period during pregnancy; DP1, during the first trimester of pregnancy; DP2, during the second trimester of pregnancy; DP3, during the third trimester of pregnancy; PP, within 1 year of the postpartum period; PP1, the first trimester of the postpartum period; PP2, the second trimester of the postpartum period; PP3, 7–12 months of the postpartum period.





3.2 Demographic and Clinical Characteristics

In total, 23 NMOSD patients with 24 informative pregnancies were included in this study. Of these, 12 (50%) were pregnant after NMOSD onset and 12 (50%) were diagnosed with NMOSD during pregnancy or within 1 year postpartum. The disease characteristics of NMOSD with informative pregnancies are presented in Table 1. The mean age at conception was 27.75 years, and the mean disease duration at the time of pregnancy was 1.5 months; these results were similar among the two groups. These 24 informative pregnancies included 13 term deliveries, 4 premature deliveries, 6 elective abortions, and 1 spontaneous miscarriage; further, 5 patients had preeclampsia. The reasons for elective abortions were NMOSD attacks resulting in serious neurological impairments during pregnancy (n=5) and concerns over medication side effects (n=1). Patients with single or multiple symptoms underwent disease confirmation using brain MRI-compatible lesions. NMOSD onset during pregnancy or within 1 year of the postpartum period was more likely to present with optic neuritis (p=0.012). The MRI-compatible lesions found in these 24 pregnancies included optic nerve lesions in 13 patients, myelitis lesions in 15 patients, lesions in the dorsal medulla/area postrema associated with area postrema syndrome in 4 patients, and other NMOSD-typical brain lesions in 9 patients. Fifteen patients had complications with other autoimmune diseases/antibodies, and extractable nuclear antigen positivity was the most common presentation in both groups (especially SS A/B-positive cases).


Table 1 | Demographic and clinical characteristics of patients with pregnancy-related NMOSD attacks.





3.3 Effect of Clinical Indicators on the Severity of Neurological Dysfunction

In order to evaluate the effects of the clinical indicators on the severity of neurological impairment at disease onset or relapse in patients with pregnancy-related NMOSD attacks, we grouped the pregnancy-related NMOSD patients into mild-to-moderate and severe groups according to their EDSS scores (≤3 or >3) as previously described (14). Table 2 shows the comparisons of demographic and clinical features according to EDSS scores during pregnancy based on NMOSD onset or relapse. Compared with patients in the mild-to-moderate group, those in the severe group were more likely to have MRI abnormalities in the spinal cord (p<0.001) or present with combined myelitis and optic neuritis symptoms (p=0.019). Besides, concomitant antibodies were more commonly seen in the severe group (p=0.004).


Table 2 | Clinical characteristics of patients with pregnancy-related NMOSD attack according to the EDSS score at NMOSD onset or relapse.





3.4 IS Treatment During Pregnancy

In our study, all the patients suspended IS treatment six months before pregnancy. Among these, 14 patients were relapse free during the first trimester and started to receive IS treatment at the beginning of the second trimester of pregnancy (to avoid adverse effects of the drugs on the fetus during early pregnancy). Among these 14, 6 patients were treated with 10 mg prednisone, 5 were treated with 40 mg prednisone, 1 received two rituximab injections during the second trimester of pregnancy and one rituximab injection every six months after delivery, and 2 were treated with AZA (at 100 mg) along with 20 mg of prednisone. Ten patients were relapse-free during pregnancy, eight accepted IS treatment, and two received no drug treatment (these patients were diagnosed with optic neuritis before pregnancy). Of the 8 patients who received IS treatment, the pregnancy outcomes included five term deliveries, two premature deliveries, and one elective abortion (due to concerns about the side effects of AZA). Additionally, 6 patients were treated with 10 mg prednisone only; all of these patients had a relapse during pregnancy. Among these 6 patients, the pregnancy outcomes included 1 term delivery, 3 premature deliveries, and 2 elective abortions due to severe neurological dysfunction during pregnancy (n=2).

We compared the RRs of patients treated with and without IS treatment during pregnancy; retrospective studies have been conducted in this regard in eight other study populations, including ours (5, 22, 24–28). The main characteristics of these studies are summarized in Table 3. These studies were all retrospective, and 167 patients with 223 PRAs from seven studies were included in the meta-analysis. Figure 3A shows a forest plot of the mean differences in the RR ratio before and after IS therapy. Heterogeneity analysis showed results of I=0% and p=0.70 within the Q test, suggesting that there was no heterogeneity among the studies selected for our analysis. Therefore, we decided to use the fixed-effects model to calculate the combined effect quantity. The combined effect RR for the 8 included studies was 0.47 (0.35-0.62; z=5.18, p<0.001). This result indicates that maintenance of IS treatment during pregnancy can significantly reduce the RR of NMOSD. The RR for those receiving IS treatment was 0.47 times that of patients not receiving treatment during pregnancy. Because only eight studies were included, a funnel plot was not constructed.


Table 3 | Clinical characteristics of 167 patients with 223 pregnancy-related neuromyelitis optica spectrum disorder attacks from 7 studies included in the meta-analysis.






Figure 3 | Meta-analysis of immune-suppression treatment during pregnancy and relapse rate (RR), incidence of unhealthy neonates, and miscarriage. This figure presents a meta-analysis of 8 studies (including our study) of the association between maintenance immunosuppression treatment during pregnancy and RR (A), miscarriage rate (B) and incidence of unhealthy neonates (C).



In addition, we also compared the miscarriage rates and occurrence rate of unhealthy newborns between patients who underwent and did not undergo IS treatment during pregnancy to explore the safety of IS treatment in the abovementioned eight populations. Figure 3B shows a forest plot of the mean differences in the miscarriage rate before and after IS therapy. The combined effect of the miscarriage rate for the 8 included studies was 1.29 (95%CI=0.68-2.43; z=0.77, p=0.44). This result indicates that maintenance of IS treatment during pregnancy had no effect on the miscarriage rate for NMOSD. However, the unhealthy newborn proportions for those receiving IS treatment was 3.73 times that of patients not receiving IS treatment during pregnancy (95%CI=1.40–9.91; z=2.64, p=0.008) (Figure 3C), which suggests that IS treatment during pregnancy may have an adverse effect on the health of the neonates. Among the 209 neonates included in this meta-analysis, 13 were unhealthy, with diagnoses of low birth weight (n=7), splenomegaly (n=1), thrombocytopenia (n=1), undeveloped external ear (n=1), dacrocyte obstruction and scoliosis (n=1), congenital fusion of the syndactyly, and cerebral ischemia(n=1).



3.5 Variables as Predictor of Pregnancy Related Attack in NMOSD

We compared demographic and clinical factors between NMOSD patients with and without PRAs (Table 4). The EDSS score at the PRA phase or up to 1 year after pregnancy did not differ between the two groups. However, the EDSS score increased significantly at 1 year after delivery/abortion in pregnancies with PRAs compared with the EDSS score at relapse during pregnancy (p=0.039).


Table 4 | Comparison of clinical characteristics and the outcomes between NMOSD patients with and without pregnancy-related NMOSD attack.



Those with NMOSD with PRAs exhibited a higher NLR at the beginning of the second trimester or at relapse (prior to methylprednisolone therapy or PLEX treatment; p<0.001) as compared to those with NMOSD who were PRA-free (Figure 4A). As mentioned before, autoimmune diseases/antibodies and pregnancy status can also influence NLR; therefore, we conducted a subgroup analysis to avoid the influence of the pregnancy and autoimmune antibody status. We first grouped NMOSD patients with PRA into two groups: one group of subjects who had an attack during pregnancy, and a second group comprised of subjects who had an attack within the first year of the postpartum period; we compared the NLR values during pregnancy in NMOSD patients with and without PRAs (Figure 4C). Next, we excluded the NLR value in patients with concomitant autoimmune antibodies and performed a comparison to address the confounders of pregnancy status and autoimmune antibody (Figure 4E). As can be seen in Figures 4C, E, a higher NLR was seen in those with NMOSD with PRAs, and the ROC curve for this is presented in Figures 4B, D, F.




Figure 4 | Predictor of the NMOSD relapse during pregnancy. (A, C, E) NLR value in NMOSD with pregnancy-related attacks (PRAs) compared to those with NMOSD who were PRA-free, and the ROC curve for this is presented in (B, D, F), respectively. (G) The time interval between last relapse and conception in NMOSD patients with PRA compared with NMOSD patients without PRA and the ROC curve was built in (H).



The time interval between last relapse (with typical NMOSD-MRI lesions) and conception was shorter in NMOSD patients with PRA compared with NMOSD patients without PRA (Figure 4G). Based on the ROC curve, the optimal cut-off values of the time interval for the prediction of the NMOSD relapse during pregnancy was 10.5 months (Figure 4H).




4 Discussion

NMOSD is primarily mediated by humoral immunity, and pregnancy plays a regulatory role in the development of NMOSD (25). Pregnancy induces significant changes in the hormonal and immunological environment. The fetoplacental unit synthesizes Th2 cytokines that induce the downregulation of maternal Th1 cytokines, thereby mediating cellular immunity, increasing humoral immunity, and helping maintain a successful pregnancy (30). However, an enhanced generation of autoantibodies is stimulated by increased Th2-mediated immune responses and elevated maternal humoral immunity during pregnancy (31). We analyzed the pregnancy-related characteristics of patients with AQP4-positive NMOSD and found that some cases had disease onset during pregnancy. Among the 23 patients with PRAs, 12 were first diagnosed with NMOSD during pregnancy or within 1 year after delivery/abortion. The onset of NMOSD during pregnancy may result from immunological changes occurring during pregnancy, which may stimulate the production of AQP4-ab. AQP4 is expressed in the human placenta during gestation and plays a regulatory role in the maternal–fetal fluid exchange between placental cells and fetal capillaries in healthy mothers (32, 33). We found increased levels of AQP4 in the placenta and fetal membrane in a patient with acute disseminated encephalomyelitis onset in pregnancy as compared to that in a healthy control; this may be due to the activation of the HMGB1/TLR4/Nf-kB/IL-6 pathway (34). Therefore, we speculate that the increased levels of AQP4 on the placenta were mistakenly identified as “foreign proteins” due to the alteration of the immunological state during pregnancy, leading to the occurrence of autoimmune reactions and stimulating production of AQP4-ab in the serum. However, the miscarriage rate in our study was low (1/3), which is inconsistent with previous findings that NMOSD induces high miscarriage rates (5, 35). Further studies are needed to determine whether anti-AQP4 IgG-mediated pathogenesis increases the miscarriage rate. Additionally, we observed that the attacks commonly occurred in the first trimester of the postpartum period after delivery/abortion (65.6%), which is in accordance with the results of a previous cohort study of pregnancy-related NMOSD (24).

Optic neuritis and myelitis are the most common manifestations of pregnancy-related NMOSD. However, it was interesting to find a slight discrepancy in MRI characteristics between the pregnancy-related NMOSD subgroups. Lesions in the optic nerve are more common in patients who become pregnant after NMOSD onset, whereas patients diagnosed with NMOSD during pregnancy or within 1 year after delivery/abortion more commonly presented with acute encephalic lesions. To our knowledge, this discrepancy was first observed in our study, although these findings require larger cohorts for confirmation.

Attack during pregnancy significantly increased disability in NMOSD patients at 1 year after pregnancy (12). The EDSS score increased significantly at 1 year after delivery or abortion in pregnancies with PRAs, which was also demonstrated in a study by Shi et al. (25). In addition, pregnancy-related NMOSD concomitant with autoimmune diseases/antibodies increased the severity of neurological injury. In our study, the most common autoimmune disease coexisting with NMOSD was SS with SS-A and SS-B positivity. The existence of the SS-A antibody may represent a state of enhanced autoimmune inflammatory response and lead to more severe inflammatory damage. A similar result was found in a study conducted by Akaishi et al, showing that the EDSS score for the acute phase in NMOSD was significantly higher in patients with comorbid SS than in those without comorbid SS (36). Gupta et al. demonstrated that the severity and relapse rates for SS were exacerbated during the period after delivery (37).

Pregnancy without PRAs is associated with IS treatment. We reviewed eight populations (including those from our study) and performed a meta-analysis the results of which demonstrated that IS treatment can reduce the risk of relapse during pregnancy as well as in the postpartum period. Collongues et al. observed a tendency among patients who continued their treatment during pregnancy to have fewer relapses as compared to those who interrupted their treatment before pregnancy (22). Moreover, Wang et al. suggested that maintenance therapy with appropriate immunosuppression or a sufficient dose of oral steroids should be administered during pregnancy as well as during the postpartum period (24).

The maintenance of IS treatment during pregnancy needs to be considered on an individual basis. Previous studies have stated that it is safe to use low-dose prednisone during pregnancy, as the estimated fetal level is only 10% of the maternal level (25, 38). However, chronic use of corticosteroids during pregnancy may result in premature delivery; 2 of 13 patients who received prednisone in our study had premature deliveries, and both of them delivered a baby with low birth weight. Previous studies revealed that daily use of low-dose prednisone does not affect fetal health; however, this type of use does not reduce the RR (25–27). Similar results were found in our study since six patients treated only with 20 mg prednisone had a relapse during pregnancy. Therefore, the literature to date indicates that the dosage of prednisone should be upregulated during single drug maintenance; more studies are needed to identify the specific dose. Although AZA may be a safe therapy for patients with NMOSD occurring during pregnancy (39), many patients in our cohort refused to use AZA during pregnancy because of concerns about the adverse effects of this drug. In relation to this, monoclonal antibodies are increasingly used in pregnancy (40, 41). In our cohort, only one patient, who received rituximab therapy, was relapse-free during pregnancy and delivered a healthy baby. The effectiveness and safety of rituximab for NMSOD, administered in pregnancy, has been rarely reported in cohort studies (29). A cohort study conducted in Germany demonstrated that anti-CD20 mAbs can effectively control progression and relapse in women with NMOSD during pregnancy or after delivery or abortion; moreover, it is safe to use CD20 mAbs within 6 months prior to pregnancy (42). Until now, limited data has been reported on the effectiveness and safety of IS treatment. The meta-analysis conducted in this study showed that the maintenance of IS treatment during pregnancy had no adverse effect on the miscarriage rate among those with NMOSD, while the occurrence rate of unhealthy newborns was elevated. Low birth weight was most common presentation among the unhealthy newborns, based on summarized data from the included studies, despite the fact that this factor has little life-threatening effect for newborns. However, administration of IS treatment during pregnancy still needs careful consideration.

At present, the relevance of the NLR in the recurrence or onset of NMOSD during pregnancy is unclear. Previous studies have observed a correlation between the NLR and RR in NMOSD. Zhou et al. demonstrated that the NLR is an independent risk factor for the severity of neurological dysfunction in patients at the first attack of NMOSD (14). Contentti et al. suggested that the NLR does not appear to act as an independent predictor of worse outcomes and that the NLR may be quite limited as a biomarker of disease activity (13). Therefore, the predictive role of the NLR as an independent predictor of worse outcomes is controversial. To our knowledge, our study is the first to analyze the relationship between the NLR and pregnancy-related NMOSD. We found that pregnancy with a PRA was associated with a higher NLR at relapse during pregnancy and that the value increased significantly compared with that during the remission period. According to our results, the NLR may be an effective predictor of PRAs. In addition, it would be crucial to determine the disease activity prior to pregnancy (the time interval between last relapse and conception) since it can be a predictor of relapse attack during pregnancy.

The primary limitations of our study include its retrospective nature and small sample size. Both the generalizability and robustness of our findings may be affected by these limitations. Even though increased NLR may be predictor for PRAs in NMOSD, it is influenced by different physiological and medical conditions as well as pregnancy itself. Further prospective studies with larger sample sizes are needed to clarify our findings. Besides, the EDSS score retrospectively evaluated from the patient chart may influence the result in this study. In addition, relatively few studies were included in our meta-analysis due to the sparsity of the literature; the funnel plot to exclude publication bias was, therefore, not constructed.

Our study demonstrates that pregnancy-related NMOSD attacks occurred mostly in the first trimester after delivery/abortion. Moreover, increased NLR and short time interval between last relapse and conception may be a predictor for PRAs in NMOSD. In addition, maintenance of IS therapy during pregnancy and after delivery or abortion can reduce the risk of relapse; however, it can also increase the incidence of unhealthy newborns. Therefore, administration of IS treatment during pregnancy to prevent relapse should be done considering the dosage of drugs and after evaluating the risks of adverse effects to the fetus.
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Relapsing-remitting multiple sclerosis (RRMS) and myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease (MOGAD) are inflammatory demyelinating diseases of the central nervous system (CNS). Due to the shared clinical manifestations, detection of disease-specific serum antibody of the two diseases is currently considered as the gold standard for the diagnosis; however, the serum antibody levels are unpredictable during different stages of the two diseases. Herein, peripheral blood single-cell transcriptome was used to unveil distinct immune cell signatures of the two diseases, with the aim to provide predictive discrimination. Single-cell RNA sequencing (scRNA-seq) was conducted on the peripheral blood from three subjects, i.e., one patient with RRMS, one patient with MOGAD, and one patient with healthy control. The results showed that the CD19+ CXCR4+ naive B cell subsets were significantly expanded in both RRMS and MOGAD, which was verified by flow cytometry. More importantly, RRMS single-cell transcriptomic was characterized by increased naive CD8+ T cells and cytotoxic memory-like Natural Killer (NK) cells, together with decreased inflammatory monocytes, whereas MOGAD exhibited increased inflammatory monocytes and cytotoxic CD8 effector T cells, coupled with decreased plasma cells and memory B cells. Collectively, our findings indicate that the two diseases exhibit distinct immune cell signatures, which allows for highly predictive discrimination of the two diseases and paves a novel avenue for diagnosis and therapy of neuroinflammatory diseases.
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INTRODUCTION

Multiple sclerosis (MS) is a common chronic inflammatory demyelinating disease of the central nervous system (CNS) and the leading cause of neurologic disability in young adults (1). Globally, ~30–300 per 100,000 adults are affected with MS, leading to a substantial economic burden on healthcare systems and societies (2, 3). MS repertoire manifests pathological characteristics of inflammation, demyelination, and axonal damage in the CNS. Among MS, relapsing-remitting MS (RRMS) is the most common type, accounting for nearly 85% of the initial diagnoses (4–6). Myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease (MOGAD) is a newly classified inflammatory demyelinating disease of CNS that shares clinical manifestations with RRMS (7–10). Hence, the detection of disease-specific serum antibody is currently regarded as the gold standard for their diagnosis, however, the serum antibody levels are unpredictable at different stages of the two diseases (11). Therefore, discovering antibody-independent biomarkers is needed.

Technological advances in single-cell RNA sequencing (scRNA-seq) have improved the understanding of the immunopathology of numerous autoimmune diseases by identifying diagnostic biomarkers (12–14). Hong et al. studied the immune cells of peripheral blood mononuclear cells (PBMCs) of patients with Primary Sjögren's syndrome by using scRNA-seq and identified some disease-specific immune cell subsets (15). Likewise, Ramesh et al. used scRNA-seq to characterize the CNS-specific B cell phenotypes in MS with paired immune repertoires and further confirmed the pathogenic role of B cells in the CNS of patients with MS (16). Schafflick et al. used single-cell transcriptomics to describe the leukocytes of cerebrospinal fluid (CSF) and identified the specific composition and transcriptome of CSF leukocytes (17). In another study, scRNA-seq was conducted on the CSF of patients with RRMS and MOGAD, and the shared myeloid populations were identified (18). However, scRNA-seq has been rarely used to decipher peripheral blood signatures of patients with RRMS or MOGAD.

In this study, peripheral blood single-cell transcriptome was used to identify immune cell signatures of RRMS and MOGAD. Our findings unveil distinct signatures of peripheral blood immune cells of patients with RRMS or MOGAD and provide a reference for diagnostic and therapeutic intervention in neuroinflammatory diseases.



MATERIALS AND METHODS


Subjects

The study was reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University (2021-KY-0588-002). Before the study, written informed consent was signed by each participant. Patients with RRMS or MOGAD and healthy controls (HCs) were recruited in this study (Table 1). The patients with RRMS and MOGAD were confirmed according to the McDonald criteria (19) and MOGAD diagnostic criteria (20), respectively. The exclusion criteria were (1) prior treatment with the immunosuppressants (e.g., azathioprine, mycophenolate mofetil, and even corticosteroids) or disease-modifying therapies (e.g., teriflunomide, fingolimod, and siponimod); (2) coexisting autoimmune disorders (e.g., systemic lupus erythematosus or Sjogren's syndrome); (3) positive with other autoimmune antibodies (e.g., anti-N-methyl D-aspartate (NMDA) receptor antibodies); (4) acute or chronic infections (e.g., respiratory tract infections, hepatitis, or tuberculosis); (5) organ dysfunction; and (6) in stable phase or in remission. The peripheral blood of each participant was collected for subsequent analysis.


Table 1. Demographic and clinical features of subjects.

[image: Table 1]



Capturing and Sequencing of Single-Cell Data

As previously described (21), the PBMCs were isolated and then resuspended in prechilled phosphate-buffered saline. Trypan blue staining was used to confirm the cell viability. The single-cell suspension with more than 90% of cells was loaded onto 10 × Genomics Chromium Controller using Chromium Single Cell 3' Library and Gel Bead Kit v2 (10 × Genomics). The libraries were constructed according to the guidelines of the manufacturer. The libraries were purified by AMPure beads (Beckman Coulter, Krefeld, Germany) and then sequenced on an Illumina NovaSeq 6000 platform with 150 bp paired-end mode.



Analysis of Single-Cell Sequence Data

Data analysis for single-cell sequencing was performed as previously described (22). Briefly, read files were extracted using the Cell Ranger pipeline v2.2.0 (10 × Genomics) and then aligned to the human GRCh38 genome to generate gene expression data for each cell. Double entries were filtered using Scrublet software (23), followed by exporting the filtered gene expression matrix data into Seurat software v4.0 (24) to perform subsequent analysis. The high-quality single-cell data were normalized using the LogNormalize function, and principal component analysis was carried out. The significant principal component (p <1e−5) was selected to perform cluster analysis. The single cells were clustered by t-Distributed Stochastic Neighbor Embedding (tSNE), and the clusters were classified based on established markers from the CellMarker database (25). Final single-cell data visualization and exploration were generated by tSNE (26). The sequenced data have been deposited into the National Center for Biotechnology Information (NCBI) BioProject database with accession number PRJNA776659.



Flow Cytometry

Fifteen subjects, i.e., five RRMS, five MOGAD, and five HC, were recruited to conduct flow cytometry analysis (27). In brief, after removing erythrocytes using lysing solution (BD Biosciences, San Diego, CA, USA), the staining solution containing ghost dye (Tonbobio, Beijing, China) and human monoclonal specific antibody CD19 was used to stain the samples at 4°C for 30 min, and then the samples were permeated for 30 min at room temperature and then was stained with CXCR4 antibody for 30 min at room temperature. The re-suspended cells were run on a BD FACS Canto II flow cytometer (BD Biosciences, San Diego, CA, USA), and the cells were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).

The antibodies used in this study to stain cells included Allophycocyanin (APC) anti-human CD19 antibody (clone SJ25C1; BioLegend, San Diego, CA, USA) 1:20, and PE anti-human CD184 (CXCR4) antibody (clone 12G5; BioLegend, San Diego, CA, USA) 1:20.



Statistical Analyses

Statistical analysis was done using Graphpad Prism 9 software (GraphPad Software Inc, La Jolla, CA, USA). One-way ANOVA was used to analyze the difference among multiple groups. The data represent the mean ± SEM. A p < 0.05 was considered statistically significant.




RESULTS


Single-Cell Transcriptomic of Peripheral Blood

To identify the characteristics of immune-cell subsets of peripheral blood of the patients with RRMS or MOGAD, scRNA-seq of PBMCs was performed (Figure 1A). A total of 18,016 cells from PBMCs (7,709 cells from HC, 3,969 cells from MOGAD, and 6,338 cells from MS) were isolated and sequenced. After removing the duplicate cells, low-quality, and empty droplets, 15,252 cells were finally collected and used in the subsequent analysis (Supplementary Figure 1 and Supplementary Table 1). Unsupervised clustering analysis identified three distinct immune cell clusters (Figure 1B and Supplementary Table 2). Cluster 1 (~72.95%) was identified as T cells based on the expression of marker genes IL32, CD3E, IL7R, CD3D, and CD2 (Figures 1C–F). Cluster 2 (~14.17%) was identified as B cells based on the expression of marker genes MS4A1, CD79A, HLA-DRA, and CD79B (Figures 1C–F). Cluster 3 (~12.87%) was classified as myeloid cells according to the expression of marker genes LYZ, CD14, S100A8, and S100A9 (Figures 1C–F). Additionally, a large set of other markers were also identified, such as GIMAP7, CD247, and LCK for T cells, ADAM28, VPREB3, and BANK1 for B cells, LST1, MNDA, FCN1, and SERPINA1 for myeloid cells (Supplementary Table 3). We focused on the characteristics of RRMS and MOGAD based on the three immune cell clusters in the above analysis.


[image: Figure 1]
FIGURE 1. Single-cell transcriptional profiling of PBMCs from HC, RRMS, and MOGAD. (A) The experimental workflow for obtaining and analyzing PBMC between all three donor groups. (B) The t-Distributed Stochastic Neighbor Embedding (tSNE) was used to visualize cell populations generated by unsupervised cluster analysis of PBMC. (C) The percentage of each cell type in HC, MS, and MOGAD. (D) The expression level of the marker gene in each cell type was shown. (E) Violin illustration shows the expression of marker genes from different known cell types. (F) Heatmaps shows the expression of the up- and downregulated genes in T, B, and myeloid cells. HC, healthy controls; RRMS, relapsing-remitting multiple sclerosis; MOGAD, myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease; PBMC, peripheral blood mononuclear cell.




Characteristics of Myeloid Cell Subsets Between RRMS and MOGAD

Further unsupervised clustering regarding the myeloid cells was performed to understand the changes of myeloid cell clusters in RRMS and MOGAD. The results showed that three monocyte subsets, classical (CD14++ CD16−), non-classical (CD14+ CD16++), and intermediate (CD14++ CD16+) monocytes, were identified based on the distinct markers, which were observed to be shared among all subjects (Figures 2A,B). Among the monocyte subsets, the CD14++ CD16− cells were further subdivided into M1 and M2 based on the distinct markers where M1 cells expressed PPBP (CXXL7) and PF4 (CXCL4). In contrast, the M2 subset (inflammatory monocytes) expressed a high level of S100A8, S100A9, and S100A12 (Figures 2C–E, Supplementary Table 4). CD14+ CD16++ cells (M3) expressed markers CDKN1C, RHOC, and LYPD2, without S100A12 (Figures 2C–E and Supplementary Table 4). The intermediate monocytes (M4) expressed high levels of marker HLA-DPB1 and HLA-DPA1.


[image: Figure 2]
FIGURE 2. Identification and analysis of myeloid clusters in PBMC from HC, RRMS, and MOGAD. (A) tSNE visualization of myeloid cells from HC, RRMS, and MOGAD. (B) The percentage of cells for myeloid subsets in HC, RRMS, and MOGAD. (C) Heatmaps shows the expression of the up- and downregulated markers in myeloid subsets. (D) The expression level of marker gene in each myeloid cell type was shown. (E) Violin illustration showed the expression of the marker genes from different myeloid cell types. HC, healthy controls; RRMS, relapsing-remitting multiple sclerosis; MOGAD, myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease; PBMC, peripheral blood mononuclear cell; tSNE, t-Distributed Stochastic Neighbor Embedding.


The percentage of M4 intermediate (CD14++ CD16+) monocytes was relatively higher in RRMS (2.13%) and MOGAD (1.98%) than in the HCs (1.11%) in the identified myeloid cell subsets. A comparison between RRMS and MOGAD revealed that M1 monocytes were reduced while M2 monocytes were increased in MOGAD (Figure 2B and Supplementary Table 2). The above-identified four subsets in myeloid cells showed that M4 intermediate (CD14++ CD16+) monocytes were expanded in RRMS and MOGAD, but M2 inflammatory monocytes were specifically enriched in MOGAD.



Characteristics of T Cell Subsets Between RRMS and MOGAD

The unsupervised clustering of T cells was conducted to understand the differences in T cell clusters between RRMS and MOGAD. Nine sub-clusters (T1-T9) were identified from 10,610 T cells based on the specific markers (Figures 3A–D and Supplementary Table 5), and 8 clusters (T1–T8) expressed high levels of CD3D and CD3E (Figures 3D,E). Two distinct CD4+ T cell subsets were identified, such as naive-like CD4 T cells (T2) and T3. T2 was identified based on the expressed marker CCR7, and T3 was based on the expressed marker TNFSF3 (LTβ, an activated CD4 T-cell marker), AQP, GPR183, and LDHB (Supplementary Table 5). Six distinct CD8+ T cell clusters were identified, such as cytotoxic CD8 effector T cells (T1 and T4: expressed markers FGFBP2, NKG7, and GZMH), transitional CD8 effector T cells (T6: expressed markers GZMK and KLRB1), naive CD8+ T cells (T5: expressed markers CD27 and LEF1), and megakaryocyte-like cells (T7 and T8: expressed markers PPBP, PF4, and GNG11) (Figures 4A–D and Supplementary Table 5). In addition, we can discriminate cluster T9 from T cells based on the lower expression levels of CD3D and CD3E, indicating that cluster T9 may be Natural Killer (NK) cells. Further, the higher levels of FCER1G, GNLY, CD7, KLRF1, and KLRC2 in the T9 were also observed, implying that T9 can be classified as cytotoxic memory-like NK cells (Figures 3A–E and Supplementary Table 5).
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FIGURE 3. Analysis of T cell clusters from HC, RRMS, and MOGAD. (A) tSNE visualization of T cells from HC, RRMS, and MOGAD. (B) The percentage of cells for T cell subsets in HC, RRMS, and MOGAD. (C) Heatmaps shows the expression of the up- and downregulated markers in T cell subsets. (D) The expression level of marker genes in each T cell type was shown. (E) Violin illustration shows the expression of the marker genes from different T cell types. HC, healthy controls; RRMS, relapsing-remitting multiple sclerosis; MOGAD, myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease; PBMC, peripheral blood mononuclear cell; tSNE, t-Distributed Stochastic Neighbor Embedding.



[image: Figure 4]
FIGURE 4. Analysis of B cell clusters from HC, RRMS, and MOGAD. (A) tSNE visualization of B cells from HC, RRMS, and MOGAD. (B) The percentage of cells for B cell subsets in HC, RRMS, and MOGAD. (C) Heatmaps shows the expression of the up- and downregulated markers in B cell subsets. (D) The expression level of marker gene in each B cell type was shown. (E) Violin illustration shows the expression of the marker genes from different B cell types. HC, healthy controls; RRMS, relapsing-remitting multiple sclerosis; MOGAD, myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease. PBMC, peripheral blood mononuclear cell; tSNE, t-Distributed Stochastic Neighbor Embedding.


Compared with HCs, the levels of cytotoxic CD8 effector T cells (T4) and cytotoxic memory-like NK cells (T9) were higher in both RRMS and MOGAD, whereas the fraction of megakaryocyte-like cells (T7) was relatively lower. A comparison between RRMS and MOGAD showed that the fraction of T1 subsets was increased while T5 was decreased in MOGAD (Figure 3B and Supplementary Table 2).



Characteristics of B Cell Subsets in RRMS and MOGAD

The unsupervised clustering on B cells was performed to identify the characteristics of B cell subsets in RRMS and MOGAD. The results showed that four distinct B cell clusters, i.e., plasma (B1), naive B (B2), memory B (B3) cells, and plasmacytoid DCs (B4), were identified from 1,676 B cells based on the markers from the CellMarker database (Figures 4A–C and Supplementary Table 6). Among 4 B cell subsets (Figures 4C–E and Supplementary Table 6), the B1 subset expressed plasma cell markers IGHA1 and IGHG1, indicating the presence of plasma cells. B2 subset expressed high levels of IL10 (IL10RA) and naive B cell markers IGHD and CXCR4, showing the presence of naive B cells. The B3 cluster with high expression of CD27 was similar to memory B cell, and the B4 subset based on the high expression of GZMB, CD99, and HSP90B1 was similar to plasmacytoid dendritic cells (pDC)-like cells.

Among four B cell subsets, the naive B cells (B2) were increased in RRMS and MOGAD by ~4.29 and 5.00%, respectively, compared to HCs (~2.60%; Figure 4B and Supplementary Table 2). The increase of naive B cells in these two diseases was confirmed by flow cytometry, which was consistent with single-cell sequencing data (Figure 5 and Supplementary Figure 2). In addition, a comparison between RRMS and MOGAD revealed that the fraction of plasma cells (B1) and memory B cells (B3) numerically was reduced in MOGAD. In summary, four different subsets were identified in B cells and further revealed an expansion of naive B cells in both RRMS and MOGAD. The results also showed a reduction in the fraction of plasma and memory B cells in MOGAD than in RRMS.


[image: Figure 5]
FIGURE 5. Flow cytometry analysis of CD19+ CXCR4+ B cell subsets in HC, RRMS, and MOGAD. (A) Gating strategy of CD19+ CXCR4+ by flow cytometry. (B) Percentages of CD19+ CXCR4+ B cells of HC, MOGAD, and RRMS. HC, healthy controls; RRMS, relapsing-remitting multiple sclerosis; MOGAD, myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease; PBMC, peripheral blood mononuclear cell. The data represent the mean ± SEM. *p < 0.05, **p < 0.001.





DISCUSSION

This study aimed to comprehensively identify the circulating immune-cell subset properties of peripheral blood in the patients with RRMS and MOGAD using scRNA-seq. The results showed the distinct immune cell signatures in RRMS and MOGAD.

Previous studies have shown that myeloid cells play protective roles in neuroinflammation (28–30). In this study, based on the established marker database, four distinct myeloid cell subsets were identified: classical (CD14++ CD16−), non-classical (CD14+ CD16++), and intermediate (CD14++ CD16+) monocytes. The CD16+ monocytes play key immune surveillance roles in CNS by shifting to the inflammation sites and breaking the blood-brain barrier in neuroinflammation (31). The fraction of intermediate (CD14++ CD16+) monocytes was observed to increase in patients with RRMS and MOGAD than in HCs, suggesting that targeting CD16+ monocytes may be a feasible therapeutic strategy for RRMS and MOGAD (32), a finding which is consistent with reports from other studies (33–35). The inflammatory monocytes (M2), specifically enriched in MOGAD, expressed a high level of S100A8, S100A9, and S100A12 in the serum of patients with diverse inflammatory diseases (36, 37). The results above suggest that these inflammatory monocytes may serve as potential diagnostic indicators for MOGAD.

Inflammatory T cells play critical roles in the pathogenesis of neuroinflammatory autoimmune diseases (38, 39). Studies show that CD4+ and CD8+ T cells are associated with demyelinating lesions and axonal damage (40, 41). In this study, a detailed analysis of the T cells identified 2 CD4+ and 6 CD8+ T cell subsets. Previous studies showed that the elevated cytotoxic CD8+ T cells play central roles in MS development by recognizing myelin basic protein (42). Similarly, increased fractions of cytotoxic CD8+ T cells were present in both RRMS and MOGAD, illustrating that these cells may be an indicator of the disease progression. Cytotoxic NK cells participate in the regulation of immune response and contribute to the pathogenesis of numerous autoimmune diseases (43–46). In this study, the sub-cluster analysis identified the cytotoxic memory-like NK cells, which were markedly expanded in the two diseases, especially RRMS, suggesting that the cells may contribute to disease pathogenesis.

The B cells are important weapons against infectious diseases and also contribute to numerous autoimmune diseases, such as MS (16). Evidence proves that target depletion of CD20+ B cells can effectively suppress inflammatory activities in MS (47–49). After anti-CD20 treatment, the patients with MS demonstrated a reconstituted B cell repertoire different from those not receiving treatment. The reconstituted B cells were naive and can produce less proinflammatory cytokine; for example, an increase in interleukin-10 (IL-10) level may be attributed to the decrease in proinflammatory responses of T cell and myeloid-lineage across the reconstitution phase (50–52). B cells can also weaken the immune response of different stages of CNS inflammation by secreting a set of anti-inflammatory cytokines, namely, IL-10, transforming growth factor beta (TGF-β), and IL-35) (53). In this study, the relative abundance of naive B cells was increased in RRMS and MOGAD, coupled with high levels of IL-10 (54, 55). These results suggest that targeted depletion of B cells could be a feasible strategy on RRMS and MOGAD.

Our findings indicate that the two diseases exhibit distinct immune cell signatures, but several limitations should be mentioned in this study. Due to the fact that some patients were unwilling to take part in this research, the number of subjects was relatively small, which would make the result heavily depend on the specific characteristics of these individuals, such as disease stage, previous infections, other immune-related disorders/conditions, and genetic factors. Last but not least, less-frequent immune-cell populations were not identified and characterized using scRNA-seq in this work, which needs to be further studied.



CONCLUSION

In this study, we described unique peripheral blood single-cell transcriptome profiles in RRMS and MOGAD. RRMS was characterized by increased naive CD8+ T cells and cytotoxic memory-like NK cells, together with decreased inflammatory monocytes, whereas MOGAD exhibited increased inflammatory monocytes and cytotoxic CD8 effector T cells, coupled with decreased plasma cells and memory B cells. These findings allow for highly predictive discrimination of these two diseases and pave a novel avenue for the diagnosis and therapy of neuroinflammatory 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 in the article/Supplementary Material.



ETHICS STATEMENT

The study protocols were approved by the Ethics Committee Board of the First Affiliated Hospital of Zhengzhou University (2021-KY-0588-002). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

HL and JL designed the research, contributed valuable advice, and edited the manuscript. JP and XY conducted the research and collected data. ZW and MC analyzed the data and performed the statistical analysis. JL wrote the draft of the main manuscript. All authors drafted the manuscript, performed the revision, and approved the final version of the manuscript.



FUNDING

This work was supported by the Medical Science and Technology Research Project of Henan Province (no. LHGJ20190086) and the National Natural Science Foundation of China (no. U2004128).



ACKNOWLEDGMENTS

We acknowledge assistance with the access of analytic instruments from the Translational Medical Center at The First Affiliated Hospital of Zhengzhou University.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2021.807646/full#supplementary-material

Supplementary Figure 1. Consistency of identification and cell capture in PBMC scRNA-seq. PBMC, peripheral blood mononuclear cells.

Supplementary Figure 2. Gating strategy of CD19+CXCR4+ by flow cytometry.



REFERENCES

 1. Dobson R, Giovannoni G. Multiple sclerosis-a review. Eur J Neurol. (2019) 26:27–40. doi: 10.1111/ene.13819

 2. Thompson AJ, Baranzini SE, Geurts J, Hemmer B, Ciccarelli O. Multiple sclerosis. Lancet. (2018) 391:1622–36. doi: 10.1016/S0140-6736(18)30481-1

 3. Dahham J, Rizk R, Kremer I, Evers S, Hiligsmann M. Economic burden of multiple sclerosis in low- and middle-income countries: a systematic review. Pharmacoeconomics. (2021) 39:789–807. doi: 10.1007/s40273-021-01032-7

 4. Noseworthy JH. Progress in determining the causes and treatment of multiple sclerosis. Nature. (1999) 399:A40–7. doi: 10.1038/399a040

 5. Keegan BM, Noseworthy JH. Multiple sclerosis. Annu Rev Med. (2002) 53:285–302. doi: 10.1146/annurev.med.53.082901.103909

 6. Goodin DS. Therapeutic developments in multiple sclerosis. Expert Opin Investig Drugs. (2000) 9:655–70. doi: 10.1517/13543784.9.4.655

 7. Ding J, Ren K, Wu J, Li H, Sun T, Yan Y, et al. Overlapping syndrome of MOG-IgG-associated disease and autoimmune GFAP astrocytopathy. J Neurol. (2020) 267:2589–93. doi: 10.1007/s00415-020-09869-2

 8. Winter A, Chwalisz B. MRI characteristics of NMO, MOG and MS related optic neuritis. Semin Ophthalmol. (2020) 35:333–42. doi: 10.1080/08820538.2020.1866027

 9. Kim SM, Woodhall MR, Kim JS, Kim SJ, Park KS, Vincent A, et al. Antibodies to MOG in adults with inflammatory demyelinating disease of the CNS. Neurol Neuroimmunol Neuroinflamm. (2015) 2:e163. doi: 10.1212/NXI.0000000000000163

 10. Kitley J, Woodhall M, Waters P, Leite MI, Devenney E, Craig J, et al. Myelin-oligodendrocyte glycoprotein antibodies in adults with a neuromyelitis optica phenotype. Neurology. (2012) 79:1273–7. doi: 10.1212/WNL.0b013e31826aac4e

 11. Jurynczyk M, Probert F, Yeo T, Tackley G, Claridge TDW, Cavey A, et al. Metabolomics reveals distinct, antibody-independent, molecular signatures of MS, AQP4-antibody and MOG-antibody disease. Acta Neuropathol Commun. (2017) 5:95. doi: 10.1186/s40478-017-0495-8

 12. Cao Y, Qiu Y, Tu G, Yang C. Single-cell RNA sequencing in immunology. Curr Genomics. (2020) 21:564–75. doi: 10.2174/1389202921999201020203249

 13. Selmi C. Autoimmunity in 2019. Clin Rev Allergy Immunol. (2020) 59:275–86. doi: 10.1007/s12016-020-08808-3

 14. Zhao M, Jiang J, Zhao M, Chang C, Wu H, Lu Q. The application of single-cell RNA sequencing in studies of autoimmune diseases: a comprehensive review. Clin Rev Allergy Immunol. (2021) 60:68–86. doi: 10.1007/s12016-020-08813-6

 15. Hong X, Meng S, Tang D, Wang T, Ding L, Yu H, et al. Single-cell RNA sequencing reveals the expansion of cytotoxic CD4+ T lymphocytes and a landscape of immune cells in primary Sjogren's syndrome. Front Immunol. (2020) 11:594658. doi: 10.3389/fimmu.2020.594658

 16. Ramesh A, Schubert RD, Greenfield AL, Dandekar R, Loudermilk R, Sabatino JJ Jr., et al. A pathogenic and clonally expanded B cell transcriptome in active multiple sclerosis. Proc Natl Acad Sci U S A. (2020) 117:22932–43. doi: 10.1073/pnas.2008523117

 17. Schafflick D, Xu CA, Hartlehnert M, Cole M, Schulte-Mecklenbeck A, Lautwein T, et al. Integrated single cell analysis of blood and cerebrospinal fluid leukocytes in multiple sclerosis. Nat Commun. (2020) 11:247. doi: 10.1038/s41467-019-14118-w

 18. Esaulova E, Cantoni C, Shchukina I, Zaitsev K, Bucelli RC, Wu GF, et al. Single-cell RNA-seq analysis of human CSF microglia and myeloid cells in neuroinflammation. Neurol Neuroimmunol Neuroinflamm. (2020) 7. doi: 10.1212/NXI.0000000000000732

 19. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. (2018) 17:162–73. doi: 10.1016/S1474-4422(17)30470-2

 20. López-Chiriboga AS, Majed M, Fryer J, Dubey D, McKeon A, Flanagan EP, et al. Association of MOG-IgG serostatus with relapse after acute disseminated encephalomyelitis and proposed diagnostic criteria for MOG-IgG-associated disorders. JAMA Neurol. (2018) 75:1355–63. doi: 10.1001/jamaneurol.2018.1814

 21. Yamagishi M, Kubokawa M, Kuze Y, Suzuki A, Yokomizo A, Kobayashi S, et al. Chronological genome and single-cell transcriptome integration characterizes the evolutionary process of adult T cell leukemia-lymphoma. Nat Commun. (2021) 12:4821. doi: 10.1038/s41467-021-25101-9

 22. Cai Y, Dai Y, Wang Y, Yang Q, Guo J, Wei C, et al. Single-cell transcriptomics of blood reveals a natural killer cell subset depletion in tuberculosis. EBioMedicine. (2020) 53:102686. doi: 10.1016/j.ebiom.2020.102686

 23. Wolock SL, Lopez R, Klein AM. Scrublet: computational identification of cell doublets in single-cell transcriptomic data. Cell Syst. (2019) 8:281–91.e9. doi: 10.1016/j.cels.2018.11.005

 24. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, et al. Integrated analysis of multimodal single-cell data. Cell. (2021) 184:3573–87.e29. doi: 10.1016/j.cell.2021.04.048

 25. Zhang X, Lan Y, Xu J, Quan F, Zhao E, Deng C, et al. CellMarker: A manually curated resource of cell markers in human and mouse. Nucleic Acids Res. (2019) 47:D721–D8. doi: 10.1093/nar/gky900

 26. McDavid A, Finak G, Chattopadyay PK, Dominguez M, Lamoreaux L, Ma SS, et al. Data exploration, quality control and testing in single-cell qPCR-based gene expression experiments. Bioinformatics. (2013) 29:461–7. doi: 10.1093/bioinformatics/bts714

 27. Biajoux V, Bignon A, Freitas C, Martinez V, Thelen M, Lima G, et al. Expression of CXCL12 receptors in B cells from Mexican Mestizos patients with systemic lupus erythematosus. J Transl Med. (2012) 10:251. doi: 10.1186/1479-5876-10-251

 28. Herz J, Filiano AJ, Smith A, Yogev N, Kipnis J. Myeloid cells in the central nervous system. Immunity. (2017) 46:943–56. doi: 10.1016/j.immuni.2017.06.007

 29. Owens T, Benmamar-Badel A, Wlodarczyk A, Marczynska J, Morch MT, Dubik M, et al. Protective roles for myeloid cells in neuroinflammation. Scand J Immunol. (2020) 92:e12963. doi: 10.1111/sji.12963

 30. Waschbisch A, Schroder S, Schraudner D, Sammet L, Weksler B, Melms A, et al. Pivotal role for CD16+ monocytes in immune surveillance of the central nervous system. J Immunol. (2016) 196:1558–67. doi: 10.4049/jimmunol.1501960

 31. Mishra MK, Yong VW. Myeloid cells-targets of medication in multiple sclerosis. Nat Rev Neurol. (2016) 12:539–51. doi: 10.1038/nrneurol.2016.110

 32. Ginhoux F, Jung S. Monocytes and macrophages: developmental pathways and tissue homeostasis. Nat Rev Immunol. (2014) 14:392–404. doi: 10.1038/nri3671

 33. Gjelstrup MC, Stilund M, Petersen T, Moller HJ, Petersen EL, Christensen T. Subsets of activated monocytes and markers of inflammation in incipient and progressed multiple sclerosis. Immunol Cell Biol. (2018) 96:160–74. doi: 10.1111/imcb.1025

 34. Kouris A, Pistiki A, Katoulis A, Georgitsi M, Giatrakou S, Papadavid E, et al. Proinflammatory cytokine responses in patients with psoriasis. Eur Cytokine Netw. (2014) 25:63–8. doi: 10.1684/ecn.2014.0358

 35. Kim YS, Yang HJ, Kee SJ, Choi I, Ha K, Ki KK, et al. The “Intermediate” CD14+ CD16+ monocyte subpopulation plays a role in IVIG responsiveness of children with Kawasaki disease. Pediatr Rheumatol Online J. (2021) 19:76. doi: 10.1186/s12969-021-00573-7

 36. Foell D, Wittkowski H, Vogl T, Roth J. S100 proteins expressed in phagocytes: a novel group of damage-associated molecular pattern molecules. J Leukoc Biol. (2007) 81:28–37. doi: 10.1189/jlb.0306170

 37. Kang JH, Hwang SM, Chung IY. S100A8, S100A9 and S100A12 activate airway epithelial cells to produce MUC5AC via extracellular signal-regulated kinase and nuclear factor-kappaB pathways. Immunology. (2015) 144:79–90. doi: 10.1111/imm.12352

 38. Weiss HA, Millward JM, Owens T. CD8+ T cells in inflammatory demyelinating disease. J Neuroimmunol. (2007) 191:79–85. doi: 10.1016/j.jneuroim.2007.09.011

 39. Chitnis T. The role of CD4 T cells in the pathogenesis of multiple sclerosis. Int Rev Neurobiol. (2007) 79:43–72. doi: 10.1016/S0074-7742(07)79003-7

 40. Johnson AJ, Suidan GL, McDole J, Pirko I. The CD8 T cell in multiple sclerosis: Suppressor cell or mediator of neuropathology? Int Rev Neurobiol. (2007) 79:73–97. doi: 10.1016/S0074-7742(07)79004-9

 41. Compston A, Coles A. Multiple sclerosis. Lancet. (2002) 359:1221–31. doi: 10.1016/S0140-6736(02)08220-X

 42. Zang YC Li S, Rivera VM, Hong J, Robinson RR, Breitbach WT, et al. Increased CD8+ cytotoxic T cell responses to myelin basic protein in multiple sclerosis. J Immunol. (2004) 172:5120–7. doi: 10.4049/jimmunol.172.8.5120

 43. Kucuksezer UC, Aktas Cetin E, Esen F, Tahrali I, Akdeniz N, Gelmez MY, et al. The role of natural killer cells in autoimmune diseases. Front Immunol. (2021) 12:622306. doi: 10.3389/fimmu.2021.622306

 44. Zakka LR, Fradkov E, Keskin DB, Tabansky I, Stern JN, Ahmed AR. The role of natural killer cells in autoimmune blistering diseases. Autoimmunity. (2012) 45:44–54. doi: 10.3109/08916934.2011.606446

 45. Vandenhaute J, Wouters CH, Matthys P. Natural killer cells in systemic autoinflammatory diseases: a focus on systemic juvenile idiopathic arthritis and macrophage activation syndrome. Front Immunol. (2019) 10:3089. doi: 10.3389/fimmu.2019.03089

 46. Rodriguez-Martin E, Picon C, Costa-Frossard L, Alenda R, Sainz de., la Maza S, Roldan E, et al. Natural killer cell subsets in cerebrospinal fluid of patients with multiple sclerosis. Clin Exp Immunol. (2015) 180:243–9. doi: 10.1111/cei.12580

 47. Myhr KM, Torkildsen O, Lossius A, Bo L, Holmoy T B. cell depletion in the treatment of multiple sclerosis. Expert Opin Biol Ther. (2019) 19:261–71. doi: 10.1080/14712598.2019.1568407

 48. Sabatino JJ Jr., Zamvil SS, Hauser SL. B-Cell therapies in multiple sclerosis. Cold Spring Harb Perspect Med. (2019) 9:a032037. doi: 10.1101/cshperspect.a032037

 49. Greenfield AL, Hauser SL. B-cell therapy for multiple sclerosis: Entering an era. Ann Neurol. (2018) 83:13–26. doi: 10.1002/ana.25119

 50. Duddy M, Niino M, Adatia F, Hebert S, Freedman M, Atkins H, et al. Distinct effector cytokine profiles of memory and naive human B cell subsets and implication in multiple sclerosis. J Immunol. (2007) 178:6092–9. doi: 10.4049/jimmunol.178.10.6092

 51. Barr TA, Shen P, Brown S, Lampropoulou V, Roch T, Lawrie S, et al. B cell depletion therapy ameliorates autoimmune disease through ablation of IL-6-producing B cells. J Exp Med. (2012) 209:1001–10. doi: 10.1084/jem.20111675

 52. Li R, Rezk A, Miyazaki Y, Hilgenberg E, Touil H, Shen P, et al. Proinflammatory GM-CSF-producing B cells in multiple sclerosis and B cell depletion therapy. Sci Transl Med. (2015) 7:310ra166. doi: 10.1126/scitranslmed.aab4176

 53. Shen P, Fillatreau S. Antibody-independent functions of B cells: a focus on cytokines. Nat Rev Immunol. (2015) 15:441–51. doi: 10.1038/nri3857

 54. Rieger A, Bar-Or A. B-cell-derived interleukin-10 in autoimmune disease: regulating the regulators. Nat Rev Immunol. (2008) 8:486–7. doi: 10.1038/nri2315-c1

 55. Li R, Patterson KR, Bar-Or A. Reassessing B cell contributions in multiple sclerosis. Nat Immunol. (2018) 19:696–707. doi: 10.1038/s41590-018-0135-x

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.

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 © 2022 Liu, Yang, Pan, Wei, Liu, Chen and Liu. 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.





ORIGINAL RESEARCH

published: 20 January 2022

doi: 10.3389/fimmu.2022.827865

[image: image2]


Gut Microbiome and Bile Acid Metabolism Induced the Activation of CXCR5+ CD4+ T Follicular Helper Cells to Participate in Neuromyelitis Optica Spectrum Disorder Recurrence


Xi Cheng 1†, Luyao Zhou 1†, Zhibin Li 1, Shishi Shen 1, Yipeng Zhao 1, Chunxin Liu 1, Xiaonan Zhong 1, Yanyu Chang 1, Allan G. Kermode 1,2,3* and Wei Qiu 1*


1 Department of Neurology, Third Affiliated Hospital of Sun Yat-sen University, Guangzhou, China, 2 Centre for Neuromuscular and Neurological Disorders, Perron Institute, The University of Western Australia, Perth, WA, Australia, 3 Institute for Immunology and Infectious Diseases, Murdoch University, Murdoch, WA, Australia




Edited by: 

Cristoforo Comi, University of Eastern Piedmont, Italy

Reviewed by: 

Yang Zheng, Zhejiang University, China

Jinming Han, Capital Medical University, China

*Correspondence: 

Wei Qiu
 qiuwei@mail.sysu.edu.cn

Allan G. Kermode
 allan.kermode@uwa.edu.au


†These authors share first authorship


Specialty section: 
 This article was submitted to Multiple Sclerosis and Neuroimmunology, a section of the journal Frontiers in Immunology


Received: 02 December 2021

Accepted: 03 January 2022

Published: 20 January 2022

Citation:
Cheng X, Zhou L, Li Z, Shen S, Zhao Y, Liu C, Zhong X, Chang Y, Kermode AG and Qiu W (2022) Gut Microbiome and Bile Acid Metabolism Induced the Activation of CXCR5+ CD4+ T Follicular Helper Cells to Participate in Neuromyelitis Optica Spectrum Disorder Recurrence. Front. Immunol. 13:827865. doi: 10.3389/fimmu.2022.827865



From the perspective of the role of T follicular helper (Tfh) cells in the destruction of tolerance in disease progression, more attention has been paid to their role in autoimmunity. To address the role of Tfh cells in neuromyelitis optica spectrum disorder (NMOSD) recurrence, serum C-X-C motif ligand 13 (CXCL13) levels reflect the effects of the Tfh cells on B-cell-mediated humoral immunity. We evaluated the immunobiology of the CXCR5+CD4+ Tfh cells in 46 patients with NMOSD, including 37 patients with NMOSD with an annual recurrence rate (ARR) of<1 and 9 patients with NMOSD with an ARR of ≥1. Herein, we reported several key observations. First, there was a lower frequency of circulating Tfh cells in patients with an ARR of<1 than in those with an ARR of ≥1 (P< 0.05). Second, the serum CXCL13 levels were downregulated in individuals with an ARR<1 (P< 0.05), processing the ability to promote Tfh maturation and chemotaxis. Third, the level of the primary bile acid, glycoursodeoxycholic acid (GUDCA), was higher in patients with NMOSD with an ARR of<1 than in those with NMOSD with an ARR of ≥1, which was positively correlated with CXCL13. Lastly, the frequency of the Tfh precursor cells decreased in the spleen of keyhole limpet haemocyanin-stimulated animals following GUDCA intervention. These findings significantly broaden our understanding of Tfh cells and CXCL13 in NMOSD. Our data also reveal the potential mechanism of intestinal microbiota and metabolites involved in NMOSD recurrence.
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Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune disease of the central nervous system that repeatedly involves the optic nerve and spinal cord and is mediated by aquaporin-4 (AQP4) antibodies. The combination of AQP4-Ab with AQP4 expressed on astrocytes of the blood–brain barrier causes complement-dependent cytotoxicity and neutrophil, eosinophil, and cytokine infiltration. Blood-brain barrier destruction results in oligodendrocyte death, myelin loss, and neuronal damage.

Recent data have indicated that the germinal centre (GC) may be a pathogenic hotspot for autoantibody production in autoimmune diseases. In particular, circulating Tfh cells that are derived from GC-Tfh cells shuffle between the peripheral blood and lymphoid tissues (1), and play an important role in the differentiation of B cells into memory B and plasma cells, promoting pathogenic autoantibody production, clinical symptom onset, continued immune responsiveness, and eventually irreversible tissue damage (2). Tfh cells function through chemokine CXC receptor 5 (CXCR5), programmed cell death protein-1 (PD-1), cytokine interleukin-21 (IL-21), and C-X-C motif ligand 13 (CXCL13). Multiple studies have shown that Tfh cells expand in the peripheral blood of humans of systemic autoimmune diseases, including rheumatoid arthritis (3), primary Sjogren’s syndrome (4), and immunoglobulin (IgG)-4 related disease (5). Recently, Tfh cells were demonstrated to be reportedly involved in the recurrence of neuroimmune diseases, such as multiple sclerosis (6) and NMOSD (7).

In general, the intestinal microbiota of patients with NMOSD are characterised by lower Clostridium, Parabacteroides, Oxalobacter, and Burkholderia and higher Streptococcus, Alistipes, Haemophilus, Veillonella, Butyricimonas, and Rothia abundance than in healthy controls (8, 9). In a previous study, not only did the patients with NMOSD have significantly lower faecal butyrate levels, but the patients with lower Expanded Disability Status Scale (EDSS) scores also showed a major reduction in the butyrate levels (9). The anti-inflammatory effect of short-chain fatty acids is not limited to the intestinal tract; it also increases the Treg level and inhibits Th17 cell differentiation (10). However, limited information is available on the effects of the gut microbiota and metabolites on Tfh and NMOSD recurrence.

Therefore, we assessed the Tfh cell number and frequency in patients with NMOSD with low and high annual recurrence rates (ARRs). We then investigated the effects of the metabolites on the immune system in keyhole limpet haemocyanin (KLH)-stimulated animals. We aimed to provide valuable insights into the causal mechanisms underlying the possible clinical effects of intestinal microbiota and metabolites.



Materials and Methods


Clinical Study Design and Population

A total of 109 participants, including 59 patients and 50 age- and sex-matched healthy controls, were enrolled in this study from October 2019 to July 2021 at the Third Affiliated Hospital of Sun Yat-Sen University in southern China. The diagnosis of NMOSD was established based on the International Panel on NMO Diagnosis 2015 criteria (11) and AQP4-IgG seropositivity. We included patients according to the following inclusion criteria: (1) initiation of immunosuppressive treatment as a first-line therapy within 3 years following disease onset and (2) at least 3 months of follow-up. We excluded patients according to the following exclusion criteria: (1) EDSS score ≥ 6.0, (2) body mass index< 20 kg/m2, (3) a history of cardiovascular or renal disease and other autoimmune diseases, and (4) age< 18 years. The following data were collected from the participants’ medical records at the baseline visit: demographics (including age, race/ethnicity, sex, weight, and height), past and present diet attempts, serologic status, date of disease onset (first attack), EDSS scores, and modified Rankin Scale scores. NMOSD data collection included a history of recurrence, past/current immunosuppressive therapies, disease duration, medication history, and reasons for treatment discontinuation. Disease onset was defined as the first recurrence of NMOSD. Attack and recurrence were defined as new symptoms that occurred within at least 24 h and were associated with new magnetic resonance imaging lesions. The ethical committee of the Third Affiliated Hospital of Sun Yat-sen University of Medical Sciences approved the research proposal in 10-15-2019. We have registered our trial before the first participant was enrolled in the clinical trial with a project identification code NCT04101058 that are reported in manuscripts (More information about trial registration see https://register.clinicaltrials.gov/prs/app/action/).

Of the 59 patients with NMOSD, serum samples were collected to measure the cytokine levels, and peripheral blood mononuclear cells (PBMCs) were collected for immunological analysis from the 46 patients, who also provided faecal samples for microbiome analysis and metabolomics. These 46 patients were further categorised into two groups based on the ARR: low ARR group (n = 37, ARR< 1) and high ARR group (n = 9, ARR ≥ 1) (Table 1). All the 50 age- and sex-matched healthy controls only supplied stool samples for the microbiome analysis.


Table 1 | Baseline characteristics of the study population.





Microbiome Analysis

Faecal DNA was isolated using the QIAamp Fast DNA stool Mini Kit (Qiagen, Cat# 51604), and the V3–V4 region of the 16S rRNA bacterial gene was amplified with barcoded specific bacterial primers: forward primer 5′- ACTCCTACGGGAGGCAGCA-3′ and reverse primer 5′-GGACTACHVGGGTWTCTAAT-3′. The 16S rDNA was polymerase chain reaction (PCR) amplified using Q5® High-Fidelity DNA Polymerase (M0491, NEB, USA). The PCR amplicons were quantified using the MiSeq Reagent Kit v3 (MS-102-3003, Illumina Inc., USA) in a MiSeq-PE250 sequencer (Illumina) based on standard protocols. The 16S rDNA amplicon data were analysed using a customised QIIME2 software pipeline (https://qiime2.org). The readings were then processed using the quantitative insights into microbial ecology (QIIME2) analysis. The taxonomy assignment was based on 97% clustered operational taxonomic units of the Greengenes v13.8 database using the naive Bayesian classifier.



Stool Metabolomics

Faecal metabolites were extracted using 50% methanol buffer. Faecal samples (20 μL) were added to 120 μL of pre-cooled 50% methanol, vortexed for 60 s, incubated at 4°C for 10 min, incubated at -20°C for 60 min, centrifuged at 4,000 × g at 4°C for 15 min, transferred to another tube, and then analysed by liquid chromatography-mass spectrometry (LC-MS). Additionally, pooled quench cooled samples were prepared by mixing 10 μL of each extraction mixture. These samples were then processed using an LC-MS system according to the manufacturer’s instructions. An LC-MS triple quadrupole mass spectrometer (Shimadzu, LCMS-8050) equipped with LabSolutions was used to collect the primary and secondary mass spectrometry data. The electrospray ionisation ion source parameters for the negative ion mode were set as follows: nebulising gas temperature, 300°C; nebulising gas flow, 3 L/min; heating gas flow, 13 L/min; sheath gas temperature, 350°C; DL temperature, 250°C; heating module temperature, 400°C; and sheath gas flow, 7 L/min. BAs were detected using LabSolutions LCMS software (Shimadzu) to perform peak extraction, peak integration, area calculation on the original file, and quantification using a standard curve.



Measurement of Cytokines

To measure the cytokine levels, blood samples were centrifuged at 2,500 g for 10 min, and the sera were stored at −80°C. The sera were probed for the following 22 markers: interferon-gamma, IL-1beta, IL-10, IL-13, IL-17A, IL-21, IL-6, IL-7, IL-8, nerve growth factor-beta, tumour necrosis factor, vascular endothelial growth factor A, APRIL, B cell-activating factor receptor, CXCL13, granulocyte colony-stimulating factor, macrophage migration inhibitory, interleukin-1 receptor antagonist, metalloproteinase (MMP)-2, MMP-3, MMP-8, MMP-9. The Cytokine/Chemokine/Growth Factor Convenience 45-Plex Human kit (Thermo Fisher Scientific) was allowed to warm at 15°C for 2 h. All the steps were performed according to the manufacturer’s recommendations.



Animals

Female BALB/c mice aged 5–6 weeks (15–18 g) were purchased from the Laboratory Animal Center. This study complied with all the relevant ethical regulations and was approved by the Ethics Committee of the South China Agricultural University (ethical number: 2021B002). Animals were housed under specific pathogen-free conditions and maintained over a 12-h light/dark cycle with free access to food and water. Mice received an injection of KLH in both the underarms and groin (100 µg/0.2 mL/site), and the control groups were treated with equal amounts of saline. Mice were then divided into three groups (n = 6 animals per group): control, KLH, and KLH+glycoursodeoxycholic acid (GUDCA) acid groups. Each experimental group was separately gavaged with 50 mg/kg body weight of GUDCA for 4 weeks. The control and KLH groups were treated with equal amounts of saline. After treatment, ileum, spleen, and lymph node samples were collected to analyse the Tfh cell phenotype by fluorescence-activated cell sorting.



Flow Cytometry

FITC-conjugated anti-CD4 (human), BV510-conjugated anti-CXCR5 (human), PE-conjugated anti-CCR7 (human), AF700-conjugated anti-CD4 (mouse), APC-conjugated anti-CXCR5 (mouse), PE-conjugated anti-CCR7 (mouse), and FITC-conjugated-anti-PD-1 (mouse) were purchased from BioLegend (San Diego, CA, USA). PBMCs were separated and frozen at −80°C until phenotypic analysis was performed according to standard protocols. Samples were acquired using a BD LSR II flow cytometer (BD Bioscience) and analysed using FlowJo.



Immunofluorescence

Immunostaining was performed as previously described. For immunostaining, the gut sections were fixed, blocked, and incubated with primary antibodies against CCR7 (BioLegend, 1:200), CXCR5 (BioLegend, 1:200), and PD-1 (BioLegend, 1:200) at 4°C overnight. After washing, the sections were co-stained with 2 μg/mL 4′,6-diamidino-2-phenylindole (nucleus) for 5 min. Fluorescence images were acquired using a confocal microscope (Leica SP8) with a 20× objective.



Statistical Analysis

All the statistical analyses were performed using the Statistical Package for the Social Sciences software version 19.0; the data are presented as mean values with standard deviation. The test of normal distribution was performed before the Student’s t-test and analysis of variance (ANOVA). Multiple comparisons were performed using one-way ANOVA or Kruskal–Wallis tests between the different groups. The Shapiro-Wilk test was used to assess normality. Inflammatory cytokines levels were log10-transformed when analysed to meet the normal assumption. The correlation between the two variables was assessed using the Spearman rank test. For all analyses, a p-value of<0.05 was considered to indicate statistical significance. Correlations between each of the pair of datasets were computed using Pearson correlation coefficients, and visualisations were generated in R (v4.0.0).




Results


CXCL13 Was Significantly Lower in Patients of NMOSD With a Low ARR

The potential value of serum inflammatory cytokine markers was investigated in the diagnosis of NMOSD (Table 2). CXCL13 was significantly different between the two groups (51.82 vs. 78.88, p = 0.019, Figure 1A). The individual simplified signature could discriminate between the two groups based on the area under the curve (AUC) (CXCL13 [AUC = 0.656], Figure 1B). We also aimed to explore the correlations between these discriminative inflammatory factors and ARR to identify markers associated with disease recurrence. Spearman’s rank correlation analysis showed that CXCL13 (r = 0.460, p = 0.001) was positively correlated with NMOSD recurrence (Figure 1C).


Table 2 | Quantitative data of inflammatory cytokines in NMOSD patients.






Figure 1 | C-X-C motif ligand 13 (CXCL13) as a biological marker for neuromyelitis optica spectrum disorder recurrence. (A) Quantification of inflammatory cytokines between two groups of patients with NMOSD (N = 37 in ARR<1 patients, N = 9 in ARR ≥ 1 patients). (B) Random forest analysis showed the CXCL13 could discriminate the two groups based on the area under the curve (0.656). (C) Using the CXCL13, a relatively poor correlation was achieved with Spearman’s correlation analysis (r = 0.460). ARR, annual recurrence rate. *p < 0.05.





Tfh Cells Were Positively Correlated With NMOSD Recurrence

The frequency of circulating CXCR5+CD4+ Tfh, CXCR5+CCR7low Tfh precursor, and CXCR5+CCR7hi resting Tfh cells were analysed using flow cytometry. As shown in Figure 2A, the percentage of CD4+CXCR5+ T cells was significantly higher in the peripheral blood of patients with NMOSD with an ARR of ≥ 1 than in those with an ARR of <1 (24.6% vs. 14.5%, p < 0.01). Moreover, the percentage of CXCR5+CCR7hi Tfh cells among CD4+ T cells was higher in patients with NMOSD having an ARR of ≥ 1 than in those with NMOSD having an ARR of <1 (3.4.% vs. 1.6%, p = 0.07); however, owing to the large individual difference of patients, there was no significant difference between these patients. There were no significant differences in the frequency or number of CXCR5+CCR7low T cells between the two groups of patients, although both showed higher levels in the patients with an ARR of ≥ 1 than in the patients with an ARR of<1 (Figures 2A, B). Therefore, we speculated that more CXCR5+CCR7hi Tfh cells among CD4+ T cells in the patients with NMOSD having a higher ARR could explain the higher CD4+CXCR5+ T cells in patients with higher ARR, although there was no significant difference between these patients.




Figure 2 | Increased frequency of follicular helper T (Tfh) cells in patients with neuromyelitis optica spectrum disorder (NMOSD) with a high annual recurrence rate. (A) Comparison of the frequencies of circulating Tfh cells in patients with two groups patients with NMOSD. Representative expressions of CXCR5+CD4+ T cells, CXCR5+CCR7low Tfh progenitors, and CXCR5+CCR7hi Tfh were detected by flow cytometry. (B) Flow cytometric analysis of the different phenotypes of Tfh. N = 6, *p < 0.05. ARR, annual recurrence rate.





Decreased CXCL13 Level Was Associated With GUDCA

The number of CXCR5+CD4+ T cells was significantly higher in the KLH group than in the GUDCA group (p < 0.001, Figures 3A, B). Further, there was an increasing trend of CXCR5+CD4+ Tfh cell count in the GUDCA group (p = 0.02, Figures 3A, B). In addition, we evaluated the frequency of CD19lowCXCR5+ Tfh cells, the frequency of CCR7hiPD-1low resting Tfh and CCR7hiPD-1hi-activated Tfh cells. Tfh cell count did not change significantly, whereas CCR7lowPD-1hi Tfh precursor cells in KLH mice tended to increase following GUDCA supplementation compared with those in the KLH group (Figures 3A, C). In addition, a significant increase in the serum CXCL13 level was observed in the GUDCA group compared with that in the KLH group (Figure 3D), which supports the immunomodulatory function of GUDCA.




Figure 3 | Glycoursodeoxycholic acid administration inhibited the T follicular helper (Tfh) cells in the spleen in KLH-stimulated animals. (A) The differentiated plasma cells from B cells were detected using flow cytometry in KLH-stimulated animals. (B) Flow cytometric analysis of CD4+CD19-CXCR5+ T cells. (C) Flow cytometric analysis of CCR7hiPD-1low resting Tfh, CCR7hiPD-1hi-activated Tfh, and CCR7lowPD-1hi Tfh cells. (D) Expression of CXCL13 in peripheral blood of KLH-stimulated animal using enzyme-link immunosorbent assay. (E, F) Representative immunofluorescence image of CXCR5+PD-1hi Tfh and CCR7+PD-1hi Tfh cells in the spleen and Peyer’s patch lymph node of the KLH-stimulated animal. N = 6, *p < 0.05. KLH, keyhole limpet haemocyanin; GUDCA, glycoursodeoxycholic acid.



We then analysed the distribution of splenic (PD-1+ and CXCR5+/CCR7+ double-positive) Tfh cells with immunohistochemical double staining. Splenic PD-1+CCR7+ and PD-1+CXCR5+ Tfh cells were localised in the T-B cell zone in the control group, whereas they were distributed in the GC-B-cell follicles in the KLH and GUDCA groups (Figure 3E). There were barely PD-1+CCR7+ and PD-1+CXCR5+ positive Tfh cells in the intestinal Peyer’s patch lymph node of the control group, which accumulated around the margin of Peyer’s patch lymph node (Figure 3F), supporting the notion that GUDCA supplied a permissive environment for Tfh cell generation.



Disease Relapse Was Associated With Significant Variations of the Gut Microbiome

Next, we analysed the changes in the stool microbiota of patients with NMOSD using 16S rRNA gene sequencing at the genus taxonomic rank levels (Figure 4A). Patients with NMOSD having a high ARR were accompanied by a relatively higher abundance of Actinomyces and Sphingomonas but a low abundance of Veillomas, Atopobium, and Haemophilus (Figure 4A). A higher stool relative abundance of Actinomycetaceae (such as Actinomyces) and Mitochondria predicted a high ARR in these 59 patients, whereas Bacteroidaceae (such as Bacteroides), Victivallaceae (such as Victivallis), or Pasteurellaceae family members were associated with an optimistic prognosis (Figure 4B). Interestingly, Vagococcus, Anaerobiospirillum, Stenotrophomonas, Veillomas, Megasphaera, Atopobium, VadinCA11, Victivallis, Haemophilus and Bacteroides were negatively correlated with ARR in NMOSD (Figure 4C). Hence, NMOSD recurrence is associated with the local microbiome.




Figure 4 | Recurrence-specific changes in bacterial diversities and taxonomic signatures. (A) Species were predicted using linear discriminant analysis effect size (LEfSe) at the genus level between two groups patients. (B) Cladogram of the LEfSe analysis. (C) Correlation detection of ARR-associated gut bacteria in patients with NMOSD. ARR, annual recurrence rate; HC, Healthy controls.





GUDCA Increased the Circulating Tfh Cell and CXCL13 Levels in Mice

Subsequently, we concentrated on the association between CXCL13 and gut microbiota-derived metabolites. Pearson’s correlation analysis revealed that GUDCA was positively correlated with the CXCL13 levels (Figures 5A, B). A positive correlation between the Taurocholic acid (TCA), LCA ursodesoxycholic acid (UDCA), glycodesoxycholic acid (GDCA) and Taurodeoxycholic acid (TDCA) and the IL-10 levels (p < 0.001, p < 0.001, p < 0.001, p = 0.006 and p = 0.033, respectively) and a positive correlation between the DCA and LCA, and the IL-17 concentration (p = 0.005 and p =0.039, respectively) in NMOSD were also observed (Figure 5A). Anaerobiospirillum and Vagococcus were negatively correlated with GUDCA levels (Figure 5B). Using the Virtual Metabolic Human database, we identified that reduced Veillomas and Haemophilus abundance in Spatients with NMOSD having a high ARR may contribute to decreased cholic acid (CA) and deoxycholic acid (DCA) concentration, which are the metabolites of GUDCA. These data indicate that Anaerobiospirillum and Vagococcus were the most substantial gut microbiota influencing the levels of GUDCA in the hosts, whereas Veillomas and Haemophilus were the most substantial gut microbiota in converting GUDCA to DCA (Figure 5B).




Figure 5 | GUDCA increased circulating Tfh cell and CXCL13 levels in mice. (A) Correlation between inflammatory factors and metabolites were analysed by Spearman’s correlation. Significant changes are denoted as follows: **p < 0.01 and *p < 0.05. (B) Spearman’s correlation of serum inflammatory cytokines with gut metabolites, gut metabolites and gut bacterial species.






Discussion

Our findings indicate that the gut microbiota play a crucial role in governing the Tfh immune response induced by CXCL13 in patients with NMOSD. In this study, we analysed the interplay between the stool metabolites and systemic immunomodulation and found significantly downregulated levels of CXCL13 in patients with NMOSD with low ARR. CXCL13 was negatively correlated with GUDCA, which was positively correlated with Vagococcus and Anaerobiospirillum abundance, which were negatively correlated with ARR in NMOSD, eliciting CXCL13-induced Tfh cell immune responses possibly dependent on GUDCA and gut microbiota. In this study, we confirmed an increase in the CXCR5+CD4+ T cells in patients with NMOSD with a high ARR. Certainly, serum CXCL13 level reflects the priming and activation of Tfh cells in the spleen. In contrast, GC-Tfh is one of the main producers of plasma CXCL13. There is an increasing number of studies on the Tfh cells in NMO or NMOSD. The level of chemokine CXCL13 in the cerebrospinal fluid of patients with NMO is related to the degree of NMO-related nerve defect (7), and patients with recurrence tend to have higher levels of CXCL13 in the serum and cerebrospinal fluid (CSF). The CXCR5 levels in the serum and CSF of patients with NMO are elevated (7). The administration of rituximab (a B-cell depletion therapy) can dramatically reduce the Tfh ratio and re-establish the Tfh subpopulation (12). In summary, the Tfh cells are associated with the disease activity of NMOSD, and could be potential immune markers for disease monitoring, and provide a new direction for NMOSD immunotherapy (13).

Studies have also shown that memory Tfh cells in the circulation express the same surface molecules as effector Tfh cells and can effectively assist B cells in immune responses (14). Therefore, memory Tfh cells can be used as marker cells to monitor the immune activation status of autoimmune diseases. Previous study showed that circulating memory Tfh cells, especially CCR7+ICOS+ memory Tfh cells, may be associated with the relapse of MS and the numbers of circulating memory Tfh cells significantly decreased in the remitting stage (15). Among the circulating memory Tfh cells, CCR7+ memory Tfh cells can migrate into B cell follicles and promote humoral responses (16, 17), and activated CCR7-PD-1+ memory Tfh cells in the secondary lymphoid tissues also enhance the humoral responses, associated with the development of autoimmune diseases (18). Accordingly, in patients with systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA), increased levels of the CCR7loPD-1hi subset correlated with elevated autoantibody profiles and more severe disease activities (18). Intriguingly, our results indicated significantly increased numbers of CCR7-PD-1+ memory Tfh cells in GUDCA-treated KLH mice compared to KLH mice, and the CXCL13 levels were significantly increased in mice sero, Therefore, CXCL13 may participate in the migration of CCR7+ and CCR7+ICOS+ memory Tfh cells into the secondary lymphoid organs, and consequently, the activated CCR7-PD-1+ memory Tfh cells could enhance the humoral responses associated with the relapse of NMOSD.

Another cytokine, IL-21, also plays a critical role in the survival of Tfh cells and the survival, proliferation, and differentiation of GC B cells. Studies have shown that the frequencies of circulating CD4+CXCR5+PD-1+ T cells and serum IL-21 were higher in patients with NMOSD than in those with MS (19). After glucocorticoid therapy, CD4+CXCR5+PD-1+ T cell count and serum IL-21 levels decreased, suggesting that the Tfh cells and IL-21 are associated with the disease activity of NMOSD (19). A recent study found that the circulating memory Tfh cells (ICOS+, CCR7−, CCR7−, ICOS+, CCR7+, and CCR7+ICOS+ Tfh cells) and serum and cerebrospinal fluid IL-21 levels in patients with NMO/NMOSD significantly increased (7). The proportion of CCR7- and CCR7-ICOS+ memory Tfh cells is positively correlated with the ARR, plasma IL-21 level, and AQP-4 antibody levels (7). The proportion of CCR7+ and CCR7+ ICOS+ memory Tfh cells is positively correlated with the number of white blood cells and IL-21 in CSF. After hormone therapy, the levels of CCR7-ICOS+, CCR7+ICOS+ Tfh cells, and IL-21 reduced in patients with complete remission (7). Hence, IL-21 may participate in the development and relapse of NMO/NMOSD. Although significantly different levels of IL-21 between two groups were not observed in the present study, IL-21 could be utilised as a therapeutic target in NMOSD.

We found that the increased faecal levels of GUDCA induced Tfh activation. Primary BAs in the gut are derived from cholesterol and are synthesised in the liver. BAs are primarily synthesised by the rate-limiting enzyme cholesterol 7α-hydroxylase from the cholesterol in the liver, conjugated with either glycine or taurine (20). Bile salt deconjugation is catalysed by bile salt hydrolase (BSH) and generates free BAs (21), including mainly CDCA and trihydroxy BA CA. The gut microbiome is the only source of enzymes capable of generating hydrophobic SBAs. Clostridium and Desulfovibrio, which encode the bile acid-inducible operon, convert the host CA to DCA and CDCA and UDCA to LCA (22). In the present study, we found that the Veillomas and Haemophilus showed the highest increase in patients with NMOSD having an ARR of<1, which could explain the lower levels of GUDCA in the stool. In particular, Veillomas and Haemophilus spp. were downregulated in patients with NMOSD having a high ARR and negatively correlated with the serum GUDCA levels. The relative abundance of Veillomas increased in marathon runners, and inoculation of Veillonella into mice significantly increased the running time (23). Previous studies have reported that the abundance of Veillonella increased in patients with cirrhosis (24), whereas the levels of intestinal BAs in patients with liver cirrhosis are frequently insufficient (25). Haemophilus displayed a negative correlation with common indicators of dyslipidaemia, such as total cholesterol and high-density lipoprotein cholesterol (26). Haemophilus has also been reported to have a negative association with DCA (27). However, the levels of BAs were similar in both groups of NMOSD, ruling out that the discriminant bacteria observed between the two groups were caused by these metabolites. These investigations on the intestinal symbiotic bacteria provide evidence for a precise understanding of the complex interactions between the gut microbiota and host BA metabolites. Our data suggested that the decreased CXCL13 level was associated with GUDCA, CCR7lowPD-1hi Tfh precursor cells in the KLH mice tended to increase following GUDCA supplementation, showing that the levels of CXCL13 and Tfh precursor cells were correlated with the metabolite GUDCA. Meanwhile, Veillomas and Haemophilus showed the highest increase in patients with NMOSD having an ARR of<1, which could explain the lower levels of GUDCA in the stool. Therefore, our data showed that the recurrence rate correlated with the gut microbiota and their metabolite in NMOSD, whereas the CXCL13-induced activation of the Tfh cells was the possible mechanism.

In addition, recent reports have confirmed that the intestinal microbiota is essential for the local activation of Tfh cells. Immunogenic commensals are distinguishable from tolerogenic bacteria and trigger migratory DCs to release IL-1β and IL-12p70, thereby increasing bacterial or self-antigen-specific Tfh cells or IgG2b responses (28). Various microbial contents can trigger Tfh cell responses, specifically bacterial RNA, which can induce IL-1β-dependent differentiation of Tfh cells and GC B cells (29). After mucosal inoculation with inactivated enterotoxigenic Escherichia coli, activated ICOS+ Tfh cells were recirculated in the blood and represented mucosal memory B cell responses (30). Whether antigen-specific Tfh cells are present in NMOSD remains to be defined. Further experiments are needed to address the gut microbiota to detect whether there is a Tfh-specific recognition motif.

In our study, we demonstrated that the gut microbiota and their metabolite correlated to the NMOSD relapse via CXCL13-induced activation of Tfh cells. In addition, there was a significant correlation between the multiple microbe metabolites and IL-10 and IL-17A in our study. Previous studies have revealed that the interaction between hosts and their gut bacteria can regulate the host immunological IL10/IL17A homeostasis via the BAs. Song et al. have reported that genetic abolition of the BA metabolic pathways in individual gut symbionts significantly decreases this Treg cell population. Restoration of the intestinal BA pool increases the colonic RORγ+ Treg cell counts and ameliorates host susceptibility to inflammatory colitis via BA nuclear receptors (31). Campbell et al. found that the secondary bile acid 3β-hydroxydeoxycholic acid (isoDCA) increased the Foxp3 induction by acting on dendritic cells (DCs) to diminish their immunostimulatory properties. Ablating one receptor, the FXR, in DCs enhanced the generation of Treg cells and imposed a transcriptional profile similar to that induced by isoDCA (10). Moreover, IL10/IL17A homeostasis reportedly participates in the pathogenesis of NMOSD (32). Therefore, more research is warranted to better explain the role of gut microbiota and their metabolite in the pathogenesis of NMOSD.

This study has some limitations. Although we noted the accumulation of Tfh cells in the lymph follicle-like structure in the gut and spleen, the origin of Tfh cells remains unclear. We also noted that the number of participants in our cross-sectional analysis was relatively small. We can only verify the role of GUDCA in Tfh activation in the animal experiments. However, there is no direct evidence of whether the gut microbiota affects Tfh activation. In fact, it is not clear if different immunosuppressive treatments and course of disease between the groups may affect Tfh activation.



Conclusions

In the present study, we demonstrated that the recurrence of NMOSD is correlated with Tfh cells and CXCL13, which is positively correlated with gut GUDCA. These data broaden our understanding of the mechanism of NMOSD and provide intestinal microbiota as a potential therapeutic target. Finally, we established a gut microbiome–metabolite–Tfh-CXCL13 system to predict the recurrence of NMOSD.
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Aim: Despite a significant improvement in the number of studies on myelin oligodendrocyte glycoprotein (MOG)-immunoglobulin G (IgG)-associated disorder (MOGAD) over the past few years, MOG-IgG-associated cortical/brainstem encephalitis remains a relatively uncommon and less-reported presentation among the MOGAD spectrum. This study aimed to report the clinical course, imaging features, and therapeutic response of MOG-IgG-associated cortical/brainstem encephalitis.

Methods: Data of four patients who suffered from cortical encephalitis with epileptic seizures and/or brainstem encephalitis during the course of the disease were retrospectively collected and analyzed.

Results: In this study, three male patients and one female patient, with a median age of onset of 21 years (ranging 20–51 years) were enrolled. An epileptic seizure was the main symptom of cortical encephalitis in these patients, while the manifestations of brainstem encephalitis were diverse. Cranial MRI demonstrated abnormal signals in unilateral or bilateral cortical or brainstem. Cerebrospinal fluid studies showed normal or mildly elevated leukocyte counts and protein levels, and a cell-based assay detected positive MOG-IgG in the serum of all patients. Two patients were misdiagnosed at the first attack, and both experienced a relapse. All of them accepted the first-line immunotherapy after a confirmed diagnosis and had a good outcome.

Conclusion: Early suspicion of MOG-IgG-associated encephalitis is necessary for any patient with sudden onset of seizures or symptoms of brainstem damage, especially with lesions on unilateral/bilateral cortical or brainstem on brain MRI.

Keywords: brainstem encephalitis, cortical encephalitis, epileptic seizures, myelin oligodendrocyte glycoprotein, neuromyelitis optica spectrum disorder


INTRODUCTION

Myelin oligodendrocyte glycoprotein (MOG) is a myelin protein expressed on the outer surface of myelin sheaths and oligodendrocyte processes in the central nervous system (CNS) (1). Although MOG-immunoglobulin G (IgG)-positive cases account for about 25% of aquaporin-4 (AQP4)-seronegative neuromyelitis optica spectrum disorders (2), the clinical manifestation is less well-defined. In recent years, an enormous amount of research has been conducted to determine the role of MOG-IgG in a wide clinical spectrum of inflammatory demyelinating CNS disorders, including optic neuritis (ON), myelitis, cortical damage (3), and less commonly, brainstem lesions (4). Compared with ON and myelitis, cortical encephalitis with seizures and brainstem encephalitis are emerging presentations of MOG-IgG-associated disorder (MOGAD), and the related research has been rarely reported. The relationship between MOG-IgG and cortical encephalitis presentation was not recognized until the first case reported in 2017 (5). Subsequent case series further confirmed the association between MOG-IgG, fluid-attenuated inversion recovery (FLAIR)-hyperintense cerebral cortical lesions, and sudden epilepsy. Furthermore, most patients with MOG-IgG-associated cortical encephalitis had a relapsing disease course and experienced other demyelinating events, such as ON, myelitis, or brainstem damage, at a certain stage of the disease (6–10).

In the present study, four cases of MOG-IgG-associated cortical/brainstem encephalitis are reported, providing detailed information on the clinical manifestations, imaging features, disease evolution, and treatment outcomes of this disease.



CASE PRESENTATION


Case 1

A previously healthy 20-year-old male patient presented with a witnessed primary generalized tonic-clonic seizure. After about 10 h in a coma, a nervous system examination revealed no limb weakness or sensory symptoms. Poorly marginated, hyperintense lesions in the left frontotemporal parietal lobe and the right frontal lobe were displayed on both FLAIR (Figures 1A, 2A–E) and T2-weighted images of cranial MRI (Figure 1C), which were less evident on T1-weighted (Figure 1B) and diffusion-weighted images (Figure 1D). No epileptic waves were captured on an electroencephalogram (EEG). Laboratory data revealed an increase in the white blood cell count (17.32 × 109/L). A cerebrospinal fluid (CSF) analysis showed a mild increase in leukocytes (80/μl) and protein (48 mg/dl). CSF cytology suggested lymphocytic reaction. CSF culture was negative. Neither immunoglobulin M (IgM) nor IgG of the herpes simplex virus were tested positive in CSF. The patient was diagnosed with viral encephalitis and treated with dexamethasone and acyclovir combined with antiepileptic drugs (sodium valproate) for 2 weeks. He no longer had epileptic seizures and was advised to continue prednisone [40 mg qd (once a day)] orally for 40 days after discharge. The dosage of prednisone was reduced by 5 mg every 5 days until discontinued. However, he had to be readmitted several times within 4 months because of frequent epileptic seizures and headaches with or without a fever. During this period, seizures occurred in two main forms: primary generalized and focal. He received symptomatic treatment each time. A follow-up brain MRI after 3 months suggested that FLAIR hyperintensities in the bilateral cortical regions were shallow and fewer (Figures 1E, 2F). He was readmitted because of dizziness and unsteady gait 3 years later, and a nervous system examination revealed poor left-side ataxia. Cranial MRI revealed FLAIR-hyperintense (Figure 1F), T1-hyperintense (Figure 1G), T2-hyperintense (Figure 1H), and diffusion-hyperintense (Figure 1I) lesions in the pons and left brachium pontis. CSF analysis showed four leukocytes and a mildly increased protein level (51 mg/dl). AQP4-IgG and oligoclonal bands in serum and CSF were negative. The myelin basic protein (MBP) level in the serum and CSF was not elevated. Antibodies of autoimmune encephalitis in the serum and CSF were negative. The cell-based assays (CBAs) revealed that MOG-IgG was positive with titers of 1:10 in the serum. Thus, the diagnosis was corrected to MOG-IgG-associated encephalitis. He received intravenous pulse methylprednisolone (500 mg/day for 3 days), followed by oral prednisone (60 mg qd, with a tapering dose of 5 mg every 1 week) and mycophenolate mofetil [0.75 g bid (twice a day)]. The FLAIR hyperintensities in the brainstem were shallow and smaller after 1 month (Figure 1J). The dosage of prednisone was gradually reduced to 10 mg daily and on maintenance for 1 year. He fully recovered, and MOG-IgG in his serum turned negative after 18 months. No recurrent events occurred during a 28-month follow-up.


[image: Figure 1]
FIGURE 1. Brain MRI of case 1. After the first attack of an epileptic seizure, the hyperintense lesions with a hazy border in the bilateral cortex on fluid-attenuated inversion recovery (FLAIR) (A) and T2-weighted (C) images (arrowheads), which were less evident on T1-weighted (B) and diffusion-weighted (D) images. FLAIR hyperintensities in the cortical regions became shallow and fewer after 3 months (E) (arrowheads). After the second attack that presented with dizziness and left-sided ataxia, the hyperintensities in the pons and left brachium pontis on FLAIR (F), T1-weighted (G), T2-weighted (H), and diffusion-weighted (I) images (arrowheads). The FLAIR hyperintensities in the brainstem became shallow and smaller after 1 month (J).
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FIGURE 2. Brain MRI of cortical lesions in cases 1 and 2. FLAIR hyperintensity was seen in the bilateral cerebral cortex in case 1 (A–E) and in the left hemispheric cortical region in case 2 (G–K) (arrowheads). However, the FLAIR hyperintensities in the cortical regions became shallow and fewer after 3 months in case 1 (F) and disappeared after 1 month in case 2 (L).




Case 2

A 20-year-old male patient without any previous medical history was admitted to the hospital with twice primary generalized tonic-clonic seizures in 48 h. The neurological examination was normal. The brain MRI showed FLAIR-hyperintense lesions in the left frontal lobe (Figures 2G–K). EEG captured 2- to 3-Hz complex waves of sharp slow frequencies in the right frontal and bilateral occipitotemporal lobes. The laboratory data revealed a normal white blood cell count and blood biochemistry results. The CSF study showed a mild increase in leukocytes (31/μl) and a normal protein level. The antibodies of autoimmune encephalitis and CNS demyelinating disease in the serum and CSF were tested, which indicated non-elevated MBP levels and negative oligoclonal bands and AQP4-IgG. However, a CBA revealed anti-MOG-IgG in his serum (1:100). He was diagnosed with MOG-IgG-associated encephalitis and treated with antiepileptic drugs (levetiracetam) and intravenous pulse methylprednisolone (500 mg/day for 3 days), followed by oral prednisone (60 mg qd) and mycophenolate mofetil (0.5 g bid) induction. The FLAIR hyperintensities in the unilateral cortical regions disappeared after 1 month (Figure 2L). With a tapering dose of 5 mg prednisone every 1 week and low-dose prednisone (10 mg daily) for 6 months, the patient did not experience any relapse during the 16-month follow-up.



Case 3

A 51-year-old female patient was admitted to the hospital for left-side facial paralysis and left perioral numbness. Her medical history showed hysterectomy because of uterine fibroids for 15 years. A neurological examination on admission showed left-side peripheral facial paralysis and decreased touch and pain sensation in the left perioral area. Cranial MRI disclosed nodular FLAIR-hyperintense (Figure 3A), T1-hypointense (Figure 3B), T2-hyperintense (Figure 3C), and diffusion-hyperintense (Figure 3D) lesions in the left brachium pontis, with an enhanced edge on T1-weighted images (Figure 3E). No supratentorial lesion was found. The conventional laboratory tests of blood and serum antineutrophil cytoplasmic antibody and anti-myeloperoxidase antibody were negative. The CSF examination revealed a normal cell count (3/μl) and protein level (31 mg/dl). The tests for oligoclonal bands and AQP4-IgG in both blood and CSF cultures were negative. MBP in the serum and CSF was not elevated. However, a CBA revealed MOG-IgG in her serum (1:10). She was diagnosed with MOG-IgG-associated brainstem encephalitis. After a treatment with intravenous pulse methylprednisolone (500 mg/day for 3 days) followed by oral prednisone (60 mg qd, reduced by 5 mg per week) and mycophenolate mofetil (0.5 g bid), the symptoms gradually improved. The patient was in a stable condition during a 6-month follow-up with 10 mg oral prednisone and 1 g mycophenolate mofetil daily.


[image: Figure 3]
FIGURE 3. Brain MRI of brainstem lesions in cases 3 and 4. A nodular hyperintense lesion in the left brachium pontis on FLAIR (A), T2-weighted (C), and diffusion-weighted (D) images (arrowheads). However, it was hypointense on the T1-weighted image (B), and with a gadolinium-enhanced edge on the T1-weighted image (E) (arrowheads). Hyperintense lesions in the left brachium pontis, left cerebellar hemisphere, and cerebellar vermis on FLAIR (F), T2-weighted (H), and diffusion-weighted (I) images (arrowheads). However, it was hypointense on the T1-weighted image (G), and with curvilinear post-gadolinium contrast enhancement on the T1-weighted image: axial (J), sagittal (K), and coronal (L–N) (arrowheads).




Case 4

A 22-year-old male patient presented with dizziness and an unsteady gait. He was admitted to a local hospital and received symptomatic treatment for several days. The symptoms persisted and progressively worsened. He felt weakness in the left-side limbs and was transferred to our hospital. A nervous system examination discovered mild left-side hemiparesis. Cranial MRI revealed T1-hypointense (Figure 3G), T2-hyperintense (Figure 3H), FLAIR-hyperintense (Figure 3F), and diffusion-hyperintense (Figure 3I) lesions with curvilinear post-gadolinium contrast enhancement (Figures 3J–N) in the left brachium pontis, left cerebellar hemisphere, and cerebellar vermis. The CSF analysis showed a mild increase in leukocytes (55/μl) and normal protein levels. Oligoclonal bands and AQP4-IgG were negative in both blood and CSF. MBP in the serum and CSF was not elevated. However, CBAs detected positive anti-MOG-IgG in CSF (1:1) but negative in serum. Considering the limited reliability of anti-MOG-IgG in CSF and his special image presentation, the patient was diagnosed with probable chronic lymphocytic inflammation with pontine perivascular enhancement responsive to steroids (CLIPPERS) syndrome and received the treatment of high-dose intravenous methylprednisolone (500 mg/day for 3 days), followed by oral prednisone starting at 60 mg daily with a tapering dose of 5 mg every 1 week. His symptoms of dizziness and hemiplegia greatly improved, and he was discharged after 20 days of treatment. After 5 months, when the prednisone was reduced to 5 mg/day, the patient developed a sudden primary generalized tonic-clonic seizure and was readmitted to our hospital. Neither nervous system examination nor cranial MRI revealed any abnormality. Slow waves were seen in the left prefrontal, frontal, and temporal regions in EEG. Although cell counts (2/μL) and biochemistry of CSF were normal this time, the anti-MOG-IgG was positive in both serum (1:32) and CSF (1:1) as detected by CBAs. He was diagnosed with MOG-IgG-associated encephalitis; therefore, azathioprine (50 mg bid) and antiepileptic drugs (levetiracetam 0.5 g bid) were added. The patient remained stable during a 6-month follow-up with 10 mg oral prednisone, 1.0 g levetiracetam, and 100 mg azathioprine daily.




DISCUSSION

Myelin oligodendrocyte glycoprotein (MOG)-IgG–associated disorder (MOGAD) has a specific therapeutic strategy, making early diagnosis and differentiation crucial for developing an individualized treatment approach. However, diagnosis at the first demyelinating event remains a challenge due to overlapping and fickle clinical features of MOGAD. Among all clinical manifestations, cerebral and brainstem damage were quite rare disease phenotypes (<10%) in both pediatric and adult groups (7, 11, 12). MOG-IgG–positive unilateral or bilateral cortical encephalitis detected as FLAIR-hyperintense cortical lesions (as observed in cases 1 and 2) was first reported by Ogawa et al. (5, 6, 8, 13–17) in 2017 as an emerging phenotype of MOGAD (Table 1). Brainstem encephalitis is another infrequent presentation except for cortical encephalitis among the clinical spectrum of MOGAD (7, 13). Patients with brainstem involvement account for about 30% in MOG-IgG-associated encephalomyelitis cases, and isolated brainstem encephalitis that occurs without ON or myelitis is much rarer, accounting for only 1.8% (18).


Table 1. Summary of the case reports about MOG-IgG associated cortical encephalitis.
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Cerebral lesions of MOGAD usually look paler, fewer, and less prominent compared with multiple sclerosis cases and can be observed in both T2-weighted and FLAIR images (8, 19, 20). An important basis for diagnosing MOG-IgG cortical encephalitis is unilateral or bilateral cortical lesions on cranial MRI, which are best depicted on FLAIR images (21). In this study, the lesions in case 1 were slightly hyperintense with a hazy border in the bilateral cortical gray matter on FLAIR (Figures 1A, 2A–E) and T2-weighted images (Figure 1C); the lesions became lighter and fewer after 3 months and were displayed only on the FLAIR image (Figures 1E, 2F). Similar abnormal lesions located in the unilateral cortical gray matter were observed in case 2 only on the FLAIR image at the beginning of the disease (Figures 2G–K) and almost disappeared after a month (Figure 2L). Similar to the cortical lesions observed in cases 1 and 2, FLAIR hyperintensity lesions in the cortex or sulcus are also observed in various pathologic conditions, such as meningitis, leptomeningeal metastasis, acute infarction, subarachnoid hemorrhage, and moyamoya disease (22). Thus, patients with MOG-IgG-positive cortical encephalitis, as in cases 1 and 2 in this study, could have been easily misdiagnosed as other diseases.

Brainstem lesions in MOG-IgG-positive cases usually presented a vague, irregularly bordered focus located in different areas of the brainstem, among which the pons was the most commonly involved and accounted for 84.6%. Other common lesions included medulla oblongata (57.1%), cerebellar peduncles (35.7%), and mesencephalon (14.3%) successively (18). The clinical presentations varied according to the areas of brainstem involvement, including cranial nerve palsy, hemiplegia, intractable hiccup, respiratory disturbance, balance difficulties, vertigo, and ataxia. In the present study, case 1 developed brainstem encephalitis 3 years after cortical encephalitis with lesions located in the pons and left brachium pontis, leading to dizziness and left-side ataxia. Lesions limited to the left brachium pontis in case 3 resulted in left-side peripheral facial paralysis and decreased touch and pain sensation in the left perioral area. Positive MOG-IgG in serum and steroid-responsiveness in these two patients confirmed the diagnosis of MOG-IgG-associated brainstem encephalitis. In case 4, diffused lesions in the left brachium pontis, left cerebellar hemisphere, and cerebellar vermis led to multiple neurological deficits, including vertigo and hemiplegia. Curvilinear enhancement signal and negative MOG-IgG in serum led to a misdiagnosis of probable CLIPPERS syndrome. However, with a relapse manifesting as a seizure 5 months later and positive MOG-IgG in serum and CSF, he was eventually diagnosed with MOG-IgG-associated encephalitis. The classical MRI features of CLIPPERS syndrome were punctate or curvilinear gadolinium-enhancing lesions, which were the most prominent in the pons (23). In case 4, the patchy lesions in the left brachium pontis, left cerebellar hemisphere, and cerebellar vermis did not meet the updated CLIPPERS criteria (23). Thus, the presumed diagnosis of CLIPPERS at the first attack was not appropriate. Despite the similar clinical and imaging features of MOG-IgG-related brainstem encephalitis and CLIPPERS (24–26), the diagnostic criteria of CLIPPERS encouraged careful consideration of other possible explanations (23).

Most MOG-IgG are of extrathecal origin; therefore, the presence of MOG-IgG in serum rather than in CSF is recommended as a specific indicator for the diagnosis of MOGAD (4). However, Aoe et al. (27) found that a few patients with MOGAD tested positive for MOG-IgG only in CSF. Patient 4 initially tested positive for MOG-IgG only in CSF, but the detection of MOG-IgG was positive in both serum and CSF when the disease relapsed 5 months later. Thus, we suggest that MOG-IgG should be tested in both serum and CSF simultaneously if possible and re-tested when necessary. Valuable data on regular monitoring of antibody titers in patients of MOGAD are scarce. Nevertheless, disease activity and treatment status may contribute to MOG-IgG titers in serum. Higher median titers were observed during the acute phase rather than the remission stage. Meanwhile, immunotherapy may lead to lower titers (28). In cases 1 and 3, we observed a low titer (1:10) of MOG-IgG during the acute episode, the exact reasons for this are not clear, but several speculations can be offered: first, the effect of glucocorticoid immunotherapy. Second, there may be another unknown pathogenic antibody at the same time. Third, as reported in the literature, some patients have relatively low antibody titers during acute attacks (29).

Cerebrospinal fluid (CSF) findings in our cases presented as pleocytosis of predominant lymphocytes and a normal or mildly elevated protein level around the time of an attack, consistent with previous studies on MOG-IgG-associated encephalitis (5, 6, 8, 13). In an international multicenter study, high MBP levels in the CSF were observed in the MOG-IgG–positive cases, suggesting acute myelin damage during attacks (30). However, the CSF MBP levels were non-elevated in our cases, as observed in patients with MOG-IgG-associated cortical encephalitis in several previous case reports (8, 15, 31). Thus, whether MOG-IgG is directly associated with cortical encephalitis or increased MBP in CSF should be a prerequisite for the diagnosis of MOGAD remains controversial. Notably, positive anti-N-methyl-D-aspartate (NMDA) receptor antibodies were detected in 5/18 of patients in a cohort of MOG-IgG-associated encephalitis (13). This suggested that immune attacks might involve NMDA receptors at the same time. However, antibodies of autoimmune encephalitis in serum and CSF were tested and no sufficient evidence was found that other associated autoimmune antibodies were responsible for the cortical encephalitis and seizures in cases 1 and 2, as observed in many case series/reports (5, 6, 8, 14, 16, 17). The cortical damage in these patients was likely triggered by an episode of demyelination caused by MOG-IgG. Another possibility also existed that an unknown auto-antibody might be involved in disease pathogenesis.

At present, although the long-term prognosis of MOG-IgG-associated encephalitis is not fully understood, the use of corticosteroids and/or plasma exchange or intravenous immunoglobulin remains the current standard treatment in the acute phase (32). Patients with positive MOG-IgG seem to have milder symptoms of neurological impairment (14) and respond more sensitively to corticosteroids than those with positive AQP4 antibodies (33). However, if appropriate treatments are not given in the early course, the symptoms can gradually deteriorate in some MOG-IgG-positive patients (30). Simultaneously, the tapering of oral prednisone slowly following intravenous methylprednisolone is critical on account of a tendency to relapse for rapid withdrawal (28, 34). Long-term immunosuppressive therapy is recommended for patients with recurrence or high risk of recurrence, and mycophenolate mofetil and rituximab are the most commonly used drugs (6). In case 1, the patient did not receive a correct diagnosis and standardized therapy due to limitations in the disease perception and antibody detection methods at the time of the first attack. He also experienced a rapid dose reduction of oral prednisone, leaving intermittent seizures after discharge, and subsequently developed brainstem encephalitis after 3 years. In case 4, the patient was misdiagnosed for the uncertain significance of MOG-IgG in CSF. However, with slow oral prednisone withdrawal, he experienced a relapse representing seizure after 5 months without immunosuppressive agents. Upon experiencing the relapse, cases 1 and 4 were started on mycophenolate mofetil/azathioprine, and they experienced no more events for 28 and 6 months of follow-up, respectively. On the contrary, cases 2 and 3 were diagnosed correctly immediately after the initial attack and recovered completely after the standardized treatment. With the slow oral prednisone and initiation of mycophenolate mofetil, case 2 was stable during 16 months of the follow-up and case 3 remained in clinical remission after 6 months of treatment.



CONCLUSION

In summary, this study reported four adult patients who suffered from cortical encephalitis with epileptic seizures and/or brainstem encephalitis during the course of the disease, all of whom were MOG-IgG positive. The four cases might enhance the understanding of MOG-IgG-related disorders. Although MOG-IgG-associated cortical/brainstem encephalitis occurs infrequently, it should be taken into consideration in patients who experience sudden seizure or symptoms of brainstem damage and when MRI reveals cerebral cortical or brainstem lesions. Currently, research on MOGAD is limited and requires further exploration.
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Neuromyelitis optica spectrum disorder (NMOSD) and myelin oligodendrocyte glycoprotein-antibody-associated disease (MOGAD) are antibody mediated CNS disorders mostly affecting the optic nerve and spinal cord with potential severe impact on the visual pathway. Here, we investigated inflammation and degeneration of the visual system in a spontaneous encephalomyelitis animal model. We used double-transgenic (2D2/Th) mice which develop a spontaneous opticospinal encephalomyelitis (OSE). Retinal morphology and its function were evaluated via spectral domain optical coherence tomography (SD-OCT) and electroretinography (ERG) in 6- and 8-week-old mice. Immunohistochemistry of retina and optic nerve and examination of the retina via RT-qPCR were performed using markers for inflammation, immune cells and the complement pathway. OSE mice showed clinical signs of encephalomyelitis with an incidence of 75% at day 38. A progressive retinal thinning was detected in OSE mice via SD-OCT. An impairment in photoreceptor signal transmission occurred. This was accompanied by cellular infiltration and demyelination of optic nerves. The number of microglia/macrophages was increased in OSE optic nerves and retinas. Analysis of the retina revealed a reduced retinal ganglion cell number and downregulated Pou4f1 mRNA expression in OSE retinas. RT-qPCR revealed an elevation of microglia markers and the cytokines Tnfa and Tgfb. We also documented an upregulation of the complement system via the classical pathway. In summary, we describe characteristics of inflammation and degeneration of the visual system in a spontaneous encephalomyelitis model, characterized by coinciding inflammatory and degenerative mechanisms in both retina and optic nerve with involvement of the complement system.
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Background

Chronic inflammatory diseases of the central nervous system (CNS) have profound implications for patients due to the potential development of disability. While Multiple Sclerosis (MS) is the most common cause (1), there is also a spectrum of relatively rare neuroinflammatory and neurodegenerative diseases such as Neuromyelitis optica spectrum disorder (NMOSD) and myelin oligodendrocyte glycoprotein (MOG)-IgG antibody associated disease (MOGAD). 25% of patients with a NMOSD phenotype present with autoantibodies directed against MOG (2). Recently, a robust association of anti-MOG IgG has been found with optic neuritis, myelitis and brainstem encephalitis, as well as with acute disseminated encephalomyelitis (ADEM)-like presentations (3). Hence, MOGAD is now considered as distinct disease entity with differing pathophysiological features compared to NMOSD (3, 4). MOG is located on the outer surface of the oligodendrocytic myelin sheath (5). The target of MOG antibodies are oligodendrocytes; hence the pathogenesis in MOG+ patients is different from the astrocytopathy in aquaporin4+ (APQ4+) NMOSD (6, 7). 

Since loss of vision is perceived as most impairing in daily life (8), further studies regarding the impact of MOG to the visual system, especially the retina, are needed. To better understand the pathogenesis of MOGAD, we took advantage of an animal model of spontaneous opticospinal encephalomyelitis (OSE), characterized by MOG-reactive transgenic T-cells (2D2) and a transgenic B-cell receptor against MOG (Th) (9). OSE mice develop a progressive encephalomyelitis spontaneously, characterized by inflammation and demyelination of the spinal cord and the optic nerve (9, 10). Only few studies investigated retinal damage in NMOSD or MOG models. Zeka et al. observed retinal inflammation in a NMOSD model in rats (11). None of those previous studies focused on the detailed examination of retinal cells in the OSE model, representing MOGAD. Understanding mechanisms of damage in OSE as model of MOGAD is therefore an important step towards identifying potential targets and developing new therapeutic approaches to stop disease progression and avoid loss of vision in affected patients.

In this study, we describe longitudinal dynamics of morphological, functional and structural retinal alterations as well as (immuno-) histochemical changes in the optic nerve in OSE. Data are corroborated by analyses of gene expression alterations of markers of inflammation and complement activation. We show that the retina loses function in accordance with progressive neurodegeneration of retinal ganglion cells (RGCs) in line with inflammation and complement activation, hence informing about potential therapeutic targets in MOGAD.



Methods


Animals and Evaluation of Spontaneous Opticospinal Encephalomyelitis

All experiments involving animals were performed in accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision Research and approved by the animal care committee of North Rhine-Westphalia, Germany (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany; file no. 84-02.04.2016.A062). All animals were bred and housed in the animal facility of the Ruhr-University Bochum under environmentally controlled conditions with free access to food and water ad libitum in the absence of pathogens.

Both male and female C57BL/6 mice with either MOG-specific T cells (2D2) (12) or MOG-specific B cells (Th) (13) were used for the study. The double-transgenic (2D2/Th) OSE mice resulting from the intercross of the single-transgenic TCRMOG and MOG-specific Ig heavy-chain knock-in (IgHMOG) animals spontaneously develop an opticospinal encephalomyelitis with an onset four weeks after birth and an incidence of about 50% (9). The OSE model is a suitable model for MOGAD due to the fact that the demyelinating lesions are restricted to the optic nerve and the spinal cord with histological similarity to human lesions (9). Single-transgenic IgHMOG (Th) mice remain healthy and served as age-matched control animals.

Mice were weighted daily and examined for neurological symptoms using an established 10-point score system: 0=healthy animal, 1=flaccid tail, 2= impaired righting reflex or gait, 3=absent righting, 4=ataxic gait, abnormal position, 5=mild paraparesis, 6=moderate paraparesis, 7=severe paraplegia, 8=tetraparesis, 9=moribund, and 10=death (14).

At six and eight weeks of age, in vivo experiments using SD-optical coherence tomography (SD-OCT) and electroretinography (ERG) measurements were carried out. Afterwards, the eyes and optic nerves were removed for histological and immuno-histochemical analysis or quantitative real-time PCR (RT-qPCR; Figure 1A). Subsequent to the preparation, the histological tissues were fixed in 4% paraformaldehyde (Merck, Darmstadt, Germany) for one hour (retina) or two hours (optic nerve), drained in 30% sucrose (VWR, Langenfeld, Germany), embedded in Tissue Tec (Thermo Scientific, Waltham, MA; USA) and frozen at -80°C. While one eye of each animal was used for immunohistological stainings, the other retina was isolated from the surrounding tissue and frozen at -80°C for RT-qPCR.




Figure 1 | Neurological signs in accordance with structural impairment of the retina. (A) Study design. (B) OSE mice showed clinical signs of encephalomyelitis with flaccid hind limb paralysis starting at day 26. A significantly higher score was observed in OSE mice while control mice remained healthy. (C) Additionally, 50% of OSE mice were affected after 32 days. The incidence increased to 75% at day 38 in OSE mice. (D) SD-OCT measurements were performed in six- and eight-week-old mice to evaluate the retinal thickness. (E) The morphological analysis of the retina revealed a reduction of the retinal thickness (ganglion cell complex to ONL) in six-week-old OSE animals in comparison to the control group. The reduction of the retinal thickness was also noted after eight weeks. (F) The ganglion cell complex thickness (RNFL, GCL and IPL) was reduced by 6.5% in eight-week-old OSE mice. (G) The INL thickness decreased by 2.5% between six and eight weeks time point in OSE mice. (H) A slight reduction of ONL thickness by 0.4% was seen in OCT analysis in the OSE group. Data are shown as mean ± SEM. ERG, electroretinogram; GCL, ganglion cell layer; Histo, histology; IHC, immunohistochemistry; IPL, inner plexiform layer; INL, inner nuclear layer; OCT, optical coherence tomography; OPL, outer plexiform layer; ONL, outer nuclear layer; OLM, outer limiting membrane; OS, outer segment; RPE, retinal pigment epithelium; RT-qPCR, quantitative real-time polymerase chain reaction. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 200 μm.





In Vivo Retinal Imaging Using SD-OCT

We performed SD-OCT measurements in six- and eight-week-old mice (n=8/group) using a Heidelberg Engineering Spectralis OCT device (Heidelberg Engineering, Heidelberg, Germany) which was modified with a +25 dpt lens for murine eyes. The animals were anesthetized with ketamine/xylazine (120/16 mg/kg body weight). Eyes were treated with 5% tropicamide to induce mydriasis before investigation. Additionally, we applied 0.9% NaCl on the eyes before and during the SD-OCT analysis. The mice were placed in front of the SD-OCT. Three horizontal scans and one ring scan were obtained from both eyes of each animal via the Heyex software (Heidelberg Engineering, Heidelberg, Germany) with the following settings: angle 30°, lens 34.5 dpt., art. frames 100, eye size M. The eyes were treated with eye droplets subsequently to the examination to prevent dehydration. The thickness of the retinal layers was measured manually in an axis perpendicular to the individual layers using ImageJ software (National Institute of Health, Bethesda, MD, USA). The middle of the retina as well as two equidistant measurements per side were performed. Hence, five measurements were used to calculate the mean value for each retina and each layer (15–17). The retinal thickness was measured, the total thickness included the retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer, and the outer nuclear layer (ONL). A separate measurement of the ganglion cell complex (RNFL, GCL, and IPL) as well as separate measurements of the INL and ONL thickness were also carried out.



Electroretinography Recordings

To measure the animals’ retinal function, we used full-field flash ERG (HMsERG system; OcuScience, Henderson, NV, USA) as previously described (18). OSE and control mice, six (OSE: n=5; control: n=6) and eight weeks (n=6/group) of age, were dark adapted the day before the ERGs were performed and narcotized with ketamin/xylazin (120/16 mg/kg body weight) prior to the examination. Eyes were dilated with tropicamide (5%) and topically anesthetized using conjuncain (Bausch&Lomb, Berlin, Germany). A feedback temperature controller (TC-1000; CWE Inc., Ardmore, PA, USA) was used to maintain the body temperature at 37°C. Reference electrodes were placed subcutaneously below both ears and a ground electrode was placed in the base of the tail. Contact lenses with silver thread recording electrodes were attached at the center of the cornea after application of methocel (Omni Vision, Puchheim, Germany). Before measurement, the ERG equipment was covered with a Faraday cage. The scotopic ERG measurements were recorded at 0.1, 0.3, 1, 3, 10, and 25 cd.s/m2. Afterwards, the signals were amplificated, digitalized and averaged to evaluate the a- and b-wave using ERGView software (Version 4.380R; OcuScience). Before evaluating the amplitudes of the a- and b-waves, a 50 hz filtering of the data was applied.



Histopathological Staining and Scoring of the Optic Nerve

We stained longitudinal sections of the optic nerve (4 µm, 3 sections per animal, n=8/group for six and eight weeks) with hematoxylin and eosin (H&E, Merck) or luxol fast blue (LFB; RAL Diagnostics, Martillac Cedex, France). Three images of each cryosection (cranial, medial, caudal) were taken with an Axio Imager M1 microscope (Zeiss, Oberkochen, Germany) at a 400x magnification. The masked pictures were evaluated by two independent examiners regarding cellular infiltration and inflammation using a 4-point scoring system for H&E-stained sections (19): 0=no infiltration, 1=mild infiltration, 2=moderate infiltration, 3=severe infiltration, and 4=massive infiltration with formation of cellular conglomerates. The degree of demyelination in LFB-stained sections was also evaluated by two examiners in 0.5 intervals: 0=no demyelination, 0.5=mild demyelination, 1=moderate demyelination, 1.5=advanced demyelination, and 2=severe demyelination (19).



Immunohistochemistry of the Optic Nerve and the Retina

Immunohistochemical stainings of longitudinal sections of the optic nerve (4 µm, n=8/group) and of retinal cross-sections (10 µm, n=7-8/group) were performed with appropriate primary and secondary antibodies at six and eight weeks (Table 1). We used six sections for each animal. First, sections were blocked for 60 min with a solution containing 10-20% donkey serum with or without 1-10% bovine serum albumin and 0.1-0.3% Triton-X in PBS. Primary antibodies were applied and incubated at room temperature overnight. Then, corresponding secondary antibodies were added for 60 min. Nuclear staining with 4’,6 diamidino-2-phenylindole (DAPI; Serva Electrophoresis, Heidelberg, Germany) was applied to facilitate orientation on the slides. Negative controls were performed for each staining by using the secondary antibodies only.


Table 1 | Primary and secondary antibodies used for immunohistochemistry on retina and optic nerve sections.



Regarding the optic nerve, three pictures were taken of each longitudinal section (cranial, medial, caudal). Six nerve sections per animal were analyzed (24 photographs/animal). Four pictures were taken of each retinal section (two in the peripheral and two in the central retina) via ApoTome.2 microscope (Zeiss) for all stainings with a 400x magnification. Photos of retinal cross-sections were taken at a distance of 300 and 3100 µm dorsal and ventral to the optic nerve. Six cross-sections per animal were analyzed in total (24 photographs/animal). Afterwards, all images were masked and cut in a predefined size (Corel Paint Shop Pro, V13; Corel Corporation; Ottawa, Canada).

RBPMS+, Iba1+, Tmem119+, C1q+, C3+, and MAC+ (membrane attack complex) cells with a co-localization with DAPI (cell nuclei) were counted using ImageJ software. In the retina, RBPMS+ were counted in the GCL. Iba1+, Tmem119+, C1q+, C3+, and MAC+ cells were quantified in the GCL, IPL, and INL together as well as separately in these three layers.

Regarding GFAP staining, the signal area was measured using an ImageJ macro with the following settings (20): The pictures were transformed into a gray scale (32-bit). After averaging the background subtraction (50 pixel), the lower (14.63) and the upper threshold (252.13) were set. Means per retina were calculated and used for statistical analysis.



Retinal Quantitative Real‐Time Reverse Transcription Polymerase Chain Reaction

Two retinas from the same group were pooled for RNA preparation (n=5/group for six weeks, n=5-6/group for eight weeks after pooling) and cDNA synthesis was carried out as previously described (21). The designed oligonucleotides for RT-qPCR are shown in Table 2. The RT-qPCR was carried out using DyNAmo Flash SYBR Green (Thermo Scientific) on the PikoReal RT-qPCR Cycler (Thermo Scientific). Primer efficiencies of each primer set were calculated based on a dilution series of 5 to 125 ng cDNA. Ct values of the house-keeping genes β-actin (Actb) and Cyclophilin (Ppid) were applied for normalization and relative quantification of gene expressions.


Table 2 | Primer pairs for RT-qPCR analysis.





Statistical Analyses

Statistical analyses of clinical scores, SD-OCT, ERG, histology, and immunohistochemistry were performed using Statistica software (Version 13; StatSoft, Tulsa, OK, USA). Groups were compared using Student’s t-test for each time point. Data are shown as mean ± standard error of the mean (SEM). RT-qPCR data are shown as relative expression values with median ± quartile+minimum/maximum and were assessed via Pair Wise Fixed Reallocation Randomisation Test© using REST© software (Qiagen) (22). Incidence and the Spearman correlation coefficient (r, R2) were calculated for the analyses of the associations between SD-OCT parameters and RGC numbers as well as between clinical scores and RGC numbers/SD-OCT parameters using Prism (Version 9; GraphPad, San Diego, CA, USA). P<0.05 was considered as statistically significant, with *p<0.05, **p<0.01, and ***p<0.001.




Results


OSE Mice Develop Disability in Accordance With Reduced Weight

Single-transgenic control animals (IgHMOG) remained without neurological impairment (mean score 0) over the whole duration of the study, as expected. Contrary, OSE mice developed signs of spontaneous encephalomyelitis, starting at day 26 after birth with an incidence of 25% at day 27 (Figures 1B, C). After 32 days, 50% of OSE mice were affected as reflected in a mean score of 1.9 ± 1.0 (p=0.087). The incidence increased to 75% at day 38 in OSE mice (2.3 ± 1.0; p=0.033; Figure 1C), reflecting a flaccid tail and an impaired righting reflex or gait. At day 56, the mean EAE score in the OSE group was 4.3 ± 0.8.

Disability in OSE mice was reflected in a 10.8% lower weight (14.1 ± 1.1 g) compared to control mice after six weeks (15.8 ± 0.6 g, p=0.199). Eight-week-old OSE animals weighted significantly less (15.0 ± 1.0 g) than the control group (19.3 ± 0.6 g, p=0.003; Supplemental Figure 1).



Retinal Thickness Is Reduced in OSE

To evaluate structural alterations of the retina, we performed SD-OCT after six and eight weeks (Figure 1D). The analysis in six weeks old mice showed a significant reduction of the retinal thickness by 8.2% in OSE retinae (345.3 ± 4.2 µm) compared to the control group (376.1 ± 2.5 µm; p<0.001; Figure 1E). To investigate whether there was loss of retinal thickness over time, we also performed analyses at eight weeks of age. We found a reduced thickness of 12.3% in OSE animals (314.6 ± 3.1 µm) compared to the control group (358.9 ± 3.1 µm; p<0.001). In addition, we noted a progressive thinning of retina in OSE mice from six to eight weeks (8.9%, p<0.001; Figure 1E).

To analyze which layers are affected by the reduction of retinal thickness, separate measurements of the ganglion cell complex (=RNFL, GCL and IPL), the INL, and the ONL were carried out. At 6 weeks, OSE mice had a thinner ganglion cell complex (control: 151.9 ± 0.8 µm, OSE: 133.5 ± 1.8 µm, p<0.001). We found a thinning by 6.5% of the ganglion cell complex in the OSE groups at eight weeks (control: 150.2 ± 1.1 µm, OSE: 124.7 ± 1.9 µm, p<0.001; Figure 1F).

A significantly reduced INL (control: 45.6 ± 4.2 µm, OSE: 40.7 ± 1.0 µm, p=0.016; Figure 1G) and ONL thickness (control: 132.4 ± 0.7 µm, OSE: 122.4 ± 2.5 µm, p=0.002; Figure 1H) was noted at the six weeks´ time point. The INL in the OSE group was also thinner at eight weeks (control: 45.1 ± 0.8 µm, OSE: 39.7 ± 0.3 µm, p<0.001; Figure 1G). The ONL thickness at eight weeks was also reduced in the OSE group (control: 131.6 ± 1.5 µm, OSE: 121.9 ± 1.6 µm, p<0.001; Figure 1H).



Reduction of Retinal Electrical Output as Marker of Impaired Function

To understand whether loss of retinal thickness is also associated with functional impairment, we performed ERG recordings. In all groups, increased a- and b-wave amplitudes were observed with rising light flash stimuli. At six and eight weeks, ERG waveforms at a flash luminance of 25 cd*s/m2 showed a decrease in OSE animals compared to controls (Figure 2A, D).




Figure 2 | Functional impairment of the retina. (A) Exemplary ERG amplitudes at 25 cd.s/m2 flash luminance at six weeks. (B) At six weeks, the a-wave amplitude, representing the photoreceptors, was reduced in the OSE group. (C) The b-wave amplitude, which illustrates the conductivity of the inner retinal layers, was significantly reduced in OSE animals in comparison to the control group. (D) Exemplary ERG amplitudes at a flash luminance of 25 cd.s/m2 in eight-week-old mice. (E) The ERG measurements after eight weeks again displayed a reduced a-wave amplitude in OSE. (F) Also, a loss of the electrical output was noted after eight weeks regarding the b-wave amplitude of OSE mice. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01.



The a-wave represents the electrical output of the photoreceptor layer and was significantly reduced at flash intensities of 10 and 25 cd s/m2 in OSE mice after six weeks (p=0.012 at 10 cd.s/m2, p=0.032 at 25 cd.s/m2). At 0.1 and 0.3 cd.s/m2 flash intensity, the a-wave amplitude of the OSE group was similar to the one of the control group. A non-significant reduction of the a-wave amplitude could be noted at 1 (p=0.059) and 3 cd.s/m2 (p=0.087) flash intensity (Figure 2B).

The b-wave mirrors the electrical conductivity of the inner retinal layers. A non-significant trend for a decreased b-wave amplitude was measured at flash intensities of 0.1 (p=0.051) and 0.3 cd.s/m2 (p=0.057) in OSE mice in comparison to the control group at six weeks. A significant reduction could be documented at flash intensities of 1 (p=0.034) up to 25 cd.s/m2 (p=0.03) in OSE mice (Figure 2C).

The ERG measurements after eight weeks showed a non-significant reduction of the a-wave amplitude from 0.1 (p=0.566) to 3 cd.s/m2 (p=0.377). At flash intensities of 10 and 25 cd.s/m2, a significantly decreased a-wave amplitude was measurable in OSE mice (p=0.013 at 10 cd.s/m2, p=0.02 at 25 cd.s/m2; Figure 2E). The b-wave amplitude was strongly decreased at all flash intensities in OSE mice after eight weeks (p=0.024 at 0.1 cd.s/m2, p=0.034 at 0.3 cd.s/m2, p=0.017 at 1 cd.s/m2, p=0.04 at 3 cd.s/m2, p=0.006 at 10 cd.s/m2, p=0.008 at 25 cd.s/m2; Figure 2F). Those data altogether indicate an impairment of the retinal function, which might be explained by a dysfunction of photoreceptor and bipolar cells in affected mice.



Cellular Infiltration, Inflammation, and Demyelination of Optic Nerves in OSE

We performed histological analyses of optic nerves to investigate the degree of inflammation and demyelination (19). The H&E staining of optic nerve sections was evaluated via scoring the degree of cellular infiltration (Figure 3A). After six weeks, OSE mice showed an average score of 2.6 ± 0.1, which was increased compared to the control group (0.6 ± 0.2, p<0.001). The H&E score in the control group increased from six to eight weeks (1.3 ± 0.1; p=0.02). Still, more cellular infiltration and inflammation was also notable in H&E stained OSE nerves at eight weeks of age (2.8 ± 0.2), when compared to controls (p<0.001 Figure 3B).




Figure 3 | Structural damage and increased demyelination of the optic nerve. (A) H&E stainings were performed after six and eight weeks to evaluate the morphology of the optic nerve. (B) The optic nerves of OSE mice showed a significantly elevated H&E score compared to the control group at both ages. (C) LFB-stained myelin sheaths of the control and OSE group are displayed. (D) Demyelination was increased in the OSE group as indicated in a higher LFB score at six as well at eight weeks of age. Data are shown as mean ± SEM. *p < 0.05, ***p < 0.001. Scale bars: 20 μm.



Histopathological stainings with LFB were performed to investigate the degree of demyelination after six and eight weeks (Figure 3C). LFB-stained myelin sheaths of the six-week-old control group resembled combed bundles in a parallel arrangement (0.7 ± 0.2). This arrangement was interrupted in the OSE group represented by the brightening of the structure and demyelination (1.4 ± 0.1; p=0.011). At eight weeks of age, demyelination was again significantly higher in the OSE group (1.4 ± 0.1) compared to the control (0.7 ± 0.1; p<0.001; Figure 3D).



Increased Infiltration of Activated Microglia in the Optic Nerve of OSE Mice

Iba1 was used to label microglia/macrophages (23, 24). Co-staining with Tmem119, the transmembrane protein which is exclusively expressed by microglia, was used to visualize microglia on optic nerve sections (25) (Figure 4A). The results at six weeks display a significantly higher number of Iba1+ cells in the OSE group (3.1 ± 0.6 cells) in comparison to controls (0.5 ± 0.1 cells, p<0.001). At eight weeks, Iba1+ cell numbers were still increased in OSE mice (6.9 ± 2.4 cells) compared to controls (1.4 ± 0.1 cells, p=0.042; Figure 4B).




Figure 4 | Increased numbers of microglia/macrophages in the optic nerve. (A) Optic nerve sections were stained with Iba1 (red, microglia/macrophages) and Tmem119 (green, microglia) at six and after eight weeks. White arrows indicate co-localized Tmem119+ and Iba1+ cells. (B) The number Iba1+ cells was significantly increased in the OSE group after six weeks. The staining after eight weeks still displayed an increase of Iba1+ cells among the OSE group. (C) Tmem119+ cells were also increased after six weeks. No difference of the number of Tmem119+ cells was measurable between both groups at eight weeks. (D) A higher number of microglia (Tmem119+ and Iba1+) was observed at six weeks. This elevation was still noted in the OSE group at eight weeks. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 20 μm.



Tmem119+ cells showed a threefold increase in six-week-old OSE mice (0.8 ± 0.1 cells) compared to controls (0.2 ± 0.1 cells, p=0.007). At eight weeks, the mean Tmem119 cell count in the control group (3.7 ± 0.4 cells) was higher than in younger animals (p<0.001). The number of Tmem119+ cells was similar in the OSE group (5.0 ± 0.8 cells) and the control group at eight weeks (p=0.152; Figure 4C).

In addition, a twofold increase in Tmem119+ and Iba1+ cells was noted in OSE mice at the age of six weeks (1.4 ± 0.2 cells) compared to controls (0.7 ± 0.3 cells, p=0.045). The number of Tmem119+and Iba1+ cells was still significantly increased in OSE (2.5 ± 0.3 cells) at eight weeks (control: 1.2 ± 0.1 cells, p=0.002; Figure 4D).



OSE Mice Display a Reduced Number of Retinal Ganglion Cells

We used RBPMS to label RGCs (26) (Figure 5A). After six weeks, the number of RGCs was reduced by 37.8% in OSE mice (40.4 ± 1.6 cells/mm) in comparison to the control group (65.0 ± 8.1 cells/mm, p=0.01). A reduction of RGCs by 27.4% was noted in eight-week-old OSE mice (OSE: 42.7 ± 2.6 cells/mm; control: 58.8 ± 4.6 cells/mm, p=0.007; Figure 5B).




Figure 5 | Reduced number of retinal ganglion cells in OSE mice. (A) Retinal ganglion cells were stained with RBPMS (red) on retinal cross-sections. Cell nuclei were labeled with DAPI (blue). (B) The number of retinal ganglion cells was significantly reduced in the OSE group at six weeks. This reduction was also detectable in eight-week-old animals. (C) A significant downregulation of Pou4f1 mRNA was noted in OSE mice in comparison to the control group at six and eight weeks. (D) Immunohistological staining of retinal cross-sections with GFAP (green) and DAPI (blue) was performed to label macroglia. (E) The GFAP+ area evaluation revealed no significant differences between both groups at both ages. (F) The expression of Gfap mRNA was significantly increased in OSE mice at six weeks, but no changes were detectable at eight weeks. Data are mean ± SEM for immunohistochemistry, relative values for RT-qPCR are median ± quartile ± maximum/minimum. The dotted lines in (C, F) represent the relative expression level of the control group. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer. *p < 0.05, **p < 0.01. Scale bars: 20 μm.



Additionally, we quantified the Pou4f1 expression, which is a transcription factor highly expressed in RGCs, using RT-qPCR. In conformity with the immunohistochemical staining, the RT-qPCR displayed a significantly lower Pou4f1 mRNA expression in the OSE group after six weeks (0.563-fold, p=0.015) in comparison to the control group. The RT-qPCR analyses of the eight-week time point showed a similar result (0.519-fold, p=0.008; Figure 5C).

The immunohistological staining with GFAP to analyze macroglia was performed after six and eight weeks (Figure 5D), since retinal degeneration is often associated with gliosis (27). The analysis of the GFAP+ area displayed no significant differences between both groups at six (OSE: 2.1 ± 0.4%, control: 2.3 ± 0.3%, p=0.702) and at eight weeks (OSE: 1.7 ± 0.3%, control: 1.7 ± 0.1%, p=0.795; Figure 5E). Interestingly, an increased Gfap mRNA expression was detectable at six weeks (2.193-fold, p=0.005) whereas no significant changes were notable after eight weeks (1.087-fold, p=0.81, Figure 5F).



Increased Number of Microglia/Macrophages in the Retina

The staining with Iba1 and Tmem119 was likewise performed on retinal cross-sections (Figure 6A) and cells were counted in the inner retinal layers (GCL to INL) together as well as separately. The immunohistochemical staining of the retina after six weeks demonstrated a significantly increased number of microglia/macrophages (Iba1+ cells) in OSE mice (6.4 ± 0.9 cells/mm) compared to the control group (2.9 ± 0.4 cells/mm, p=0.005). After eight weeks, the number of Iba1+ cells was still significantly increased in OSE animals (7.6 ± 0.8 cells/mm) compared to controls (5.5 ± 0.6 cells/mm, p=0.048, Figure 6B). Regarding the separate layers, at six weeks, more Iba1+ cells were noted in the GCL of OSE mice (3.3 ± 0.7 cells/mm) compared to controls (0.4 ± 0.2 cells/mm, p=0.002), but not at eight weeks (OSE: 2.7 ± 0.4%, control: 1.9 ± 0.4%, p=0.141; Supplemental Figure 2A). The number of Iba1+ cells was comparable in both groups in the IPL at six (OSE: 2.4 ± 0.3%, control: 1.4 ± 0.9%, p=0.054) and eight weeks (OSE: 1.3 ± 0.4%, control: 0.7 ± 0.1%, p=0.146; Supplementary Figure 2B). Also, no difference between both groups was observed regarding Iba1+ cell counts in the INL at six (OSE: 0.7 ± 0.3%, control: 1.1 ± 0.3%, p=0.187) and eight weeks (OSE: 3.6 ± 0.6%, control: 3.0 ± 0.6%, p=0.469; Supplemental Figure 2C).




Figure 6 | Increased number of microglia/macrophages in OSE retinae. (A) Iba1 was used to label microglia/macrophages (red) whereas microglia were co-stained with Tmem119 (green) and Iba1. Iba1+ and Tmem119+ cells were quantified in GCL, IPL, and INL. White arrows point towards co-localized Tmem119+ and Iba1+ cells. (B) The immunohistochemical staining of the retina after six weeks demonstrated a significantly increased number of microglia/macrophages (Iba1+) in OSE mice. The number of Iba1+ cells was also significantly increased in eight-week-old OSE mice. (C) An increased number of Tmem119+ cells was noted in the retinae of OSE animals at six weeks. Tmem119+ cell counts were comparable in both groups at eight weeks. (D) The number of Tmem119+ and Iba1+ cells in the retina was significantly increased in the OSE group at six weeks, which was diminished at eight weeks. (E) Using RT-qPCR, a significant upregulation of Iba1 mRNA was noticed in six-week-old OSE mice. After eight weeks, the expression of Iba1 mRNA was still significantly increased, though to a lesser extent. (F) The expression of Cd68 mRNA was significantly increased in OSE retinas at both time points. (G) The mRNA expression of Tmem119 was also elevated after six and eight weeks. (H) RT-qPCR evaluation of the cytokine Tnfa mRNA revealed an increased expression at both ages in OSE mice. (I) The Tgfb mRNA expression was significantly upregulated at six and eight weeks in the OSE group. Data are shown as mean ± SEM for immunohistochemistry, relative values for RT-qPCR are median ± quartile ± maximum/minimum. The dotted lines in (E–I) represent the relative expression level of the control group. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 20 μm.



Additionally, we noted an increase of Tmem119+ cells in the retinae of OSE animals after six weeks (OSE: 0.6 ± 0.2 cells/mm; control: 0.05 ± 0.05 cells/mm, p=0.028). No significant differences regarding Tmem119+ cells were detectable at eight weeks of age (OSE: 23.9 ± 4.0 cells/mm, control: 23.0 ± 5.4 cells/mm, p=0.869; Figure 6C). When examining Tmem119+ cells in the retinal layers separately, no differences between the groups could be detected. The number of Tmem119+ cells was similar in the GCL in OSE and control retinas at six (OSE: 2.4 ± 0.3%, control: 1.4 ± 0.9%, p=0.105) and eight weeks (OSE: 1.7 ± 0.5%, control: 1.9 ± 0.5%, p=0.775; Supplemental Figure 2D). Also, Tmem119+ cell counts were comparable in the IPL at six (OSE: 0.1 ± 0.1%, control: 0.0 ± 0.0%, p=0.079) and eight weeks (OSE: 1.0 ± 0.2%, control: 0.8 ± 0.3%, p=0.585; Supplemental Figure 2E). The same was the case in the INL at six (OSE: 0.3 ± 0.5%, control: 0.06 ± 0.1%, p=0.927) and eight weeks (OSE: 21.2 ± 4.0%, control: 20.7 ± 4.8%, p=0.775; Supplemental Figure 2F).

The co-staining of Tmem119 and Iba1 showed significantly more microglia in the retinas of six-week-old OSE mice (4.0 ± 0.7 cells/mm) in comparison to the controls (0.6 ± 0.3 cells/mm, p=0.001). In contrast, no significant changes were detectable at eight weeks (OSE: 3.5 ± 0.9 cells/mm, control: 2.1 ± 0.4 cells/mm, p=0.229; Figure 6D). In regard to the cell counts in the separate layers, significant differences were only visible in six-week-old mice. Here, OSE mice (0.7 ± 0.2%) displayed more Tmem119+ and Iba1+ cells in the GCL than control animals (0.1 ± 0.1%, p=0.005). Later on, cell counts were comparable in these groups (OSE: 0.7 ± 0.3%, control: 0.4 ± 0.2%, p=0.336; Supplemental Figure 2G). The Tmem119+ and Iba1+ cell numbers in the IPL were higher in OSE mice (2.1 ± 0.4%) than in controls (0.5 ± 0.2%, p=0.003) at six weeks, while at eight weeks, cell counts in this layer were similar in both groups (OSE: 0.6 ± 0.3%, control: 0.2 ± 0.3%, p=0.206; Supplemental Figure 2H). In addition, in the INL more, Tmem119+ and Iba1+ cells were counted in the OSE group (4.0 ± 0.7%) than in the control group (2.0 ± 0.7%, p=0.001). At eight weeks, cell counts in both groups in the INL were not different (OSE: 3.5 ± 0.9%, control: 2.1 ± 0.9%, p=0.156; Supplemental Figure 2I).

In addition to the immunhistochemical stainings, we also performed RT-qPCR to quantify the expression of the markers Iba1 (microglia/macrophages), Tmem119 (microglia), and CD68 (ED1, macrophages). The analyses via RT-qPCR at six weeks showed a marked increase of the Iba1 mRNA expression in retinae of OSE mice (6.95-fold, p<0.001). After eight weeks, the expression of Iba1 mRNA was still increased, though to a lesser extent (1.803-fold, p=0.008; Figure 6E). Additionally, we found an increased Tmem119 mRNA expression in OSE in six- (1.888-fold, p=0.026) and eight-week-old OSE mice (1.963-fold, p=0.016; Figure 6F). The expression of CD68 mRNA was also higher in the OSE group at six weeks (3.877-fold, p=0.002) as well as at eight weeks of age (2.469-fold, p=0.007; Figure 6G).

Since microglia are known to be the primary source of proinflammatory cytokines, we analyzed the mRNA expression of Tnfa and Tgfb. We noted increased mRNA expression levels at both time points regarding Tnfa (6 weeks: 2.813-fold, p=0.005; 8 weeks: 2.071-fold, p=0.006; Figure 6H). The mRNA expression of Tgfb was also upregulated in OSE mice after six (1.682-fold, p=0.003) as well as after eight weeks (1.899-fold, p=0.023, Figure 6I).



Activation of the Complement System in the Retina of OSE Mice

Retinal cross-sections were labelled with antibodies against the complement markers C1q, C3, and MAC (Figure 7A) and counted in the inner retinal layers (GCL to INL). The staining with C1q at the six weeks´ time point showed a significantly higher number of C1q+ cells in the OSE group (15.8 ± 1.4 cells/mm) in comparison to the control group (2.6 ± 0.3 cells/mm, p<0.001). An increase of 16.5% among C1q+ cells was noted in eight-week-old OSE mice (OSE: 18.4 ± 3.0 cells/mm; control: 2.1 ± 0.3 cells/mm, p<0.001; Figure 7B). When looking at the retinal layers separately, at six weeks, we noted a more than 10-fold increase of C1q+ cells in the GCL of OSE animals (7.1 ± 0.9 cells/mm) compared to controls (0.6 ± 0.2 cells/mm, p<0.001). At eight weeks, OSE animals (6.8 ± 1.3 cells/mm) still showed more C1q+ cells in the GCL than controls (0.7 ± 0.2 cells/mm, p<0.001; Supplemental Figure 3A). Regarding the IPL, the OSE group (6.0 ± 0.8 cells/mm) displayed more C1q+ cells than controls (1.4 ± 0.3 cells/mm, p<0.001) at six weeks. Similar effects were noted at eight weeks (OSE: 9.5 ± 1.4 cells/mm; control: 1.0 ± 0.2 cells/mm, p<0.001; Supplemental Figure 3B). More C1q+ cells were also noted in the INL of OSE retinae at six (OSE: 2.7 ± 0.5 cells/mm; control: 0.5 ± 0.2 cells/mm, p=0.001) and eight weeks (OSE: 2.1 ± 0.4 cells/mm; control: 0.4 ± 0.1 cells/mm, p=0.002; Supplemental Figure 3C).




Figure 7 | Activation of the classical pathway of the complement system in the retina of OSE mice. (A) Staining of retinal cross-sections with the complement markers C1q (red), C3 (red), and MAC (red), while DAPI counterstained cell nuclei (blue). (B) A significantly increased number of C1q+ cells was found in the OSE group in the GCL, IPL, and INL after six weeks. An increase of C1q+ cells of 16.5% was noted at the eight weeks´ time point. (C) The total number of C3+ cells in GCL, IPL, and INL was significantly elevated in six-week-old OSE mice. After eight weeks, C3+ cells were even further increased. (D) The quantification of MAC+ cells revealed a significant increase among the OSE group at six weeks. A progression of increasing MAC+ cells in OSE mice was observed after eight weeks. (E–G). Complement pathway factor C1qa, C1qb, and C1qc (classical pathway) mRNA expression were significantly upregulated in six- and eight-week-old OSE mice. (H) At six weeks of age, a significant increase of Cfb (Factor B, alternative pathway) mRNA expression was noted in OSE retinae, whereas the expression was not significantly altered later on, at eight weeks. (I) No significant differences were found in Masp2 mRNA (lectin pathway) at six and eight weeks. (J) An increased C3 (common pathway) mRNA expression was detected in the OSE group at both ages. (K) Likewise, the mRNA level of Hc (C5, common pathway) was upregulated at six as well as at eight weeks in OSE retinae. Data are shown as mean ± SEM for immunohistochemistry, relative values for RT-qPCR are median ± quartile ± maximum/minimum. The dotted lines in (E–K) represent the relative expression level of the control group. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 20 μm.



The complement marker C3 was stained on retinal cross-sections (Figure 7A). The statistical analysis showed a significant increase of C3+ cells in GCL, IPL, and INL together in the OSE group (7.3 ± 1.1 cells/mm) compared to the control (2.4 ± 0.7 cells/mm, p=0.003) after six weeks. An increase of C3+ cells in GCL, IPL, and INL was notable in eight-week-old OSE mice (10.0 ± 1.7 cells/mm; control: 0.9 ± 0.2 cells/mm, p<0.001; Figure 7C). We also investigated the number of C3+ cells in these layers separately. We mainly found an upregulation in the OSE group. The number of C3+ cells in the GCL was higher in OSE retinae at six (OSE: 3.5 ± 0.6 cells/mm; control: 0.9 ± 0.4 cells/mm, p=0.003) and eight weeks (OSE: 2.4 ± 0.9 cells/mm; control: 0.04 ± 0.04 cells/mm, p=0.0147; Supplemental Figure 3D). In the IPL, C3+ cell counts were also elevated in OSE animals at six (OSE: 1.7 ± 0.4 cells/mm; control: 0.8 ± 0.2 cells/mm, p=0.050) and eight weeks (OSE: 2.5 ± 0.4 cells/mm; control: 0.4 ± 0.1 cells/mm, p<0.001; Supplemental Figure 3E). C3+ cell counts in the INL were similar in both groups at six weeks (OSE: 2.1 ± 0.6 cells/mm; control: 0.8 ± 0.4 cells/mm, p=0.131). At eight weeks, C3+ cell counts were higher in the INL of OSE animals (5.1 ± 0.8 cells/mm) than in controls (0.5 ± 0.2 cells/mm, p<0.001; Supplemental Figure 3F).

To complete the immunohistological analyses of the complement system, we used an antibody to label the terminal complex MAC (Figure 7A). The results of the six weeks´ time point showed an increase of MAC+ cells in the retinae of OSE mice (54.2 ± 6.0 cells/mm) compared to the control group (19.8 ± 3.9 cells/mm, p<0.001). The number of MAC+ cells increased by 31.0% in eight-week-old OSE animals (71.0 ± 7.3 cells/mm; control: 21.7 ± 4.1 cells/mm, p<0.001; Figure 7D). In the GCL of six-week-old OSE mice (23.5 ± 3.3 cells/mm) more MAC+ cells were noted than in controls (11.8 ± 2.9 cells/mm, p=0.020). At eight weeks, counts in both groups were comparable (OSE: 16.1 ± 3.1 cells/mm; control: 10.9 ± 2.4 cells/mm, p=0.208; Supplemental Figure 3G). MAC+ cell numbers were comparable in the IPL of both groups at six (OSE: 0.1 ± 0.1 cells/mm; control: 0.05 ± 0.05 cells/mm, p=0.403) and eight weeks (OSE: 0.0 ± 0.0 cells/mm; control: 0.05 ± 0.05 cells/mm, p=0.337; Supplemental Figure 3H). In the INL, the number of MAC+ cells was significantly higher in the OSE group at six (OSE: 30.6 ± 5.3 cells/mm; control: 8.0 ± 3.1 cells/mm, p=0.003) and eight weeks (OSE: 54.9 ± 7.9 cells/mm; control: 11.5 ± 4.9 cells/mm, p<0.001; Supplemental Figure 3I).

In addition, we performed RT-qPCR to quantify the mRNA expression of the complement pathway factors C1qa, C1qb, C1qc, C3, Hc (C5), Masp2 (mannan-binding lectin serine protease 2), and Cfb (Factor B). To investigate an involvement of the classical pathway, we analyzed the mRNA levels of C1qa, C1qb, and C1qc. The expression of C1qa mRNA was significantly upregulated in six-week-old OSE mice (2.036-fold, p=0.049). At eight weeks, an increase of the C1qa mRNA expression was still notable in the OSE group (2.147-fold, p=0.007; Figure 7E). The analyses of C1qb mRNA showed a significantly increased expression in OSE animals at six weeks (2.892-fold, p=0.004) as well as at eight weeks (1.847-fold, p=0.007; Figure 7F). In accordance with the upregulation of C1qa and C1qb, the expression of C1qc mRNA was also upregulated in OSE mice with six weeks of age (3.387-fold, p=0.008). Again, we found an increased expression of C1qc mRNA at eight weeks (2.04-fold, p=0.001; Figure 7G).

To analyze a potential involvement of the alternative pathway, we quantified the expression of Cfb mRNA which encodes Factor B. Indeed, we found a significant upregulation in six-week-old OSE animals in comparison to the control group (1.733-fold, p=0.021). In contrast, we noted no significant alteration of Cfb mRNA expression later on, at eight weeks of age (1.077-fold, p=0.834; Figure 7H).

The lectin pathway was evaluated via Masp2. Masp2 mRNA expression was similar in both groups at six weeks (1.168-fold, p=0.468) and eight weeks (1.142-fold, p=0.665; Figure 7I), indicating that the lectin pathway is not activated in OSE mice.

To evaluate the common pathway which leads to the formation of MAC, we analyzed the expression of C3 and Hc. A significant increase of C3 mRNA expression was seen in six-week-old OSE mice (2.004-fold, p=0.006). We also found an upregulation of C3 mRNA in eight-week-old OSE animals (2.465-fold, p=0.001; Figure 7J).

In accordance with the increase of C3 mRNA, the expression of Hc mRNA encoding C5 was also upregulated at six weeks, in OSE mice (2.293-fold, p=0.004). At eight weeks, we noted a significantly higher Hc mRNA expression in the OSE group (1.711-fold, p=0.035; Figure 7K). Those results indicate an activation of the complement system in six- and eight-week-old OSE mice initiated by the classical pathway. Additionally, we noted an activation of the common pathway by the alternative pathway whereas the lectin pathway had no contribution to the activation of the complement system at any time.



Correlation of Evaluated Parameters

Correlation analyses of SD-OCT parameters and RGC counts showed a correlation between ganglion cell complex thickness and RGC numbers at six weeks (r=0.5092; p=0.046; Supplemental Figure 4A). A stronger correlation for the same parameters was noted at eight weeks of age (r=0.5825; p=0.016; Supplemental Figure 4B). The total retinal thickness, evaluated via SD-OCT, also correlated with the RGC counts at six (r=-0.8211; p<0.001; Supplemental Figure 4C) and eight weeks of age (r=-0.8299; p<0.001; Supplemental Figure 4D). Regarding the OSE score at 56 days, a negative correlation was noted with RGC numbers at six weeks (r=-0.595; p=0.017; Supplemental Figure 4E), but not with RGC numbers at eight weeks (r=-0.3388; p=0.197; Supplemental Figure 4F). A strong negative correlation was observed between the clinical score at 56 days and the ganglion cell complex (evaluated via SD-OCT) at both time points, six (r=-0.8211; p<0.001; Supplemental Figure 4G) and eight weeks (r=-0.8299; p<0.001; Supplemental Figure 4H).




Discussion

Understanding mechanisms and dynamics of degeneration of the visual system in chronic inflammatory conditions is a crucial step to implement effective therapeutic approaches, especially in rare conditions with potential devastating effects such as NMOSD or MOGAD. We therefore performed conclusive analyses of function, morphology, and histological alterations as well as changes of gene expression of inflammatory/immune pathways in a model of spontaneous encephalomyelitis. We provide evidence that early on during OSE, mice are affected by severe damage of the visual system with reduced function, retinal thinning, and severe inflammation with involvement of both the adaptive and innate immunity as well as activation of the complement system.

In autoimmune-mediated diseases, like MOGAD, NMOSD, or MS, neurodegeneration is a major component of the pathogenesis. Although the pathology of those diseases is not completely understood, neurodegeneration is mostly seen as secondary response to inflammatory-mediated demyelination (28, 29). Other studies refer to the role of neurodegeneration as a primary phenomenon occurring in myelin-deficient retina without optic neuritis (30, 31). In our study, OSE mice developed signs of encephalomyelitis after 26 days and 50% had a clinical score after four weeks. Intriguingly, we found indications of degeneration also in clinically unaltered animals without neurological signs.

The clinical analysis of the retina via OCT is frequently used as diagnostic tool in NMOSD and MOGAD (32). It is also applied to monitor disease progress in follow-up investigations (33). NMOSD patients have a significant reduction of the RNFL (34), correlating with the history of optic neuritis (35). In NMOSD, GCL and IPL are significantly more affected compared to MS or patients with isolated optic neuritis (36). Patterns of retinal thinning are, of note, similar in MOGAD and NMOSD (37). In contrast, the visual impairment due to retinal thinning is less severe in MOGAD compared to NMOSD (37–39).

Animal models offer a possibility to study dynamics longitudinally (40, 41). Cruz-Herranz et al. investigated the retinal changes in EAE mice, immunized with myelin oligodendrocyte glycoprotein peptide (MOG35–55). They found a thinning of the RNFL, the GCL, and IPL subsequent to the first signs of EAE (42). The reduction of those layers correlated with EAE severity and RGC loss. Another study also showed a significant reduction of the GCL in the EAE model eight weeks after MOG35–55 immunization (43). Until now, OCT has not been used in OSE. We showed that within a short time frame retinal thickness was further reduced from 8.2% in six-week-old OSE mice to 12.3% in eight-week-old animals. We especially noted a thinning of the ganglion cell complex via SD-OCT analysis, indicating that ganglion cells are predominantly affected. Also, we observed a strong correlation between retinal thickness and RGC counts. In addition, ganglion cell complex thickness and RGC cell numbers correlated. Our findings concur with the results from previous studies which describe a correlation of retinal thickness with the clinical score was well as with RGC counts (38, 43). This overall supports the use of OCT as marker of degeneration for progression and therapy response in OSE animal models as well as in patients.

Electroretinography is a well-established technique to investigate retinal function. Since retinal function can be impaired in NMO or MS patients with optic neuritis, ERG recordings were previously examined in patient studies (44, 45). ERG recordings were also analyzed in several mouse models for other diseases before (46, 47). We identified an impairment of retinal function correlating with retinal thinning in SD-OCT, suggesting an impairment of both the photoreceptors and the inner retinal layers.

Loss of RGCs correlates with irreversible neurodegeneration. We noted a significant loss of RGCs in the investigated OSE model, correlating with clinical progression. Zhang et al. noted a RGC decline in a rat NMOSD model, where animals were injected with AQP4 IgG-positive serum from NMOSD patients (48). Previous studies have described a significant RGC degeneration in several models of chronic EAE (19, 49–52). In a postmortem study of ocular pathology in MS patients, extensive neurodegeneration of the GCL and INL combined with inflammation of the retina was evident, irrespective of disease duration, while severity of retinal atrophy correlated with brain weight (53). Degeneration could be mediated by apoptosis (14, 19) or as result of inflammation during optic neuritis (54). We showed a reduction of RGCs both at six (37.8% reduction) and eight weeks (27.4% reduction), while OSE progressed further, suggesting that an initial peak of RGC degeneration is followed by rather moderate continuation of cell loss. This is highly relevant since we have shown previously in EAE that only a prophylactic treatment with the immunomodulatory agent laquinimod was able to reduce apoptosis and RGC loss, while a therapeutic approach failed (14).

The activation of macroglia, especially astrocytes, is a crucial factor in chronic inflammation in MS as well as in EAE (55, 56). In MS, an elevated GFAP level in the cerebrospinal fluid points towards severe astrogliosis (57). In contrast to MS, a decreased GFAP immunoreactivity was observed in NMO lesions, whereas the GFAP levels were increased in the cerebrospinal fluid due to the loss of astrocytes (58). The retina contains two types of macroglia, astrocytes and Müller cells (59). Surprisingly, we found no significant increase of the GFAP+ area in the retina at both time points. One possible explanation might be that astrocytic scar formation might happen later during the course of disease. This, however, remains to be proven with longitudinal investigations. Zeka et al. also observed little GFAP response in retinae of a rat model of NMOSD (11).

One hallmark of NMOSD and MOGAD is optic neuritis. The infiltration of the optic nerve with inflammatory cells has been shown in EAE (60) as well as in 12-week-old-mice OSE mice (9). In accordance with the results from these studies, we noted inflammatory infiltrations of the optic nerve, suggestive of optic neuritis, already in six- and eight-week-old-animals associated with demyelination. This was also accompanied by microglial activation, innate immune cells of the CNS important for homeostasis (61), phagocytosis, release of proinflammatory cytokines, and presentation of antigens to T cells (62). Microglia are crucially involved in the pathogenesis of chronic inflammation of the CNS, such as MS, especially during disease progression (63). Moreover, microglial interaction with astrocytes initiated by AQP4 antibodies leads to the formation of lesions in NMO (64). Although antibodies to AQP4 are absent in MOGAD, it is conceivable that microglia are also involved in the early formation of lesions in the OSE model.

In addition to the analyses of microglia in the optic nerve, we investigated microglia in the retina. Microglial activation of the retina was previously observed not only in NMO and MS, but also in EAE (64, 65). In OSE, active microglia and microglia/macrophages were significantly increased in the retina after six weeks. The analyses of the distribution of microglia/macrophages in the retinal layers showed that Iba1+ cells were only significantly increased in the GCL at six weeks whereas no differences were observed in the IPL and INL. In contrast, the number of Tmem119+ and Iba1+ microglia was increased in the GCL, IPL, and INL in the separate cell counts at six, but not at eight weeks suggesting an early peak in microglia response in OSE. In MS, CD68+ macrophages are upregulated in active white matter lesions in the brain (65). Interestingly, we found significantly upregulated expressions of CD68 and TNFα as well as TGFβ in the retina.

We also investigated the involvement of the complement system, since MOG IgG can induce complement dependent cytotoxicity (66). We showed, for the first time, an activation of the complement system, especially via the classical pathway, on mRNA and protein level. The alternative pathway was involved in the early phase of OSE whereas the lectin pathway was not involved, suggesting that the activation might be induced through antibody/antigen complex recognition. Further, microglia could be the source of complement, especially of C1q, in this model. In a mouse model for Alzheimer’s disease, a knock-out of C1q was accompanied by less microglia activation (67). The same group revealed that microglia are the dominant source of C1q in the brain and therefore probably also in the retina (68). The complement activation also supports the theory that neurodegeneration in the retina is not only a secondary phenomenon subsequent to isolated optic neuritis, but at least partly a result of the complement activation in the retina itself. Complement-dependent degeneration was described in the EAE model, while genetic lack of C3 protein protected from signs of EAE and neurodegeneration (69). Anti-complement directed therapeutic approaches such as the anti-C5 monoclonal antibody eculizumab are already in clinical use in NMOSD (70). While we showed an activation of the complement system in OSE, it remains so far unknown, whether activation of the complement system is a primary driver of pathology or rather an epiphenomenon of activated immune cells such as microglia. Hence, complement directed therapies should be investigated in animal models such as OSE to gather more data prior to potential use in MOGAD.

There are some limitations of this study that should be addressed. Only one control group, single-transgenic IgHMOG (Th) mice, was implemented in this study, based on the background of OSE mice. These control animals displayed some subclinical, histopathological alterations in optic nerves without developing neurological signs of EAE. Previous studies found no autoimmunity in the CNS of Th mice even in case of high MOG-autoantibody titers, which was explained by an intact blood-brain barrier (13), hence we suggested that autoimmunity will also be absent in the visual system. The noted subclinical histopathological alterations should be further investigated in future studies. A further limitation of this study is that mice were examined at certain ages and not disease progression stages. This should be addressed in further studies.

In summary, we provide evidence that OSE mice are affected by early damage of the visual system, including the retina and optic nerve, with altered retinal function, morphology, and evidence of inflammation, complement activation as well as degeneration. Since histological analyses of the retina or optic nerve in human are in general only feasible in postmortem tissue, those data help to understand dynamics of degeneration in MOGAD and NMOSD.
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Objectives

This study sought to explore the expression patterns of repulsive guidance molecules a (RGMa) in neuromyelitis optica spectrum disorders (NMOSD) and to explore the correlation between RGMa and the clinical features of NMOSD.



Methods

A total of 83 NMOSD patients and 22 age-matched healthy controls (HCs) were enrolled in the study from October 2017 to November 2021. Clinical parameters, including Expanded Disability Status Scale (EDSS) score, degree of MRI enhancement, and AQP4 titer were collected. The expression of serum RGMa was measured by enzyme-linked immunosorbent assay (ELISA) and compared across the four patient groups. The correlation between serum RGMa levels and different clinical parameters was also assessed.



Results

The average serum expression of RGMa in the NMOSD group was significantly higher than that in the HC group (p < 0.001). Among the patient groups, the acute phase group exhibited significantly higher serum RGMa levels than did the remission group (p < 0.001). A multivariate analysis revealed a significant positive correlation between RGMa expression and EDSS score at admission, degree of MRI enhancement, and segmental length of spinal cord lesions. There was a significant negative correlation between the expression of RGMa in NMOSD and the time from attack to sampling or delta EDSS.



Conclusions

The current study suggests that RGMa may be considered a potential biomarker predicting the severity, disability, and clinical features of NMOSD.
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Introduction

Neuromyelitis optica spectrum disorders (NMOSD) is a rare autoimmune demyelinating disorder of the central nervous system (CNS) associated with aquaporin-4 (AQP4) in which astrocytopathy is the primary pathology followed by neuroaxonal damage (1, 2). The prevalence of NMOSD varies from 0.5 to 4 per 100,000 people worldwide, 1 in 100,000 among Caucasians, 0.278 in 100,000 among Chinese individuals (3), and up to 10 in 100,000 among black individuals (4). Permanent disability rate is high among NMOSD patients, with approximately 35% of patients exhibiting severe visual impairment and 26% suffering from motor impairment (4, 5). Multiple episodes often lead to significant disabilities, incurring a heavy social and family burden. Early treatment can significantly reduce the disability rate and mortality, thus emphasizing the importance of early identification of NMOSD episodes and early treatment (6). AQP4 antibody can help diagnose NMOSD, but its titer level and disease severity do not always show a consistent trend or predict relapse (7–9).

Repulsive guidance molecule a (RGMa) is a glycosylphosphatidylinositol (GPI) anchored protein which guides axons and is widely involved in the development and pathology of the central nervous system (10). The binding of RGMa and its receptor neogenin can regulate axonal guidance, neuronal differentiation, and survival (11). Under pathological conditions, RGMa can affect functional recovery by inhibiting axon growth and participate in the pathogenesis of various CNS diseases, such as multiple sclerosis (MS), NMOSD, cerebral infarction (CI), spinal cord injury (SCI), Parkinson’s disease (PD), and epilepsy (12–18). Inhibiting RGMa can enhance the recovery of neural function, suggesting that RGMa may be a potential target for the treatment of CNS disorders (12–17). Humanized monoclonal anti-RGMa antibody has been reported to delay the onset of disease manifestations in rat models of NMOSD and alleviate disease severity (13). Our previous study had demonstrated that RGMa may play a critical role in reactive astrogliosis and glial scar formation (14), indicating that RGMa may be involved in the pathogenesis of NMOSD and may be used as a biomarker of disease activity.

However, the link between clinical parameters and RGMa in patients with NMOSD remains unknown. To assess whether RGMa may reflect the disease activity of NMOSD and the pathogenesis of NMOSD, we analyzed the correlation between serum RGMa levels and the clinical features of NMOSD.



Methods


Study Population

A total of 83 NMOSD patients and 22 age-matched healthy control patients from October 2017 to November 2021 were enrolled at The First Affiliated Hospital of Chongqing Medical University (Chongqing, China). Serum samples were collected and stored at -80°C. The diagnoses of all patients were reviewed, and only the patients who fulfilled the diagnostic criteria established by Wingerchuk et al. in 2015 were included (1). The following patients were excluded: those with malignant tumors, those with severe hepatic or renal insufficiency, and those without laboratory results of RGMa; the study was approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University. Informed consent was obtained from all the patients and HCs.

Medical records, laboratory data, and MRI findings were retrospectively assessed. Clinical information collected included age, sex, corresponding disease status (early acute phase, acute phase, or remission phase), number of relapses, total disease course, combined autoimmune disorders, Expanded Disability Status Scale (EDSS), serum levels of anti-AQP4 antibody, presentation of optic neuritis (ON), myelitis, magnetic resonance images (characteristic brain lesions on MRI, degree of MRI enhancement, length of spinal lesions, number of lesions on T2), delta EDSS (EDSS at discharge minus EDSS at admission), delta EDSS score after intravenous methylprednisolone (IVMP) (EDSS at the end of IVMP minus EDSS at admission when relapse occurred or first attack), and corticosteroid/immunomodulatory agent treatment history at the time of sampling. Time from attack to sampling refers to the disease duration from the time of the latest attack episode to sampling. According to the attack time, patients were divided into the early acute phase (episode ≤ 7 days), acute phase (7d<episode ≤ 30 days), and remission phase (episode > 30 days) (19). Neurological deficits were assessed using the EDSS score (20). The length of spinal lesions, characteristic brain lesions on MRI, and number of T2 lesions (including brain and spinal cord lesions) were counted using fluid-attenuated inversion recovery MRI scans (15). According to the enhancement degree of MRI lesions, patients were divided into no enhancement, mild enhancement, and marked enhancement groups. All patients underwent an MRI scan of the brain using a 3.0-T system (GE Medical Systems, Milwaukee, WI, USA) using an eight-channel phased-array head coil. Every contrast-enhancing lesion or hyperintensity on T2WI was delineated manually by two experienced neuroradiologists. The neuroradiologists were blinded to the characteristics of the study population, including brain MRI findings and clinical presentations. Cases in which neuroradiologists disagreed were reviewed and resolved by consensus.



RGMa Measurement

Serum samples were centrifuged at 2500 rpm for 10 min at 4°C and stored thereafter at -80°C within 3 h of collection. The expression of serum RGMa was measured three times and the average value was obtained by enzyme-linked immunosorbent assay (ELISA) (R&D Systems Human RGM-A Assay kit; catalog No. DY2459-05). All sample measurements were carried out in a blinded fashion.



Statistical Analysis

SAS 9.4 (SAS Institute Inc., Cary, North Carolina) was used for data analyses. Quantitative data of the normal distribution are presented as the mean ± SD. Two independent samples/paired t-tests and a variance analysis were used for comparisons between groups. Quantitative data of skewed distribution are presented as median and quartile intervals, and a Wilcoxon rank sum test was used for comparison between groups. Enumeration data were described by the number of cases and rates, and a chi-squared test was used for comparison between groups. The Pearson correlation coefficient describes the correlation between variables. A linear regression was used to assess the factors influencing the EDSS and RGMa. The mediation model was evaluated using Hayes’ model 4 in the PROCESS macro for SPSS, and a bootstrapping method with 2,000 resamples was used. Regression coefficients (βmult) were back-transformed to the original scale, and therefore reflected multiplicative effects. Age and sex were included in all the models for multivariate analysis. Bilateral p < 0.05, indicated that the difference was statistically significant.




Results


Participant Demographic Features and Clinical Data

A total 83 NMOSD patients and 22 healthy controls (HCs) were enrolled in the study. There was no significant difference in gender and age between the NMOSD and HC groups, as well as between the RGMa higher group and the RGMa lower group (all p>0.05). A total of 72 of the 83 patients (86.7%) tested positive for serum anti-AQP4 antibody. The median EDSS was 3.80 ± 1.73. Of the 83 patients with NMOSD, 37 had ON and 59 had myelitis.



RGMa Serum Levels in Patients With NMOSD

The mean serum RGMa level was significantly higher in the general NMOSD patients than in the HCs (18800.32±8279.17 ng/ml vs. 8721.72 ± 9090.09 ng/ml, p < 0.001). Patients were divided into RGMa higher/lower group equally according to the RGMa level; results showed that RGMa higher group exhibited significantly higher EDSS (4.40 ± 1.64 vs. 3.19 ± 1.62, p <0.001), longer spinal lesion length (5.82 ± 2.08 vs. 3.57 ± 1.30, p<0.001) and higher delta EDSS score (-2.02 ± 1.13 vs. -0.65 ± 0.86, p<0.001) compared to the RGMa lower group (Table 1).


Table 1 | Clinical data of patients with NMOSD.



RGMa expression levels were upregulated in the early acute phase of NMOSD compared to acute phase (25078.83 ± 7649.24 ng/ml vs. 15523.17 ± 7236.70 ng/ml, p=0.008). The expression of RGMa was significantly higher in the acute group than the chronic group (12356.16 ± 4362.56 ng/ml, p=0.002) (Figure 1).




Figure 1 | Comparison of serum RGMa levels according to the disease phase.



NMOSD patients were divided into three groups according to the degree of MRI enhancement, corresponding to the no enhancement group (n=16), mild enhancement group (n=38), and marked enhancement group (n=26). The expression of serum RGMa in marked enhancement group was significantly higher compared to mild enhancement group (26058.91 ± 5593.62 ng/ml vs. 16137.12 ± 5972.77 ng/ml, p<0.001). The expression of serum RGMa in the mild enhancement group was also significantly higher than that in the no enhancement group (16137.12 ± 5972.77 ng/ml vs. 9443.21 ± 2678.64 ng/ml, P<0.001) (Figure 2).




Figure 2 | Comparison of serum RGMa levels according to MRI enhancement.





Correlation of Serum Levels of RGMa With Clinical Parameters in NMOSD

As represented in Table 2, a significant positive correlation was observed between serum RGMa expression in NMOSD and EDSS at admission (r = 0.521, p <0.001), degree of MRI enhancement (r=0.757, p < 0.001), and length of spinal lesions (r=0.476, p < 0.001). There was a significant negative correlation between the expression of RGMa in NMOSD and time from attack to sampling (r=-0.444, P < 0.001) or delta EDSS (r=-0.640, p<0.001). Moreover, a multivariate model analysis showed that ESDD at admission, delta EDSS, degree of MRI enhancement, and length of spinal lesions were dependent factors that affected RGMa levels after adjusting for age and sex (p=0.035, p=0.009, p<0.001, p=0.014) (Table 3).


Table 2 | Correlation of serum levels of RGMa with clinical parameters in NMOSD.




Table 3 | Univariate and multivariate models testing the correlations between RGMa levels and clinical parameters in patients with NMOSD.



After adjusting for sex, age, total disease course, time from attack to sampling, number of episodes, the positive correlation observed between the serum RGMa expression in NMOSD and EDSS score at admission or negative correlation between RGMa expression and delta EDSS remained significant (r = 0.406, p <0.001, Figure 3; r=-0.568, p<0.001, Figure 4).




Figure 3 | Correlation between serum RGMa level and EDSS score at admission in NMOSD after adjusting for sex, age, total disease course, time from attack to sampling, and number of episodes.






Figure 4 | Correlation between serum RGMa level and Delta EDSS score in NMOSD after adjusting for sex, age, total disease course, time from attack to sampling, and number of episodes.



Paired t-test results demonstrated that RGMa significantly decreased after IVMP compared to before IVMP treatment in early acute phase patients (P=0.02) and was consistent with delta EDSS after IVMP. In terms of relapse, either myelitis or optic neuritis was independently associated with higher serum RGMa levels in the early acute phase (before acute phase treatment). Immunosuppressive/corticosteroid treatment was not an independent factor that influenced the levels of RGMa by comparing the first episode and non-first episode patients in early acute phase patients (Table 4).


Table 4 | Comparison of RGMa level according to different clinical parameters.





Mediating Effects of the Degree of MRI Enhancement and Time From Attack to Sampling in NMOSD Patients With Respect to RGMa Serum Levels and EDSS Score at Admission

As Table 5 represents, for the path analysis of the mediation model, adjusting for age, gender, total disease course, and number of episodes, serum levels of RGMa were directly related to EDSS score at admission (β= 0.209, p < 0.01), and indirectly related to EDSS score at admission via degree of MRI enhancement, with indirect effects of β=0.283 (95% CI = [0.123, 0.456], p <0.01). The proportion of the mediating effect in the total effect was 57.52% (0.283/0.492).


Table 5 | The mediating effects of degree of MRI enhancement between serum RGMa level and the EDSS score on admission.



As Table 6 represents, serum levels of RGMa were directly related to EDSS score at admission (β= 0.386, p <0.001), and indirectly related to EDSS score at admission via time from attack to sampling, with indirect effects of β=0.127 (95% CI = [0.064,0.204], p <0.05). The proportion of mediating effect in the total effect was 24.76% (0.127/0.513).


Table 6 | The mediating effects of time from attack to sampling between serum RGMa level and EDSS score on admission.






Discussion

Scientists have sought to explore biomarkers reflecting the activity of NMOSD, such as neurofilament light (NfL), GFAP, and tau, but none have been generally recognized as biomarkers for predicting disease severity and clinical features. The current study is the first to explore the clinical value of plasma RGMa levels as a biomarker in patients with NMOSD. Enhanced magnetic resonance imaging is widely used to monitor the disease activity of NMOSD, but the accumulation of gadolinium contrast agents has raised safety concerns (21, 22). In addition, some studies have revealed that approximately 50% of patients with NMOSD still present with enhanced lesions one month after the onset of IVMP therapy, thereby suggesting that enhanced magnetic resonance imaging cannot accurately reflect the disease activity of NMOSD patients in the late stage of an attack (23).

Our previous study had demonstrated that RGMa may play a critical role in reactive astrogliosis and glial scar formation (14). This study showed that plasma RGMa levels in NMOSD patients were significantly higher than those in healthy controls. Considering that NMOSD are primarily astrocytopathy, suggesting that RGMa may be linked to the pathogenesis of NMOSD.

Many studies have demonstrated that RGMa may be involved in the pathogenesis of multiple sclerosis (MS) via a variety of mechanisms, such as by promoting demyelination of the central nervous system, inhibiting axon regeneration, resulting in the abnormal signal transduction of immune cells, inhibiting angiogenesis, and regulating BBB permeability (24–33). Fully humanized anti-RGMa mAb are currently being assessed in the context of double-blind, placebo-controlled, randomized clinical trials (34). However, the specific mechanisms by which RGMa affect the pathogenesis of NMOSD patients remain unclear.

Previous studies have reported that plasma RGMa is inversely related to delta EDSS in patients with MS (12). We also found that plasma RGMa levels were negatively correlated with delta EDSS and delta EDSS scores following IVMP in NMOSD. Moreover, the level of RGMa was positively correlated with the admission EDSS score at admission when relapsed, indicating that RGMa is associated with neurological impairment. Even though RGMa higher group showed a higher delta EDSS score compared to RGMa lower group, it still hard to considering RGMa level itself as a dependent predictor to NMOSD prognosis, but the variation of RGMa level related to treatment is more valuable. Those combined results indicate that plasma RGMa may be used as an index to predict therapeutic effects in the acute phase.

Currently, the onset time and degree of MRI enhancement can reflect disease activity to some extent (21–23). The destruction of the blood–brain barrier (BBB) is an important pathological process in the acute phase of NMOSD, and the degree of MRI enhancement can reflect the degree of BBB damage in NMOSD patients (35, 36). We have revealed that RGMa expression consistent with the onset time according to the acute phase group had significantly higher serum RGMa expression level than that in the remission group. Furthermore, RGMa serum expression level in the marked enhancement group was the highest among the mild enhancement group and the lowest in the no enhancement group. We conclude that RGMa expression was negatively correlated with the time from attack to sampling and positively correlated with the degree of magnetic resonance enhancement. These results demonstrate that RGMa may be a relatively useful biomarker for NMOSD disease activity in predicting the treatment of the acute phase. RGMa may be related to BBB permeability damage in NMOSD.

The length of spinal lesions is correlated with inflammatory activity and neurological impairment (21, 37) and is correlated with disease severity based on the admission EDSS score (38, 39). Our study demonstrated for the first time that RGMa levels were positively correlated with the length of spinal lesions on NMOSD MRI scans.

The mediation effect analysis revealed that RGMa was directly related to the admission EDSS score and indirectly related to the admission EDSS score through time from attack to sampling and degree of MRI enhancement. This highlights that RGMa may partially affect the degree of neurological impairment by affecting inflammatory activity and BBB permeability in NMOSD.

Our current study had a number of limitations. First, since it was carried out as a retrospective study, limited clinical data were collected, such as the lack of accurate quantitative indicators for BBB damage. Second, it was carried out as a single-center study with a relatively small sample size. Finally, this study lacked a long-term follow-up period with the patients to assess the relationship between RGMa and long-term prognosis of NMOSD. Last but not the least, MRI enhancement assessments were carried out by individuals instead of by using a more objective, quantitative algorithm, which may have compromised the MRI enhancement correlation analysis to a certain degree. In the future, we will try to carry out a number of multi-center and prospective studies to expand the sample size and further validate our research results. In addition, we will increase the volume of clinical data and carry out proof-of-concept experiments using animal models to further assess the pathogenesis of RGMa in NMOSD to guide clinical diagnosis and treatment.



Conclusion

In summary, we found that the serum RGMa levels of NMOSD patients were significantly higher than those of healthy controls. The expression and clinical correlation analysis between RGMa suggested that RGMa may be considered as a relatively safe and quantitative potential biomarker for predicting the activity of NMOSD. We demonstrated that higher RGMa levels in patients with NMOSD were associated with more severe neurological deficits, longer segments of spinal cord lesions, shorter onset time, higher plasma AQP4 antibody titers, and more obvious lesion enhancement. This suggests that RGMa can reflect the disease activity of NMOSD and may be involved in the pathogenesis of NMOSD by affecting BBB permeability and AQP4; however, further studies are warranted.
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Myelin oligodendrocyte glycoprotein (MOG) antibody-associated disorder (MOGAD) is a newly identified autoimmune demyelinating disorder that is often associated with acute disseminated encephalomyelitis and usually occurs postinfection or postvaccination. Here we report a case of MOGAD after mRNA severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination. A previously healthy 68-year-old woman presented to our department with gradually worsening numbness on the right side of her face, which began 14 days after her second dose of an mRNA-1273 vaccination. The patient's brain MRI revealed a right cerebellar peduncle lesion with gadolinium enhancement, a typical finding of MOGAD. A neurological examination revealed paresthesia on her right V2 and V3 areas. Other neurological examinations were unremarkable. Laboratory workups were positive for serum MOG-IgG as assessed by live cell-based assays and the presence of oligoclonal bands in the cerebrospinal fluid (CSF). The patient's serum test results for cytoplasmic-antineutrophil cytoplasmic antibodies, perinuclear-cytoplasmic-antineutrophil cytoplasmic antibodies, GQ1b-antibodies, and aquaporin-4 antibodies (AQP4-IgG) were all negative. Tests for soluble interleukin (IL)-2 receptors in the serum, IL-6 in the CSF and skin pricks, and angiotensin converting enzyme tests were all unremarkable. The patient was diagnosed with MOGAD after receiving an mRNA SARS-CoV-2 vaccination. After two courses of intravenous methylprednisolone treatment, the patient's symptoms improved and her cerebellar peduncle lesion shrunk slightly without gadolinium enhancement. To date, there have only been two cases of monophasic MOGAD following SARS-CoV-2 vaccination, including both the ChAdOx1 nCOV-19 and mRNA-1273 vaccines, and the prognosis is generally similar to other typical MOGAD cases. Although the appearance of MOG antibodies is relatively rare in post-COVID-19–vaccine demyelinating diseases, MOGAD should be considered in patients with central nervous system (CNS) demyelinating diseases after receiving a SARS-CoV-2 vaccine.

Keywords: myelin oligodendrocyte glycoprotein (MOG), SARS-CoV-2, COVID-19, post-vaccination, mRNA vaccine, cerebellar peduncle


INTRODUCTION

The emergence in December 2019 of a novel coronavirus, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has had devastating global consequences. To overcome the unprecedented effects of the pandemic, there was a rapid global effort to develop several vaccines against SARS-CoV-2, which resulted in several safe and efficacious immunogenic vaccines including ChAdOx1 nCOV-19 and mRNA-1273 (1, 2). In particular, the ChAdOx1 nCOV-19 vaccine has shown an acceptable safety profile and has demonstrated a 62.1–90% efficacy reduction in COVID-19 infections in a clinical trial involving 23,848 participants (1). In this particular trial, 3 cases of transverse myelitis occurred, of which 1 case was determined to be possibly related to the vaccination as this case occurred 14 days after a ChAdOx1 nCoV-19 second booster vaccination. The remaining 2 cases were determined to be unlikely related to vaccinations as the first case occurred 10 days after the individual received a first vaccine dose and the individual had a preexisting unrecognized condition of multiple sclerosis (MS). The second case was determined not to be related to the vaccination as this individual received a placebo vaccine (1). The mRNA-1273 vaccine, which was developed by Moderna and the Vaccine Research Center at the National Institute of Allergy and Infectious Diseases (NIAID), has demonstrated tremendous clinical efficacy and safety against COVID-19 (2). The common adverse events of the mRNA-1273 vaccine are considered mild, which include transient headache, pain, muscle spasms, and myalgia (2). To date, only several cases of central nervous system (CNS) demyelinating disease occurring after mRNA vaccinations have been reported (3).

Myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease (MOGAD) is a newly identified disease entity that was initially identified mainly in pediatric cases of acute disseminated encephalomyelitis (ADEM), usually in postvaccination or postinfectious circumstances (4, 5). So far, there have been 15 cases of ADEM and acute hemorrhagic leukoencephalitis (AHLE) after COVID-19 infections occurring mainly in adults. Of these 15 cases, there has only been 1 pediatric case involving a 13-month-old female patient with an MOG antibody (6). Furthermore, despite many cases of postvaccination ADEM after SARS-CoV-2 vaccination, MOG antibody–positive cases are rare (7). Here we describe a case of typical cerebellar peduncle lesion with an identified MOG-IgG occurring 2 weeks after an mRNA-1273 vaccination. We also analyzed MOGAD cases following SARS-CoV-2 vaccinations in a literature review.



CASE DESCRIPTION

A 68-year-old Japanese woman presented to our department with a complaint of gradually worsening numbness on the right side of her face 14 days after receiving a second dose of the mRNA-1273 vaccination. The patient developed a slight fever following the second dose of the mRNA-1273 vaccination, but the fever subsequently resolved. The patient had a remote history of well-controlled hypertension and had undergone the removal of the tail of her pancreas because of an intraductal papillary mucinous neoplasm 12 years before. The patient did not have a history of allergies or vaccine-induced side effects. There were no marked related findings in the patient's family's medical history. A neurological examination revealed paresthesia on the patient's right V2 and V3 areas. Other neurological examinations including pyramidal signs and ocular movements were normal. Blood tests showed no abnormal blood counts or abnormal biochemical profiles including those indicating the soluble interleukin (IL)-2 receptor. The patient's lumbar puncture revealed no pleocytosis or elevated proteins but did reveal positive oligoclonal bands. Her serum test results for the cytoplasmic-antineutrophil cytoplasmic antibody, perinuclear-cytoplasmic-antineutrophil cytoplasmic antibody, GQ1b-antibody, and aquaporin-4 IgG (AQP4-IgG) antibody were all negative. However, a live cell-based assay with titers of 1:512 using anti-IgG-Fc and 1:256 using anti-IgG1 as secondary antibodies (cut-off value; 1:128) was positive for MOG-IgG in the patient's serum, but was negative in her cerebrospinal fluid (CSF). Interferon-gamma release assays for tuberculosis were negative. An angiotensin-converting enzyme test, a tuberculosis skin test, and a chest X-ray were all unremarkable, and neurosarcoidosis was also deemed unlikely. A skin prick test was normal, and IL-6 in the CSF was not elevated. Neuro-Behcet's disease was also determined to be unlikely. A screening polymerase chain reaction (PCR) test of SARS-CoV-2 from nasopharyngeal swabs was negative. Brain MRI images showed a hyperintense lesion on the right lateral pontine, trigeminal nerve, and a middle cerebellar peduncle lesion was seen in T2-weighted and fluid-attenuated inversion recovery (FLAIR) images with a T1-gadolinium enhancement (Figure 1). The patient was diagnosed with MOGAD and administered 2 courses of intravenous methylprednisolone (IVMP), 1 g/d over 3 days. After two courses of IVMP, the cerebellar peduncle lesion shrunk slightly with a diminishment of the gadolinium enhancement (Figure 1). The paresthesia of the patient's face improved, but mild numbness on her right jaw remained at her discharge. The patient did not experience any relapse during the subsequent 6-month period without any treatment. Her MOG-IgG status in 6 months follow-up was positive for anti-IgG-Fc (1:128), but negative for IgG1 as secondary antibody.


[image: Figure 1]
FIGURE 1. Brain MRI images before and after steroid pulse therapy. (A–C) Were obtained before steroid pulse therapy. Brain MRI of T2-weighted (A) and fluid-attenuated inversion recovery (FLAIR) (B) images showing hyperintensity of the cerebellar peduncle and the root of trigeminal nerve. (C) T1-weighted brain MRI with gadolinium enhancement (T1Gd) showing enhancement around the lesion. (D–F) were obtained after steroid pulse therapy. Brain MRI of T2-weighted (D) and FLAIR images (E) showing the reduction in the hyperintensity lesion of the cerebellar peduncle. (F) T1Gd brain MRI showing no gadolinium enhancement after steroid therapy.


We obtained written informed consent from the patient in the case presented. We were able to discover cases of MOGAD following COVID-19 vaccination by utilizing a PubMed search for terms including “COVID-19,” “vaccination,” and “myelin oligodendrocyte glycoprotein.” We also searched “COVID-19,” “vaccination,” and “neuromyelitis optica spectrum disorder” in order to ensure we had found all the documented cases of MOGAD.



DISCUSSION

We demonstrated a case of brainstem and cerebellar peduncle encephalitis with MOG antibodies developed after the patient's SARS-CoV-2 vaccination. In previous reports, we showed that middle cerebellar peduncle lesions are typical features of MOGAD, and therefore the lesion seen in the present case made a probable diagnosis of MOGAD (8). In contrast, MOGAD is less likely to occur in postvaccination CNS demyelinating diseases, because all cases of testing 10 MOG antibody cases were negative in recent systematic reviewed cases (7). It is possible to develop MOGAD after receiving the COVID-19 vaccination; MOGAD can develop from the postexposure production of pathogenic IgG via the molecular mimicry theory and vaccine-induced bystander inflammation-induced tissue injury and antigen presentation. In addition, the vaccination could simply unmask a potential preexisting autoimmune disease.

After the vaccination campaign during the “swine flu” in 1976, the number of Guillain-Barré syndrome (GBS) cases in the United States increased (9). Although the calculated relative risk was 6.2, an increase in the number of cases of multiple sclerosis was not observed (10). Later studies suggested that influenza vaccines can induce the production of antiganglioside GM1 antibodies in animal models by a molecular mimicry theory (11). It has been reported that the cumulative incidence of confirmed COVID-19 cases in MS patients is two-fold higher when the cases without PCR test in the Barcelona are included (12). However, a systematic review analysis has suggested that having MS does not significantly increase the mortality rate of COVID-19 (13). A pilot study, focused on the cross-reactivity between SARS-CoV-2 spike proteins and 50 different tissues using enzyme-linked immunosorbent assays, has indicated that SARS-CoV-2 spike proteins show the strongest immunoreactions with transglutaminases, myelin basic proteins, mitochondria, nuclear antigens, myosin, collagen, claudin5/6, and S100B (14). Furthermore, by analyzing the cross-reactions between host and microbial proteins using the Protein Data Bank, we found that SARS-CoV-2 proteins were found to possibly interact with many kinds of proteins including proteins involved in synaptic vesicle trafficking, endocytosis, axonal transport, neuronal transmission, thrombosis, inflammation, and the mitochondrial and blood brain barrier as well as protein growth factors (15). Although molecular mimicry between SARS-CoV-2 spike proteins and MOG is unclear, these cross-reaction theories show a potential correlation between CNS inflammation and demyelinating diseases including MOGAD and COVID-19.

In the current case report, the patient developed MOGAD 2 weeks after receiving an mRNA vaccination containing the SARS-CoV-2 spike protein, which is considered sufficient time for the creation of autoantibodies (16). Initially, the vaccinated antigen is taken up by dendritic cells, then trafficked to the draining lymph node, and interacted with activated T and B cells. T cell-dependent B cell maturation results in specific antibody production by plasma cells, which could induce a rapid rise in serum antibody levels over a subsequent 2-week period. Therefore, in the present case, detecting the antibody 2 weeks after an immunization with the antigen is reasonable (16). Previous to this present case report, there were reports of two MOGAD cases, one involving a 19-year-old male and another a 47-year-old female, both developing 2 weeks after revaccination against diphtheria, tetanus, pertussis, polio, and influenza. In these two cases, both patients had recurrent episodes of demyelinating diseases with frequent relapses that were refractory to treatment (17). Another reported case involved a 37-year-old female, who had transiently tested positive for an MOG antibody with monophasic symptoms of myelitis a few weeks before receiving measles, mumps, rubella, and tetanus vaccinations (18). Therefore, it is possible that MOG antibodies may be produced by several kinds of vaccines, and some vaccines may cause a vaccine-induced unveiling of multiphasic disease or a transient induction of antibody production in monophasic disease.

Including our case, during the current COVID-19 pandemic, there have been three cases of MOGAD occurring after SARS-CoV-2 vaccinations (19, 20). In these cases, the patients developed their neurological symptoms at various times throughout their vaccinations, from 1 to 2 weeks after the first or second vaccine doses (Table 1). In a systematic review analysis of 32 cases of CNS demyelinating diseases after COVID-19 vaccinations, it was reported that 71.8% of CNS demyelinating diseases occurred after the first dose of any of the COVID-19 vaccines. Furthermore, the interval from vaccination to disease onset was usually 3 weeks, but this time interval was dependent on the existence of preexisting conditions in each case. Of these 32 cases, there were 17 cases involving preexisting immune-mediated diseases, including MS (n = 7), a clinically isolated syndrome suggestive of MS (n = 1), transverse myelitis (n = 1), recurrent neurologic diseases (n = 2), and other immune or autoimmune diseases (n = 6). In three postvaccination MOGAD cases, neurological symptoms were relatively mild and responded well to intravenous prednisolone treatment. Furthermore, all these cases were monophasic without recurrence, although they were observed carefully for the appearance of oligoclonal bands in two cases and continuous MOG-antibody positivity in our case. Especially, as MOG-IgG was positive but the antibody titer was gradually declining, we should observe the clinical relapse and check the positivity of MOG-IgG carefully. A recent report suggested that the risk of transverse myelitis associated with COVID-19 represents 1.2% of all neurological complications (21). However, the risk of developing demyelinating disease following vaccination for COVID-19 is far less than the risk of contracting COVID-19. We therefore do not hesitate to recommend receiving COVID-19 vaccinations in this report.


Table 1. A summary of case reports of MOG-IgG-associated disorders after COVID-19 vaccination.
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Vaccines may trigger a preexisting latent autoimmune disease as was seen in a previous case of neuromyelitis optica spectrum disorder (NMOSD) (22) involving a patient that was found to be seropositive for the AQP4-IgG over 10 years before the onset of NMOSD. There have been new reports of onset cases of MS and NMOSD in addition to prediagnosed cases with vaccine-induced recurrence in MS (7). In such cases, the mRNA vaccination may cause the activation of nonspecific or specific cellular immunity and elevated cytokines, which could induce the breakdown of the blood brain barrier leading to the entry of antibodies and unveil the potential for MOG-IgG pathogenesis (23).

Although the present case involved a rare condition of MOGAD after the COVID-19 mRNA vaccination, detailed studies of additional clinical cases are necessary to determine the causation and the risk of developing MOGAD. It is premature to discuss the causal relationship of demyelinating disease MOGAD following COVID-19 vaccination. We have revealed, however, MOGAD's rarity and relatively benign course after vaccination compared with refractory cases of COVID-19-related ADEM and AHLE. It is important to note that the public should not avoid being vaccinated for COVID-19 for fear of developing MOGAD.
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Glial fibrillary acidic protein (GFAP) is a type III intermediate filament protein found in astrocytes in the brain. Damaged astrocytes release GFAP into cerebrospinal fluid and blood. Thus, GFAP levels in these body fluids may reflect the disease state of neuromyelitis optica spectrum disorder (NMOSD), which includes astrocytopathy, characterized by pathogenic antibodies against aquaporin 4 located on astrocytes. Recently, single-molecule array technology that can detect these synaptic proteins in blood, even in the subfemtomolar range, has been developed. Emerging evidence suggests that GFAP protein is a strong biomarker candidate for NMOSD. This mini-review provides basic information about GFAP protein and innovative clinical data that show the potential clinical value of blood GFAP levels as a biomarker for NMOSD.
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INTRODUCTION

Neuromyelitis optica spectrum disorder (NMOSD) is a chronic inflammatory disease of the central nervous system (CNS) (1, 2). The main pathogenesis of NMOSD is autoimmune channelopathy/astrocytopathy that targets the water channel aquaporin-4 (AQP4) on perivascular astrocytic endfeet, and antibodies against AQP4 (AQP4-Ab) have been established as a diagnostic biomarker (3–5). Because NMOSD is a lifelong disease characterized by unpredictable attacks, subsequent severe neurological disability, and variable responses to treatments, blood biomarkers for monitoring and predicting the course of the disease would be useful (6–8). Serum AQP4-Ab titers may serve as such a disease biomarker; however, they have failed to show consistent results regarding their correlations with disease activity, severity, outcome, or responses to therapy (9–14). Currently, no blood biomarkers for monitoring are available in clinical practice.

Glial fibrillary acidic protein (GFAP) is the specific intermediate filament protein that constitutes the cytoskeleton of astrocytes (15). Damaged astrocytes release GFAP into interstitial fluid, cerebrospinal fluid (CSF), and finally the blood. Because NMOSD is an astrocytopathy, GFAP blood levels may be a useful biomarker for NMOSD. The recent development of ultrasensitive single-molecule array (Simoa) technology has expedited the realization of the potential of GFAP as a biomarker for NMOSD (16, 17).

In this review article, we will first briefly provide basic information about GFAP protein and its function in the brain. Then, we will review detection methods for GFAP protein in the blood and the recent evidence for the potential of GFAP as a blood biomarker for NMOSD. Finally, we will discuss several considerations in using GFAP as a disease biomarker and future directions.



GFAP

GFAP, a type III intermediate filament protein that was discovered by Dr. Eng in 1969 (18, 19), is responsible for the main cytoskeletal structure of astrocytes (19, 20). Apart from being present in the CNS, GFAP is also present in non-myelinated Schwann cells in the peripheral nervous system (PNS) and in enteric glia cells, which constitute the enteric nervous system (21, 22).

The human GFAP gene consists of nine exons and is located on chromosome 17 (17q21), spanning 10 kb (23). Alternative splicing occurs, and several GFAP isoforms have been identified (Figure 1A) (24). The three major domains of GFAP protein are the head, rod, and tail domains. The head domain is followed by the rod domain, which is composed of four α-helical coils. The N-terminal head domain is crucial for filament assembly, the rod domain plays a role in filament formation by coiling between polypeptides, and the C-terminal tail domain is important for stabilizing intermediate filaments (25). GFAP-α is the most abundant isoform in the brain and spinal cord but is also present in the PNS (26). This is the most commonly detected and analyzed isoform in the literature (20). GFAP-β is primarily expressed in non-myelinated Schwann cells in the PNS and has an alternate N-terminal (27). GFAP-γ also has an alternative N-terminal and is mainly located in the corpus callosum (28). GFAP-δ/ε is specifically expressed in neurogenic niches, such as the subventricular zone, and has an alternate C-terminal known to interact with presenilin (29–31). In addition, GFAP-δ/ε plays a role in modulating intermediate filament network dynamics (24, 32). GFAP-κ and GFAP-ζ also have distinct alternative C-terminals, which can modulate the properties of intermediate filaments (31, 33). Furthermore, an additional four isoforms of GFAP are collectively called GFAP+1, indicating isoform formation by a single nucleotide frameshift. GFAP+1 is found in a limited number of astrocytes in patients with Alzheimer's disease, Down syndrome, and chronic epilepsy; however, its implications remain to be elucidated (34–36). Although the precise functions of the different isoforms are not well-known, these isoforms seem to play a role in modulating intermediate filament networks during physiological and pathological states (37).
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FIGURE 1. (A) Glial fibrillary acid protein (GFAP) isoforms and (B) release of GFAP after astrocyte injury in neuromyelitis optica spectrum disorder. (A) GFAP protein consists of three domains: N-terminal head, central rod, and C-terminal tail. The head domain is crucial for filament assembly, the rod domain has a role in filament formation by coiling between polypeptides, and the tail domain is important in stabilizing the intermediate filament. (B) Serum anti-aquaporin-4 antibodies (AQP4-Ab) penetrate the blood-brain barrier and bind to aquaporin-4 (AQP4) on astrocyte endfeet. Antibody- and complement-dependent cellular cytotoxicity results in inflammatory cell recruitment, astrocyte damage, demyelination, and neuronal loss. After astrocyte damage, GFAP, an astrocytic scaffold protein, is released into interstitial and cerebrospinal fluid and finally reaches the blood through an impaired blood-brain barrier and/or glymphatic efflux.


GFAP serves numerous pivotal functions in the CNS. GFAP is important for maintaining the mechanical strength of astrocytes and supporting neighboring neurons (38). In addition, GFAP participates in astrocytic motility and mitosis (39–41), maintains the integrity of the blood-brain barrier (BBB) and myelination (42, 43), protects neurons against neurotransmitter excess (44, 45) and injury (46, 47), regulates vesicle trafficking and autophagy (48, 49), and promotes synaptic plasticity (50, 51). Because GFAP is a major structural scaffold of astrocytes, damaged astrocytes release GFAP into their environment, e.g., interstitial fluid and CSF. Such released GFAP finally reaches the blood through an impaired BBB and/or glymphatic efflux (Figure 1B) (52–56). As such, blood GFAP exhibits much potential as a biomarker reflecting the state of NMOSD.



ULTRASENSITIVE DETECTION OF GFAP: SINGLE-MOLECULE ARRAY

GFAP concentrations can be detected with immunoassays such as enzyme-linked immunosorbent assay (ELISA) (57, 58). Conventional ELISA typically measures proteins at concentrations above 10−12 M (16). However, its sensitivity may be insufficient to reliably measure GFAP in the blood, of which concentrations in most patients with neurological disorders range from 10−14 to 10−10 M (0.5–5,000 pg/mL) (59–64). In patients with demyelinating diseases, the median CSF GFAP level is 8,601 pg/mL and the median serum GFAP level is 167 pg/mL from NMOSD and MS patient (59). The limit of quantification of commercial ELISA varies from 62.5 pg/mL (Eagle Biosciences, NH, USA) to 1,500 pg/mL (MilliporeSigma, MA, USA). Accordingly, although conventional ELISA measured CSF GFAP levels that showed promise as a potential biomarker for NMOSD (65–67), the blood GFAP levels demonstrated inconsistent results, indicating little clinical value for NMOSD (68, 69).

Recently, an ultrasensitive digital ELISA technology, Simoa, has been developed (16). The technique detects fluorescent signals from each single protein molecule by using femtoliter-volume chambers that isolate a single bead holding an immuno-complex with an enzymatic reporter generating fluorescence. High sensitivity to enzyme labeling and low background signals due to digitizing the detection of proteins has enabled the technology to detect blood proteins at subfemtomolar concentrations (<10−15 M) (16). There are also other quantifying methods for GFAP such as electrochemiluminescence-based immunoassays and mass spectrometry (70). However, Simoa not only requires the smallest amount (only femtoliters) of blood for testing, but also shows the best analytical sensitivity with the limit of quantification of serum GFAP of 0.467 pg/mL (71). The reliability of Simoa for detecting blood neuronal and glial proteins is also high, as shown by the strong correlations between CSF and serum levels measured by Simoa technology (59, 72).



GFAP IN BLOOD AS A BIOMARKER FOR NMOSD

Recently, several studies have demonstrated that blood GFAP levels measured by Simoa have potential as a useful NMOSD biomarker for (1) differentiating NMOSD from other demyelinating diseases, (2) identifying and predicting clinical attacks, (3) monitoring disease disability and progression, and (4) evaluating treatment effects (59, 71, 73–78) (Table 1).


Table 1. GFAP in blood as a biomarker for NMOSD.
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Differentiating NMOSD From Other Demyelinating Diseases

It is important in clinical practice to differentiate NMOSD from other demyelinating diseases, including multiple sclerosis (MS) and myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD), because treatments for these diseases differ considerably. Inappropriate treatments may result in poor outcomes. For example, treating NMOSD patients with therapies for MS could worsen the disease (79–81). Although the testing of AQP4-Ab is essential for the diagnosis of NMOSD, differentiation of the diseases remains crucial. Contrary to the high specificity of the AQP4-Ab assay (96.6–99.8%), the sensitivity of the AQP4-Ab assay (48.7–76.7%) varies according to the assay methodology, indicating a high risk of false-negative results (82). In addition, a patient's treatment and clinical status can affect the result of an antibody assay (83, 84).

Serum GFAP levels could be used as a diagnostic marker for NMOSD, as they are significantly higher in NMOSD patients compared to those in healthy controls (59, 71, 75, 77, 78) and patients with other demyelinating diseases (MS or MOGAD) (59, 73, 75, 77). These findings are in line with immunopathological studies which showed that GFAP-positive astrocytes are highly destroyed only in active lesions of NMOSD but not in those of MS (85–90). Neurofilament light chain (NfL), a scaffolding protein of the neuronal cytoskeleton that is released upon axonal damage, may represent another diagnostic biomarker because it is also elevated in the blood of NMOSD patients, compared to healthy controls (59, 71, 75, 77, 78). However, serum NfL levels do not differ between NMOSD patients and MS or MOGAD patients (59, 73, 77), suggesting that NfL lacks specificity as a biomarker for NMOSD. A recent study proposed that the serum GFAP/NfL quotient at attack state could be a useful biomarker that differentiates NMOSD from MS with a sensitivity of 73.0% and a specificity of 75.8% (59). The serum GFAP/NfL quotient also distinguished AQP4-Ab-seropositive NMOSD from MOGAD and MS (77).



Identifying and Predicting Clinical Attacks

Identifying and predicting clinical attacks in NMOSD patients would be useful. Attack or relapse is defined as new or worsening neurological symptoms with an objective sign on neurological examination correlating with new or aggravating magnetic resonance image (MRI) lesions (91). However, pseudo-attacks or pseudo-relapses, i.e., clinical exacerbations with similar symptoms and signs but without true lesions, also occur in NMOSD patients, and clinically distinguishing between the two conditions can be difficult (91). Furthermore, although currently no method can predict future clinical attacks, a recent report revealed that clinically silent MRI lesions may represent a high risk of relapse (92). However, clinically silent brain or spinal cord lesions are rare in NMOSD patients, and thus performing regular MRI to predict future relapses would be inefficient.

Serum GFAP levels may help identify and predict clinical attacks in NMOSD patients, as they are higher in the attack state than in the remission state, and their elevation is associated with recent relapses (59, 71, 73–75, 77, 78). In a longitudinal NMOSD cohort (median follow up: 17 months), serum GFAP levels alone successfully discriminated clinical attacks from remission with a sensitivity of 94.7% and a specificity of 74.6% (area under the receiver characteristic curve = 0.876). Remarkably, this performance was better than that of other blood biomarkers, such as NfL and the GFAP/NfL quotient (71). In line with this, another study on a longitudinal NMOSD cohort (median follow up: 12 months) showed that plasma GFAP levels were the most powerful contributor in a random forest model to differentiate relapses from remissions, compared to other biomarkers (NfL, GFAP, and GFAP/NfL) and clinical variables [age, annual relapse rates, expanded disability status scale (EDSS) score, disease duration, and treatment status] (78). After relapse, serum GFAP levels decrease over time, and most patients show reduced serum GFAP levels below the predefined cut-off value (≥3 standard deviations of mean levels in age-/sex-matched healthy controls) within 3 months (71, 74).

Notably, increased serum GFAP levels may indicate forthcoming clinical relapses. In a substudy of the N-MOmentum study, significantly increased serum GFAP levels were already observed 1 week before a clinical attack (93), and serum GFAP levels were linearly correlated with the risk of an upcoming attack (75). Additionally, patients with elevated serum GFAP levels at baseline (≥2 standard deviations of the mean level of healthy controls) showed a 3-fold higher risk of having future NMOSD attacks than patients without elevated serum GFAP levels at baseline (75). Similar results were shown by another study on a prospective longitudinal cohort. NMOSD patients with high serum GFAP levels (>90 pg/mL, the cut-off value was derived from the 75th percentile of serum GFAP levels in healthy controls) at baseline had a shorter time to a future attack than those without [adjusted hazard ratio (95% confidence interval):11.6 (1.3–105.6)] (76). Conversely, in the same NMOSD cohort, baseline serum NfL levels were not significantly associated with a risk of future attack (76).



Monitoring Disease Disability and Progression

Monitoring disease disability is necessary to determine the severity and track the progression of the disease, and to assess treatment effectiveness (94). The most popular and widely used instrument is the EDSS. However, considering that the inter-rater variability of EDSS is as high as 30%, establishing an objective and easily measurable biomarker would be preferable (95). Many studies have demonstrated that blood GFAP concentration is independently associated with EDSS score in NMOSD patients (59, 73, 76–78, 96). Serum GFAP levels are also correlated with other clinical disability parameters, including the MS functional composite score, 9-Hole Peg Test, and paced auditory serial addition test (76). Blood NfL levels also tend to increase with EDSS score in NMOSD patients. However, the degree of association is not as strong as that of blood GFAP levels; positive correlations were significant in some studies (59, 77, 78, 96) but not in others (73, 76).

Serum GFAP levels may also be useful to monitor disease progression. NMOSD is considered to lack subclinical disease activity, and all disabilities are related to attacks (97, 98). Conversely, MS exhibits subclinical progression (99, 100). However, recent optical coherent tomography and visual evoked potential studies suggested subclinical neurodegeneration in NMOSD patients (101, 102). More recently, silent progression of brain atrophy was documented in NMOSD patients, even in clinically inactive patients (103). Additional studies on blood GFAP levels further support the concept of ongoing subclinical neurodegeneration in NMOSD. First, median blood GFAP levels during remission periods are significantly higher in NMOSD patients than those in healthy controls (59, 71, 75, 77, 78). Second, blood GFAP levels gradually increase over time even in patients with no clinical relapse, and the rate of increase of GFAP levels is faster than that related to normal aging (71). Third, monoclonal antibody treatments such as inebilizumab, tocilizumab, and rituximab decrease serum GFAP levels more than treatments with placebo or prednisolone (75, 78). This indicates that gradual increases in GFAP levels may reflect ongoing pathological processes and may be alleviated by active treatment. However, it should be noted that most of these findings have been derived from small studies conducted at single centers or from substudies of clinical trials that may be different from real clinical situations. Future larger studies are warranted to confirm these findings.



Evaluating Treatment Effects

It would be useful to have blood markers as objective endpoints in determining therapeutic effects, as shown in a recent clinical trial (104), or as index markers for selecting optimal personalized treatments (105). Recent data suggest that blood GFAP levels may represent such markers. In a longitudinal follow-up study, rituximab (anti-CD20 monoclonal antibody)-treated NMOSD patients exhibited stable serum GFAP levels over time, in contrast to patients with other immunosuppressant treatments who showed significantly increased serum GFAP levels during the same period (71). Inebilizumab, an anti-CD19 monoclonal antibody, also prevented increases in serum GFAP levels. It attenuated the attack-related increase in serum GFAP levels (75) and significantly decreased serum GFAP levels in patients who did not experience an attack, as compared to placebo treatment (75). Tocilizumab, an anti-IL6 monoclonal antibody, also significantly reduced plasma GFAP levels in NMOSD patients, as compared to prednisolone (78). These findings are remarkable because they indicate that blood GFAP levels can reflect treatment responses during silent periods without clinical relapses.




SPECIAL CONSIDERATIONS


Age

Physiological aging gradually affects the brain (106), and serum GFAP levels increase with aging in healthy controls (59, 71, 75, 77). However, this positive association has not been consistently demonstrated in NMOSD patients (59, 71, 73, 75–78). One explanation for such inconsistent GFAP–age correlations could be that NMOSD patients tend to have high serum GFAP levels even at a young age. Furthermore, aging-related processes, such as increased astrogliosis, also appear to affect the clinical implication of GFAP in elderly patients. In a study that analyzed the effect of age on serum biomarkers in NMOSD patients, positive GFAP–EDSS correlations were distinctively stronger in the youngest (≤45 years) compared to the oldest (≥55 years) group (96). The association between GFAP levels and disease severity may have been compromised in elderly patients due to increased astrogliosis following neurodegeneration (96). Therefore, age should be considered when interpreting blood levels of neuronal and glial proteins in NMOSD patients.



Temporal Trajectories

The temporal dynamics of GFAP and date of blood sampling are also important. After brain injury, the serum GFAP levels peak at 20 h and decline over 72 h, indicating estimated half-life as 24–48 h (107, 108). It should also be noted that GFAP levels increases from 1 week before the advent of clinical symptoms (75). Even detected during the remission state, GFAP levels in NMOSD patients are still higher than healthy controls (59, 77, 78). In reflecting acute NMOSD attacks, GFAP may represent the event most appropriately within 7 days after attack, since 92% samples drawn within 1–7 days following attacks showed elevated level of blood GFAP (≥2 standard deviations of mean level of healthy controls) (75).



Specificity

Blood GFAP levels increase not only in NMOSD but in various neurological diseases (109), thus the specificity of GFAP as an NMOSD biomarker should be discussed. Blood GFAP levels in patients with NMOSD, which often increase more than 1,000 pg/mL during relapses, tend to be higher than in patients with other diseases such as relapsing remitting MS (59, 60, 77), progressive MS (59–61), and even ischemic stroke (62). This is because patients with NMOSD are accompanied by direct damage of astrocytes. However, blood GFAP levels can also increase very high in glioblastoma, traumatic brain injury, and hemorrhagic stroke, as the level of NMOSD during relapses (63, 64, 110, 111). Therefore, it is difficult to regard that blood GFAP levels alone are a pathognomonic biomarker for NMOSD. Another parameter like GFAP/NfL ratio may enhance the specificity in terms of discriminating NMOSD from other diseases (59). However, it should also be emphasized that GFAP alone reflects well the longitudinal disease course of NMOSD and may be the most appropriate marker to monitor the disease changes within the NMOSD cohort (71).



NfL

As a representative biomarker of neuronal damage, serum NfL has also demonstrated disease association with NMOSD as well as MS (59, 71, 73, 76–78, 112, 113). However, serum NfL was not useful to distinguish NMOSD from other demyelinating diseases, and less sensitive and specific than serum GFAP in identifying and predicting NMOSD relapses (59, 71, 76–78). The value of NfL may be more pronounced elsewhere. Given that NfL is a neuronal structural component, serum NfL might be a better biomarker for monitoring the degree of neurodegeneration of NMOSD (101–103) and associated cognitive impairment (113) than serum GFAP. This possibility should be elucidated in future studies.




OUTLOOK

For GFAP to be used as a biomarker in clinical practice, several limitations that hinder the applicability of blood GFAP in clinical settings should be addressed. First, standard protocols and quality control criteria should be established across different laboratories (113). In addition, age-specific and sex-specific reference should also be developed. The dynamics of GFAP after releases upon NMOSD attacks should be explored to determine accurate blood GFAP half-life. This work should be paralleled with unraveling mechanisms and pathways of GFAP released from brain into the blood. Finally, the intervals for testing blood GFAP levels and guidelines for biomarker-based decision making should also be established.

Clinically, management strategies could be available by stratifying the risk of future attack based on both age-adjusted cut-off values and intraindividual changes in blood GFAP levels. Based on an individual's different strata of attack risk, clinicians could decide treatment initiation, continuation, and escalation/de-escalation of NMOSD patients. For example, it could be possible to set a serum GFAP range for the treatment response of patients and classify patients into treatment-responsive and treatment-resistant groups. This classification would enable precision treatment strategies that quickly change from one option to another suitable before it is too late (e.g., the advent of clinical relapses).



CONCLUSIONS

Although more than 50 years have passed since GFAP was first discovered, only recently has GFAP been suggested as a reliable blood biomarker in clinical practice. The role of GFAP as a biomarker for NMOSD shows promise because GFAP not only has pathophysiological specificity that can reflect astrocytopathy as much as AQP4-Ab, but it also has the advantage of being quantifiable with much more sensitivity than AQP4-Ab. After several clinical and technical issues are resolved, blood GFAP levels may expedite the process of personalized care of NMOSD patients.
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The term neuromyelitis optica spectrum disorder (NMOSD) describes a group of clinical-MRI syndromes characterized by longitudinally extensive transverse myelitis, optic neuritis, brainstem dysfunction and/or, less commonly, encephalopathy. About 80% of patients harbor antibodies directed against the water channel aquaporin-4 (AQP4-IgG), expressed on astrocytes, which was found to be both a biomarker and a pathogenic cause of NMOSD. More recently, antibodies against myelin oligodendrocyte glycoprotein (MOG-IgG), have been found to be a biomarker of a different entity, termed MOG antibody-associated disease (MOGAD), which has overlapping, but different pathogenesis, clinical features, treatment response, and prognosis when compared to AQP4-IgG-positive NMOSD. Despite important refinements in the accuracy of AQP4-IgG and MOG-IgG testing assays, a small proportion of patients with NMOSD still remain negative for both antibodies and are called “seronegative” NMOSD. Whilst major advances have been made in the diagnosis and treatment of these conditions, biomarkers that could help predict the risk of relapses, disease activity, and prognosis are still lacking. In this context, a number of serum and/or cerebrospinal fluid biomarkers are emerging as potentially useful in clinical practice for diagnostic and treatment purposes. These include antibody titers, cytokine profiles, complement factors, and markers of neuronal (e.g., neurofilament light chain) or astroglial (e.g., glial fibrillary acidic protein) damage. The aim of this review is to summarize current evidence regarding the role of emerging diagnostic and prognostic biomarkers in patients with NMOSD and MOGAD.
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INTRODUCTION

The term neuromyelitis optica (NMO) was first used in 1894 by Devic and his fellow, Fernand Gault, to propose a distinct disease entity characterized by simultaneous myelitis and bilateral optic neuritis (1). From Devic's first report until 2004, NMO remained an elusive condition that many thought was a monophasic, more aggressive variant of multiple sclerosis (MS). A major landmark in NMO history was the discovery, by Lennon et al. (2), that sera from patients with NMO outlined microvessels, pia, subpia, and Virchow-Robin spaces when tested on tissue-based indirect immunofluorescence. The putative agent of NMO, aquaporin-4 antibodies (AQP4-IgG), was subsequently found to bind the AQP4 water channel (3). AQP4 is highly expressed in the foot processes of astrocytes, particularly in the domains that interacts with dystrophin-associated proteins and microvessels. The discovery of AQP4-IgG led to the evidence that (1) NMO with positivity for AQP4-IgG is a predominantly an astrocytopathy, and (2) AQP4-IgG is both the pathogenetic cause and the biomarker that defines a distinct disorder which differs from MS.

Whilst NMO was initially defined by the occurrence of longitudinally extensive transverse myelitis (LETM) and optic neuritis, the development of more specific assays, particularly cell-based assays (CBAs) with transfected HEK-293 cells expressing AQP4 (4), led to the realization that the spectrum of disorders associated with AQP4-IgG was broader than previously thought, encompassing limited forms of the disease (e.g., isolated optic neuritis or isolated myelitis), and also brain and brainstem involvement (previously regarded as an exclusion criteria for NMO). These concepts were reflected by the evolution of the diagnostic criteria in 2006 (5) and 2015 (6), the latter emphasizing the importance of AQP4-IgG serostatus, and the adoption of the new nomenclature of “neuromyelitis optica spectrum disorder” (NMOSD) including both AQP4-IgG seropositive and seronegative cases.

About 20% of patients who are diagnosed with NMOSD according to the 2015 NMOSD criteria are seronegative for AQP4-IgG, and among these seronegative patients, about 30% will bear antibodies directed against myelin oligodendrocyte glycoprotein (MOG), which is predominantly expressed in oligodendrocytes or, more rarely, in soluble isoforms (7). The biological role of MOG is still unclear and may represent an adhesion molecule. MOG was initially detected by enzyme-linked immunosorbent assay (ELISA) and immunoblotting, but these assays recognized non-native and non-pathogenic MOG epitopes, probably due to missing glycosylation and incorrect antigen structure. Consequently, MOG antibodies were detected on these older assays with great heterogeneity in patients with MS and were initially thought to represent a biomarker of demyelination (8, 9). The development of CBAs that recognize the native MOG conformation allowed to define the distinct phenotype of this condition, in particular when a high titer cut-off value is used (10–13). These advances have led to the development of specific diagnostic criteria that required both the presence of a compatible clinical phenotype including myelitis, optic neuritis, acute disseminated encephalomyelitis (ADEM) or brainstem syndromes and MOG-IgG positivity tested through a conformational assay (14, 15). The accumulating evidence of differences in clinical-MRI features, relapse risk, treatment, and outcome led to the concept that patients with MOG antibodies are affected by a distinct syndrome that differs from MS and AQP4-IgG-seropositive NMOSD. The term MOG antibody-associated disease (MOGAD) was thus coined to characterize these patients with autoimmune oligodendrocytopathy (16).

Despite advances in MOG and AQP4 antibody testing, up to 30% of patients with NMOSD remain seronegative for these antibodies. Seronegative NMOSD remains an elusive condition that poses relevant challenges to clinicians in terms of diagnosis and treatment because of its variable prognosis and outcomes (Figure 1).
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FIGURE 1. Relationship between aquaporin-4-IgG seropositive and seronegative neuromyelitis optica spectrum disorder (NMOSD) and myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD). About 30% of NMOSD seronegative patients results positive for MOG-IgG. AQP4-IgG, aquaporin-4 antibodies; MOG-IgG, myelin oligodendrocyte glycoprotein antibodies.


Over the last few years, different studies have focused on the clinical and paraclinical characterization of NMOSD and MOGAD as distinct demyelinating disorders, but, despite the recent advances, many questions still remain unanswered. The disease course of these conditions, particularly of seronegative NMOSD and MOGAD patients, is unpredictable, with 50% of patients having a monophasic course. There are currently no clinical, paraclinical, or radiological markers that can predict a monophasic or relapsing disease course, which could require different therapeutic choices. In a similar yet different perspective, although the relapsing course of AQP4-IgG seropositive NMOSD always requires immunosuppressive drugs, there are no clinical predictors of treatment response.

In this uncertain setting, the identification of reproducible, repeatable, and easily accessible biomarkers could be of utmost relevance to guide clinicians in these diagnostic and therapeutical challenges.



DIAGNOSTIC CRITERIA AND ASSAYS FOR DIAGNOSING NMOSD AND MOGAD


Neuromyelitis Optica Spectrum Disorder

Based on the most recent 2015 NMOSD diagnostic criteria, the diagnosis of AQP4-IgG NMOSD requires the presence of (i) 1 clinical core feature including optic neuritis, acute transverse myelitis, APS, acute brainstem syndrome, narcolepsy or acute diencephalic lesion or symptomatic cerebral syndrome with typical NMOSD brain lesions, (ii) positive testing for AQP4-IgG (CBAs are recommended), and (iii) the exclusion of alternative diagnoses such as MS, sarcoidosis, infections, neoplasms, and paraneoplastic disorders. The diagnosis of seronegative NMOSD relies on the presence of at least two different clinical manifestations of NMOSD, one being ON, transverse myelitis or AP, with evidence of consistent demyelinating lesions on MRI and negativity of AQP4-IgG tested with the best available assay (6). CSF analysis usually demonstrates pleocytosis (observed in up to 51% of cases), whereas CSF restricted oligoclonal bands are found in only about 16% of patients (17).

AQP4-IgG can be detected using different laboratory techniques such as live- or fixed-CBAs revealed using immunofluorescence or flow-cytometry/fluorescence-activated-cell-sorting (FACS), ELISA or tissue-based assays. These assays, with the exception of tissue-based assays, recognize one of the two isoforms of AQP4, i.e., M1 or M23. The presence of antibodies against each specific isoform has not been associated with different clinical features or outcomes (18). The comparison between diagnostic assays have proved that CBAs, either live or fixed, are the most accurate test for the detection of AQP4-IgG (accuracy: 99.3%) and that M23 expressing cells may perform better than M1-based assays (4, 19). Therefore, live CBAs which use the M1 isoform are the most accurate diagnostic test.

Since the detection of AQP4-IgG is fundamental for treatment decisions, assays such as tissue-based assays and ELISA, whose sensitivity ranges between 60 and 78% and may lead to false negative results (20), are not preferred. Indeed, some patients that tested positive on ELISA but negative with CBA had alternative diagnoses identified suggesting a potential for false positivity (21). Even though early reports preferred immunofluorescence over FACS (19), live cell-based assays (either live or fixed) either detected by FACS or by visual immunofluorescence have very high specificity (22). Immunohistochemistry may be useful to detect the typical AQP4-IgG staining patterns on rodent tissue composite, but then AQP4-IgG presence should be confirmed using CBAs (23).

Finally, CSF testing for AQP4-IgG is not routinely recommended since it is less sensitive than serum testing (24). Indeed, almost all CSF positive patients are positive in serum at high titers (24).



Myelin-Oligodendrocyte Glycoprotein Antibody-Associated Disease

The diagnosis of MOGAD relies on MOG-IgG detection by CBA in patients with compatible clinical-MRI phenotypes, including ADEM or encephalitis, brainstem syndromes, transverse myelitis (often longitudinally extensive with central gray and conus involvement), and ON (typically longitudinally extensive with >50% of the optic nerve length affected often accompanied by perioptic gadolinium enhancement on MRI). The ON attacks are usually associated with optic disc edema and can be bilateral, recurrent, and show steroid dependence. Pleocytosis is found in 38–55% of patients while CSF restricted oligoclonal bands are rarely detected in this condition (6–12% of patients) (25–28).

Testing for MOG-IgG in serum through CBAs, both with FACS or visual based indirect immunofluorescence, using full-length human MOG and Fc or IgG1 as secondary antibodies is recommended, although CSF testing may help in cases of patients with a negative serum test and phenotype suggestive of MOGAD (14, 15, 29).

The diagnosis of MOGAD strongly relies on MOG-IgG detection so that the accuracy of diagnostic assays is of utmost importance. According to a multicenter international comparative study (30), live-CBAs (with either FACS or immunofluorescence detection) have the greatest concordance (96%), while fixed-CBAs show a slightly lower value (90%) for the diagnosis of MOGAD. ELISA showed no concordance and was unable to distinguish positive and negative patients and thus this method should not be used for diagnostic purposes of MOGAD. Unfortunately, concordance was overall low even for CBAs for sera with borderline/low positivity, which highlights the importance of testing MOG-IgG only when the pre-test probability is high, in order to avoid false-positive results (31). Although diagnostic criteria do not recommend testing MOG-IgG in CSF, some recent studies have reported some patients with MOG-IgG positivity only in the CSF (not serum) who had a clinical and neuropathological MOGAD phenotype (29, 32). Therefore, seronegative patients whose clinical phenotypes are strongly suspicious for MOGAD may benefit from MOG-IgG testing in the CSF, because up to 4–7% of these patients may harbor CSF-restricted antibodies. Patients with CSF restricted MOG-IgG have similar clinical phenotype in comparison with seropositive ones, with the notable exception of isolated optic neuritis, which is uncommon in patients with CSF-restricted MOG-IgG (29, 33, 34). Finally, MOG isoforms (7) and IgG subclasses (35) binding analysis have been performed, but they are currently used for research purposes only.




POTENTIAL BIOMARKERS OF NMOSD AND MOGAD

The role of biomarkers in NMOSD and MOGAD is vital to 1. Aid clinicians in differentiating these conditions from typical MS; 2. Determine the relapse risk; 3. Define disease prognosis; 4. Assist treatment choices.

Current biomarkers are related to different pathogenetic aspects of the diseases and may be broadly classified into these 4 groups (Figure 2):

- Antibody titers and persistence

- Complement proteins

- Cytokines and other immunological markers

- Markers of neuronal and astroglial damage.
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FIGURE 2. Summary of current evidence regarding the role of biomarkers in neuromyelitis optica spectrum disorder (NMOSD) and myelin oligodendrocyte glycoprotein associated disorder (MOGAD). MS, multiple sclerosis; Th, T-helper; CSF, cerebrospinal fluid; IL-6, interleukin-6; AQP4-IgG, aquaporin4 antibodies; HERV-w, human endogenous retroviruses; MOG-IgG, myelin oligodendrocyte glycoprotein antibodies; GFAP, glial fibrillary acid protein; NfL, neurofilament light chain; NfH, neurofilament heavy chain.



Antibody Titers and Persistence

Antibody titers reflect antibody concentration and thus may represent a useful biomarker for CNS disorders associated with pathogenic antibodies. Indeed, in other conditions such as NMDA-R encephalitis, higher titers at diagnosis predict a worst outcome and increases in titer in the CSF are associated with relapses (36). MOG-IgG titers have also an important diagnostic role because only high titers have been consistently associated with a defined phenotype, whilst low positive titers me be found in other neurological conditions and they be also found in atypical phenotypes which are not related to MOGAD (31, 37).

However, the role of antibody titers in patients with AQP4-IgG-NMOSD and MOGAD as a prognostic and predictive factor is still debated and differences exist in the potential role of these titers as biomarkers, reflecting the heterogeneity of the underlying biology.

Regarding AQP4-IgG-NMOSD, AQP4-IgG serum titer at the time of attack has been found to be higher in patients presenting with ON (38) and to be associated with the severity and outcome of the event (blindness, length of myelitis on MRI) (39, 40), however these findings were not consistently replicated in other studies (41, 42) and therefore the utility of AQP4-IgG titers in predicting disease is unclear. Furthermore, antibody titers may fluctuate during disease course, particularly during the relapse and remission phase. Several studies demonstrated that patients have higher AQP4-IgG titers at the time of relapse when compared to the remission phase (39, 43–45) however this difference was not seen in all studies (42, 46). An increase of antibody titers may precede relapses, but it is important to note that some patients with high or increasing titers may not experience relapses (43–45, 47). Similarly, patients with low or stable titers, initially thought to be predictive of monophasic disease (39, 48), may also experience relapses (43, 45, 46). Intriguingly, up to 55% of patients may become seronegative during their disease course and experience subsequent relapses with a concomitant increase of AQP4-IgG titers (45), limiting the prognostic role of seronegative conversion after onset.

AQP4-IgG titer in the CSF may have a different dynamic when compared to serum titer. CSF levels of AQP4-IgG are mainly related to the antibody leak in the CNS due to an increased permeability of the blood-brain barrier (49). AQP4-IgG in the CSF may be more frequently detected during attacks (85%) rather than during remission (49) and their ratio to serum titers is also increased in the acute stage (50). CSF titers may decrease after a relapse, whilst serum titers remain stable, and their reduction has been reported to be associated with clinical improvement (51). However, there are less studies on the prognostic utility of AQP4-IgG in the CSF because the difficulty in obtaining CSF and the observation that serum is more sensitive than CSF as a biomarker of NMOSD.

Finally, some studies have found that antibody titers may decrease after immunotherapy (39, 43) and may increase when treatment is suspended (43). The reduction of antibody titers after treatment has been reported to help predict responders to rituximab (44). However, these findings have not been consistently replicated across different studies (41, 46), which limits the use of AQP4-IgG as a clinical biomarker to monitor treatment efficacy.

MOG-IgG titers represent a complex biomarker, influenced by several factors including age and clinical presentation at onset. Studies have suggested that MOG-IgG titers are higher during relapses (13, 26) and may be highest in patients presenting with myelitis (12) or ADEM (10, 52). A study by Cobo-Calvo et al. found that antibody titers at the first episode was related with acute disability at onset, but not with long-term outcome or a predictor of relapse (53). In contrast, a study by Hennes et al. found a high titer at onset predicted a relapsing course in a pediatric cohort (54), and therefore usefulness of the initial MOG-IgG titer level in prognostication remains unclear.

MOG-IgG titer often declines over time after the first demyelinating attack. In pediatric patients with ADEM, MOG-IgG titers are usually high at onset, and may subsequently decline or become seronegative, in about 50% of patients regardless of the onset titer (52, 55). This may have important clinical relevance because seronegative pediatric patients have been shown to have a significantly lower risk of relapse (55, 56). The persistence of high MOG-IgG titers may predict relapses in this setting (54), but up to 72% of persistently positive pediatric ADEM patients will also remain monophasic. When including both adult and pediatric ADEM patients, Lopez et al. found that only 12% of patients that became seronegative experience relapses, compared to 88% of persistently seropositive ones (15). Several other studies, including both pediatric and adult MOGAD patients with a variety of phenotypes, have found that seronegative conversion is associated with a lower relapse risk in MOGAD patients (25, 26, 35, 57). While 50% of pediatric MOGAD patients become seronegative, only roughly 25% of adults become seronegative. It should be noted that while persistent seropositivity may be associated with an increased risk of relapse, not all patients with persistent seropositivity will inevitably experience relapses. Indeed, Juryncyzk et al. found that among 72% of patients that remained persistently seropositive after the first attack, only 59% experienced further relapses (25), thus proving that persistently MOG-IgG seropositivity is not always associated with further clinical events. In addition, some patients that become seronegative can rarely relapse and become seropositive at the time of the relapse (55).

The role of antibody titers in AQP4-IgG-NMOSD and MOGAD is extremely complex and likely differs in the two conditions. The predicting role of AQP4-IgG titers regarding outcomes, disease course or relapses is vastly controversial due to the inconsistency of the results, which may potentially be explained by the different methods used to determine the titer of AQP4-IgG. Some studies used CBAs (39), while others used fluorescence-based immunoprecipitation assay (FIPA) (49) or ELISA (45). Beside methodological differences, it is clear that some relapses in patients with AQP4-IgG-NMOSD occur regardless of AQP4-IgG titer at onset and its fluctuation during the disease course does not always correlate with disease activity. These features make AQP4-IgG titer a non-optimal biomarker for this condition.

On the contrary, in patients with MOGAD the dynamics of MOG-IgG titers may be helpful in identifying patients that will experience a monophasic disease course since patients that become seronegative will more frequently be monophasic. On the other hand, persistently positive MOG-IgG patients may have a higher chance of relapse, but can also have a monophasic disease course, and therefore, in this setting, antibody titers are less helpful as predictors. Of note, the results found in patients with MOGAD may be more consistent because all recent studies use MOG-IgG testing with conformational CBAs.



Complement Proteins

Both AQP4-IgG and MOG-IgG predominantly belong to the IgG1 subclass and thus may activate the complement cascade. The role of complement activation was noticed even before the discovery of AQP4-IgG (58) and it is now clearly demonstrated (59).

Complement activation and complement-associated cell killing (60) have relevant therapeutic implications in AQP4-IgG NMOSD, including the successful randomized clinical trial of eculizumab in prevention of relapses (61).

On the other hand, the role complement in patients with MOGAD is still a matter of debate (62, 63).

Complement proteins are a potential biomarker of AQP4-IgG NMOSD and have been proposed to be useful to distinguish NMOSD from other demyelinating disorders, such as MS. Indeed, many studies used patients with MS as controls along with patients without inflammatory neurological disorders. The comparison of complement proteins between these groups have regrettably led to inconsistent results. Indeed, an initial study found that C4d and sC5-C9 complex were higher in NMOSD patients in comparison with healthy controls and MS patients (64). Similar results regarding the increase of sC5b-9 complex in serum and CSF were replicated in other studies (65, 66), which failed to give consistent results regarding C3 and C4 proteins. C3 was found to be equal (66, 67) or increased when compared to healthy controls (65). Similarly, C4 was reported to be increased (64) and decreased (65) in NMOSD patients. Kuroda et al. found that CSF concentrations of C3 and C4 did not segregate in the different groups (67). Hoellou et al. found that CSF C3 and C4 were similar in pediatric MS and MOGAD, but C5a was higher in the latter group (68).

More recent studies have systemically assessed complement proteins, activation products and regulators in patients with NMOSD in serum (69) and CSF (70). These studies highlighted that plasmatic C1Inh, C5 may be helpful to distinguish NMOSD vs. healthy controls, whilst C1Inh and C5b–C9 could segregate MS and NMOSD (69). Finally, CSF levels of C3, C4, C5, C9, FH, FHR, and C1Inh may be used to differentiate the two inflammatory conditions (70).

Some studies have reported an association between complement levels and disease activity in patients with AQP4-IgG NMOSD. In particular, serum C3 levels were found to correlate with EDSS (65) and CSF C5a values were associated with MRI activity and delta EDSS (67). In addition, a study by Veszeli et al. suggests complement may be altered, although not activated, even in patients in remission and under disease-modifying treatment (71).

Recent studies have tried to distinguish specific complement signatures in AQP4-IgG NMOSD compared to MOGAD patients. Patients with AQP4-IgG NMOSD had lower (72) or comparable (73) levels of C3 and lower concentration of C4 when compared to patients with MOGAD (72, 73). According to a different study by Hakobayn et al. Bb, C4a and C5a components were higher in AQP4-IgG NMOSD patients, while iC3b and C5b–C9 were higher in MOGAD patients (69). On the contrary, Keller and colleagues surprisingly found that all complement levels with the exception of C3a were higher in patients with MOGAD when compared to NMOSD (63). These discordant findings may be related to the fact that samples were obtained during remission (73) or at first event (72). This study also found that patients with MOGAD have higher complement levels when compared to healthy controls and MS (63). However, the complement levels did not differ between patients with a monophasic or relapsing disease course and did not differ between patients during relapse or in remission (63). Therefore, its role as a biomarker of disease is limited. Future studies are required to confirm complement's role in MOGAD (74).

Overall, complement may be a useful biomarker to discriminate patients with MS, MOGAD, and NMOSD, but studies have been mixed and larger prospective studies are required. Some studies have also demonstrated that complement may be associated with some clinical and radiological indexes of disease activity and severity. However, results among different studies have led to discordant findings, probably due to methodological and sampling issues (e.g., use of CSF or serum, sampling during remission or active disease). Despite these inconsistencies, these studies show that complement may play a key role in the pathogenesis of these disorders and may represent a potential therapeutic target.



Cytokines and Other Immunological Biomarkers

The different pathogenesis between MS and other antibody-mediated demyelinating disorders has led to the question whether cytokine signatures could differ in these conditions, and thus whether cytokines could represent a useful tool in the differential diagnosis.

The importance of studies on cytokines, and in particular interleukin-6 (IL-6), underlies the success of the recent randomized clinical trial on satralizumab, which was found to be more effective in AQP4-IgG NMOSD, but less effective for seronegative NMOSD (75). Similarly, tocilizumab was found to reduce the risk of relapses in both in AQP4-IgG NMOSD and MOGAD (76, 77).

Early studies on “opticospinal multiple sclerosis” (OSMS), which likely were cases of NMOSD, have demonstrated that a discrete number of cytokines, in particular T-helper 2 (Th2) and T-helper 17 (Th17) related ones, could differentiate OSMS from both unaffected patients and patients with other forms of acute myelitis (78) or MS (79).

Among these cytokines, CSF levels of Th2-related IL-6 seem to have a prominent role in patients with NMOSD. Indeed, IL-6 is increased during relapses (80) and it may be a useful biomarker to discriminate between MS and NMOSD (81–85). IL-6 has been shown to correlate with the length of myelitis (83), EDSS (82), particularly in untreated patients (86), and correlate with markers of glial and myelin damage [as glial fibrillary acid protein (GFAP) (84, 86, 87) and myelin basic protein (MBP) (87)]. CSF IL-6 levels may also predict the outcome after a relapse and the occurrence of further short-term relapses (88). Of note, AQP4-IgG seropositive and seronegative NMOSD patients have different concentrations of IL-6 (80, 84), with seropositive patients harboring the highest concentration. In contrast to CSF testing, several studies have shown that measuring IL-6 in serum/plasma is not useful in discriminating between NMOSD and other conditions (84, 85, 89). However, Monteiro et al. (90) demonstrated that plasma concentrations of IL-6 and interleukin-17 (IL-17) are associated with relapses and disability measured with the EDSS score in patients with NMOSD.

Other relevant cytokines analyzed in NMOSD include the Th17 related-ones -IL-8 (85, 86) and IL-17 (82, 86, 89, 90)- and the T-helper regulatory interleukin-10 (IL-10) (84, 87). Individual reports have also highlighted that other chemokines or related molecules, such as CXCL8, CXCL10 (82), CXCL13 (91), BAFF, and APRIL (92), could be useful biomarkers in NMOSD. However, they have been analyzed in only few studies and further evidence is required.

As for MOGAD, studies on cytokines have demonstrated that patients with MOGAD share a similar cytokine signature to that observed in patients with NMOSD, with a predominant involvement of IL-6, IL-8, IL-10, and IL-17 (68, 85, 87, 93) that may be used to distinguish MOGAD from MS but not from NMOSD. Intriguingly, human endogenous retroviruses (HERVs), a novel biomarker that has been studied mainly in MS (94), has shown promising results in terms of differentiating among demyelinating diseases. HERV-w peptides have been found in 78% of patients with MS and in 8% of patients with NMOSD, regardless of AQP4-IgG serostatus (95), suggesting a potential role in differentiating these entities. Moreover, a recent study by Arru et al. found HERV-w peptides in 91% of patients with MOGAD compared to only 32% in AQP4-IgG NMOSD, which suggests it may be a helpful diagnostic biomarker to distinguish between these two conditions (96).

Taken together, the role of cytokines and immunological markers may be useful in NMOSD and MOGAD to predict the short-term outcome and to identify patients that will experience a new attack. However, the role of cytokines, and in particular of IL-6 which has the most solid evidence as a biomarker, is limited by the fact that most of the clinical and prognostic correlations are found with CSF rather than serum IL-6 levels. This limitation is relevant because it prevents monitoring cytokines levels over time and the use of these biomarkers in longitudinal studies.

On the other hand, cytokines levels may be useful to distinguish NMOSD from MS, which has relevant clinical and therapeutical implications. MOGAD and NMOSD share similar cytokines signature and therefore cytokines may not be useful in the differential diagnosis. However, HERV-w peptides have shown promising results in differentiating the two conditions.



Markers of Neuronal and Astroglial Damage

Markers of neuronal and astroglial damage represent a broad spectrum of molecules that are released in the CSF after CNS injury. The two main molecules that have been the most studied within this category are neurofilament light chain (NfL) and GFAP, although other molecules such as astrocytic marker S100B, MBP, neurofilament heavy chain (NfH), and tau proteins have also been analyzed in a few studies in patients with NMOSD and MOGAD.

Briefly, neurofilaments are intracellular proteins involved in radial growth and stability of axons that are released, together with other axonal cytoskeletal proteins, into the CSF after neuroaxonal damage. NfL has been demonstrated to be a promising biomarker (97), useful in different neurological conditions such as MS, dementia, stroke, traumatic brain injury, Parkinson's disease, Huntington disease, encephalitis, peripheral neuropathies, and amyotrophic lateral sclerosis (98–102). On the other hand, GFAP represents the main cytoskeletal protein of mature astrocytes, and it is also involved in regeneration, plasticity, and reactive gliosis (103). GFAP is a promising biomarker in the setting of traumatic brain injury, MS, frontotemporal dementia, and other diseases (104, 105).

Both NfL and GFAP are released in the CSF after axonal or astroglial injury, respectively, and a small proportion of these proteins can also be detected, at lower concentration, in the blood. First- and second-generation assays such as ELISA or immunoblot could detect these biomarkers properly only in the CSF because of the lack of sensitivity. New generation assays (such as electrochemiluminescence and, particularly, single-molecule array -SIMOA-) are able to detect these molecules in the blood with high sensitivity, thus allowing the conduction of longitudinal studies and monitoring of their values over time (99).

Initial studies on patients with NMOSD were performed with ELISA on CSF samples and were thus limited by the lack of longitudinal follow-up or remission phase data, given the difficulties in repeating lumbar punctures outside the setting of an acute event. There are only two studies using ELISA in serum, which provided conflicting results. In particular, Storoni et al. found higher concentrations of serum GFAP in patients with AQP4-IgG related ON (106), while this was not found by Fuji and colleagues (107). Most of these earlier studies, predominantly performed on CSF, showed that the makers of astrocytic damage, GFAP and S100B, were higher in patients with NMOSD when compared to patients with MS or healthy controls (84, 87, 107–112). One recent study that combined GFAP and glutamine synthetase (GS) analyses found that markers of astrocytic damage were higher in patients with AQP4-IgG NMOSD when compared to MS, but also found some seronegative NMOSD patients with high levels of GFAP and GS (113). Other studies have demonstrated that the values of GFAP and S100B are lower in seronegative patients when compared to AQP4-IgG positive NMOSD patients (87). Given the ability of GFAP to discriminate between NMOSD and MS (112), the increase of GFAP values was proposed as a supportive criterion for NMOSD diagnosis (110). However, the utility of GFAP and S100B in discriminating among MOGAD, AQP4-IgG NMOSD, and double seronegative patients was not consistent according to the few studies which tried to address this issue (111, 112).

Regarding the associations with clinical features, GFAP levels in the CSF have been found to be related to EDSS on relapse (108, 109), EDSS during remission (112), EDSS at 6 months follow-up (109), and the number of spinal cord segments involved (108, 109). S100B values have been associated with the number of spinal cord segments involved (108, 109) and EDSS on relapse (109, 112) and on remission (112). GFAP have been shown to be more elevated in patients with myelitis when compared to those with brain lesions and ON (109, 112) and reduces after treatment (108, 109).

Evidence regarding other biomarkers tested with ELISA on CSF is more limited. MBP was found to be higher in both MOGAD and AQP4-IgG NMOSD patients when compared to MS (87, 111), although this association was not consistent with a previous study (109) showing MBP correlation with EDSS and length of myelitis. NfH values were found to be higher in NMOSD when compared to controls patients (110, 114), but similar to those detected in patients with MS (115). On the other hand, NfL levels were higher in NMOSD in comparison to both healthy controls and patients with MS (115). NfL values correlated with disability in both NMOSD and MS, whilst NfH was associated with disability in MS only. Despite the lack of association with disability, the increase of NfH concentration persisted after relapses in NMOSD (114). Intriguingly, one study analyzing NfL concentration in seronegative NMOSD patients failed to detect differences in comparison with non-inflammatory controls, in contrast to results found in AQP4-IgG NMOSD patients (84).

The advent of next-generation assays, particularly SIMOA, have reshaped the analysis of these biomarkers by allowing a more consistent and reproducible measure in serum, which has the clear advantage of being more accessible than CSF. Recent studies focused on the role of serum GFAP (sGFAP) and NfL (sNfL) during the relapse and remission phase of AQP4-IgG-NMOSD and MOGAD, their association with clinical and paraclinical variables and their role in predicting further relapses.

Most of studies have found higher levels of sGFAP and sNfL in patients with NMOSD and MOGAD compared to healthy controls (116–121), although one study which analyzed samples obtained in sustained clinical remission failed to confirm this finding (122). Intriguingly the few studies which included seronegative NMOSD patients did not find differences of sNfL concentration between seronegative NMOSD patients and healthy controls (116), thus suggesting a different underlying biology.

The role of biomarkers of tissue damage in differentiating MS and other demyelinating disorders is still a matter of debate and data are likely influenced by the timing of sampling (relapse vs. remission). For example, Mariotto et al. found higher concentrations of sNfL in patients with MOGAD and NMOSD when compared to MS in samples obtained mostly during disease activity (116), while Watanabe et al. did not find a difference in sNfL values between MS and NMOSD when samples were obtained during remission (118). Other studies found discordant results with similar levels of sNfL between the two conditions (123) or even higher values in patients with MS (124). On the other hand, most studies have found that sGFAP concentration is higher in NMOSD (118, 124).

As for the difference between patients with NMOSD and MOGAD, one study found that GFAP levels are higher in patients with NMOSD (125), whilst tau and sNfL were comparable. However, other reports did not find any differences between the two conditions in terms of sNfL levels (116, 124) or sGFAP (124). Samples obtained during relapses may help to differentiate between MOGAD and NMOSD. For example, Kim et al. found that tau protein was increased during MOGAD relapses, while sGFAP and sNfL levels were increased during AQP4-IgG NMOSD relapses (125). In addition, the relationship between sGFAP and sNfL (i.e., the sGFAP/sNfL ratio) may be a more specific index of astrocytic damage and may be able to better differentiate these conditions (118, 119, 124) but future larger studies are required to confirm these findings.

Regarding prognosis, sGFAP plays a key role in patients with AQP4-IgG NMOSD and the dynamics of this molecule has been elucidated by a prospective study conducted during the NMO-Momentum trial for inebiliziumab (126). Higher sGFAP levels were found in patients with AQP4-IgG NMOSD, which was also related with age and EDSS. The NMO-Momentum trial found that higher baseline levels of sGFAP was associated with a 3-fold increased risk of subsequent relapses, and within 1 week from a relapse, sGFAP concentration increased and started to decline 5 weeks after the event. The severity of relapse was correlated with the sGFAP concentration. However, it was noted that patients may experience an increase of sGFAP without concomitant relapses, though in these cases minor neurological symptoms (not defined as relapses) or asymptomatic MRI lesions may be detected. The NMO-Momentum trial also showed that treatment with inebilizumab reduced the concentration of sGFAP in treated patients and reduced the risk of relapse. Intriguingly, patients may experience relapses during treatment with inebilizumab, however sGFAP concentrations do not significantly increase, suggesting that relapses on treatment may induce less astrocytic damage or may be a reflection of inebilizumab stabilizing the blood-brain barrier (126).

Other studies in AQP4-IgG NMOSD have also demonstrated that sGFAP is higher during relapses (118, 119, 121, 124, 125), that higher concentration of sGFAP may predict the occurrence of relapses (118, 122), and that sGFAP concentration may discriminate between stable and active disease (119, 121, 125). sGFAP concentrations decrease over time after a relapse (119) but may remain elevated during the remission stage (118, 121) and then normalize after 3–4 months (122, 127). Of note, sGFAP levels may subtly increase during inter-attack periods (127) or may increase over time in absence of immunotherapy (119), suggesting possible subclinical ongoing astrocytic damage in AQP4-IgG NMOSD.

Regarding the role of sNfL in AQP4-IgG NMOSD, most studies have found that serum sNfL to be increased during relapses (121, 125) and to slowly decrease over time (119, 127) or normalize after treatment (118, 121), reaching comparable levels to that observed in healthy controls in sustained remission (122). However, one single study detected stable sNfL values during relapses (124).

Finally, serum sGFAP values have been associated with EDSS score (118, 121–125), Multiple Sclerosis Composite Scale (122), the occurrence of myelitis (118, 124), and a recent relapse (118, 121). Conversely, serum sNfL have been associated with EDSS only (118, 121, 123, 124).

The role of these biomarkers in patients with MOGAD is less defined. sNfL and sGFAP may increase during relapses (124) and the increase of sNfL is more marked in severe attacks (117). In patients with multiple relapses, sNfL have been found to be increased only during the first relapse and then remain stable, supporting the role of the first attack in determining long-term disability (128). On the contrary, one aforementioned study has demonstrated that only serum tau, and not sGFAP or sNfL, increases during relapses (119). Another study found that sNfL increases during relapses among patients with MOGAD, but sGFAP did not increase (129). As in NMOSD, sNfL levels reduce over time after an acute attack (128) and during remission they may be similar to controls (122, 129).

In MOGAD, sNfL values are associated with EDSS (117, 124, 125), are higher in pediatric patients presenting with encephalopathy (130) and both sGFAP and sNfL have been found to be associated with a recent brain lesion (124). In addition, tau concentration has been found to be associated with EDSS (125). Serum biomarkers may also have a diagnostic role when associated with neuroradiological findings: indeed, the ratio between sNfL and the T2 lesion area on MRI (neurofilament light chain/area ratio) may discriminate between spinal cord infarction and other acute myelopathies, such as NMOSD or MOGAD (131).

Overall, current evidence shows that molecules related to neuronal and astroglial damage are promising biomarkers in NMOSD, and particularly GFAP seems to be a reliable marker of disease activity. The improvements in the diagnostic assays have allowed to study the dynamics of these molecules in the serum during and after relapses, and even in remission. The presence of baseline elevated concentrations of GFAP predicts the occurrence of relapses in NMOSD and thus it may be used to identify patients that may require more aggressive treatment. Similarly, GFAP could be used as a marker of treatment response to promptly identify non-responders. On the other hand, the increase of GFAP before a relapse may be useful to monitor patients without therapy and to promptly treat them when increasing concentrations of this biomarker are detected. Finally, GFAP may be useful to determine subclinical progression in patients with NMOSD. Despite these promising studies, the role of GFAP in clinical practice has not been established and reliable cut-offs are not yet available to determine remission and relapses. Although some studies tried to determine clear cut-offs for disease status, the included populations were small and methodological issues may hinder the reproducibility of these values.

The role of these biomarkers in patients with MOGAD is still uncertain and requires more clinical evidence, although tau and NfL may be promising molecules, given their association with disability, even though their association with relapses is still unclear and deserves further study. Finally, GFAP and NfL may be useful markers to differentiate MS from MOGAD and NMOSD, although studies have been mixed. The adoption of the GFAP/NfL ratio, which represent a marker of astrocytic damage that accounts for both NfL and GFAP, may better discriminate among different demyelinating disorders, but needs to be explored in future studies.




CONCLUSIONS

Ideal biomarkers should be precise, easily accessible, reproducible, and most importantly be able to predict the disease course and aid in the differential diagnosis. Biomarkers are an emerging and promising field that may help clinicians in the management of patients with MOGAD and NMOSD, and their incorporation as surrogate endpoints in clinical trials is warranted.

Regarding the application of biomarkers in the clinical practice, this review has shown that (a) seronegative conversion of MOG-IgG may be helpful in MOGAD to distinguish monophasic and relapsing patients, so that monitoring MOG-IgG titer over time is recommended. On the contrary, evidence does not support monitoring in AQP4-IgG in NMOSD. Even if CSF testing of AQP4-IgG and MOG-IgG is not routinely indicated, there is growing evidence that evaluating for MOG-IgG in the CSF may be useful to identify rare patients with MOGAD when serum is unrevealing; (b) complement proteins shed light on the pathogenesis of antibody-mediated demyelinating disorders and may support the use of complement-directed therapies, but their role as biomarkers has yet to be defined; (c) cytokines, and in particular IL-6, may be useful to distinguish NMOSD/MOGAD from MS, and may be useful as a short-term prognostic factor; (d) given the advances in assay sensitivity allowing evaluation of proteins released after astroglial or neuronal damage in the serum, these markers of injury are becoming promising biomarkers in these conditions. In particular, serum levels of GFAP have a strong association with AQP4-IgG NMOSD disease course, whilst the contrasting data related to MOGAD and seronegative NMOSD patients warrants additional future studies.
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Volumetric Brain Loss Correlates With a Relapsing MOGAD Disease Course
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Background: Myelin oligodendrocyte glycoprotein antibody disorders (MOGAD) have evolved as a distinct group of inflammatory, demyelinating diseases of the CNS. MOGAD can present with a monophasic or relapsing disease course with distinct clinical manifestations.However, data on the disease course and disability outcomes of these patients are scarce. We aim to compare brain volumetric changes for MOGAD patients with different disease phenotypes and HCs.

Methods: Brain magnetic resonance imaging (MRI) scans and clinical data were obtained for 22 MOGAD patients and 22 HCs. Volumetric brain information was determined using volBrain and MDbrain platforms.

Results: We found decreased brain volume in MOGAD patients compared to HCs, as identified in volume of total brain, gray matter, white matter and deep gray matter (DGM) structures. In addition, we found significantly different volumetric changes between patients with relapsing and monophasic disease course, with significantly decreased volume of total brain and DGM, cerebellum and hippocampus in relapsing patients during the first year of diagnosis. A significant negative correlation was found between EDSS and volume of thalamus.

Conclusions: Brain MRI analyses revealed volumetric differences between MOGAD patients and HCs, and between patients with different disease phenotypes. Decreased gray matter volume during the first year of diagnosis, especially in the cerebrum and hippocampus of MOGAD patients was associated with relapsing disease course.

Keywords: MOGAD, brain MRI, relapsing MOGAD, brain volume, brain atrophy


INTRODUCTION

Myelin oligodendrocyte glycoprotein (MOG) antibody disorders (MOGAD) are a newly recognized group of inflammatory demyelinating diseases of the central nervous system (CNS), characterized by the presence of immunoglobulin G (IgG) antibodies against MOG presented on myelin sheaths (1, 2). MOGAD are predominantly associated with acute disseminated encephalomyelitis (ADEM) in young children and with optic neuritis (ON) and myelitis in adults, and have lower prevalence in cases of encephalitis and seizures. This has evolved into a new inflammatory CNS disease entity that is distinct from both multiple sclerosis (MS) and neuromyelitis optica spectrum disorders (NMOSD), and is characterized by younger age at onset, equal frequency in males and females, and an optic nerve preference (3, 4).

MOGAD occurs in all decades of life and can present with a monophasic or relapsing course. A relapse pattern has been reported in 44–83% of adults with MOGAD (5). Young adults mostly present with relapsing disease course, while early and late-onset MOGAD mainly presents with a monophasic disease course (6). Children that experience a relapsing course (20-34%) usually present as ADEM, followed by one or multiple episodes of ON, multiphasic disseminated encephalomyelitis, or relapsing NMOSD-like syndromes (7). The current evidence is controversial regarding whether higher MOG antibody levels predict a relapsing course (6). Predicting the disease course will dictate the patient's management (8).

MOGAD lesions are characterized by demyelination, MOG loss, and relative preservation of axons and oligodendrocytes. The cellular infiltrates consist of macrophages/microglia, T-cells (CD4 dominance), and granulocytes. Humoral immunity, evidenced by B cells, IgG and perivascular deposits of activated complement, was observed, although in lower levels than in AQP4 antibody-positive NMOSD (9). Cortical demyelination occurs relatively frequently in MOGAD patients with brain involvement and is often topographically associated with meningeal infiltration (10).

Magnetic resonance imaging (MRI) is a critically important tool for diagnosis and differentiation of demyelinating disorders. Prognosis, disease monitoring and treatment changes are based on clinical symptoms and neuroimaging findings (11). MRI allows whole-brain volume to be measured, as well as the volume of brain lobes and gyri. In MS, whole brain atrophy is considered a good predictor of long-term clinical disability (12). Two-thirds of MOGAD cases have normal brain MRI, however, when lesions exist, they tend to be with a predilection for the brainstem and infratentorial regions. The lesions are mostly bilateral, affecting the deep white matter (13). MRI findings in MOG encephalomyelitis/encephalitis are usually described as an ADEM-like pattern with diffuse signal changes noted in the cortical gray matter/subcortical white matter, and deep white and gray matter (4). In the majority of cases, following clinical recovery there is complete resolution of all MRI abnormalities (14). Extensive lesions can be seen in the optic nerve, predominantly involving the anterior segments of the optic nerve, sparing chiasm and optic tracts (14).

So far, few studies have examined brain volumes of patients with MOGAD. In this study, we analyzed high-resolution MRI data of MOGAD patients with different disease phenotypes and HCs using volBrain and MDbrain analysis software.



METHODS


Approvals

The study was approved by Hadassah Medical Organization's Ethics Committee (reference no. HMO-20-0644). Given the study design, the Hadassah Medical Organization's Ethics Committee has determined that written consent wasn't required. We confirm that all experiments were performed in accordance with relevant guidelines and regulations.



MOG Antibody Testing

Serum samples were tested for MOG-IgG using the Euroimmun commercial biochip immunofluorescence cell-based assay [IIFT: Myelin-oligodendrocyte glycoprotein (MOG) product numb 1156]. Briefly, specific antibodies from the diluted patient sample bind to the solid-phase MOG-bound antigens. In the next step, a fluorescein (FITC)-labeled antibody (conjugate) binds to the specific antibodies from the patient sample. By excitation with the respective wavelength, the complex can be made visible at the fluorescence microscope (15).



MRI Data Acquisition, Processing, and Analysis

Three-dimensional T1-weighted images were acquired mainly using 3 Tesla MRI scanner. Eight of the patients were obtained with 1.5 Tesla. All the MRIs of MOGAD patients were acquired using Demyelination protocol (16). Volumetric data were extracted using the volBrain (http://volbrain.upv.es) and MDbrain (https://grand-challenge.org/aiforradiology/product/mediaire-mdbrain/) platforms. volBrain software contains advanced pipelines and automatically provides volumetric information of the brain MR images at different scales (17). Validation analysis was performed using MDbrain software, an artificial intelligence-based software tool for volumetric brain analysis and characterization of white matter lesions. It quantifies volumetric values and codes deviations from a normal database. MDbrain analysis calculates the coded deviations from normal database, and is available for total brain, white and gray matter, cerebrum, hippocampus and cerebellum.

Cerebellar gray matter was determined using the multi-atlas segmentation tool CEREbellum Segmentation (CERES) (18). HIPS is a pipeline of volBrain for segmenting the hippocampus and its subfields (19).

No differences were found when comparing brain volume levels between the two MRI scanners (Supplementary Table S1).



Statistical Analysis

Distribution was tested using the Kolmogorov–Smirnov test. Due to the normal distribution, we used Student's t-test to assess differences between two independent variables.

Spearman correlation study was used to assess the correlation between EDSS levels, and number of relapses to brain volume. Differences were considered significant at P ≤ 0.05.




RESULTS


Patients

The patient cohort included 22 patients [18 females, 4 males; average age: 33.10 ± 17.19 years; mean disease duration 3.51 ± 3.24 years; mean Expanded Disability Status Scale (EDSS), 1.10 ± 1.30; average relapse number: 1.62 ± 1.07; mean duration between first episode and MRI scan: 2.01 ± 2.89 years]. All patients are MOG-IgG seropositive (Demographic and clinical data are presented at Table 1A). A group of 22 healthy individuals served as controls (average age: 38.23 ± 12.58; Female:Male ratio: 17:5).


Table 1A. Clinical and imaging data of MOGAD patients.
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The patient cohort composed of 8 monophasic patients, 8 relapsing patients and 6 patients classified as unknown (disease duration <2.5 years with one relapse). Patients were classified as having a monophasic course after at least 2.5 years of follow-up without relapse (20).

There were no significant differences between the monophasic and relapsing group in regards to age (36.50 ± 15.46 vs. 32.88 ± 20.29, p = 0.69), gender (Female:Male ratio: 6:2 vs. 7:1, p = 0.52), disease duration at MRI scan (2.16 ± 2.61 vs. 3.19 ± 3.70, p = 0.53), EDSS (1.13 ± 1.64 vs. 1.25 ± 1.28, p = 0.87), and scans performed in 1.5 vs. 3 Tesla (4:4 vs. 3:5, p = 0.61) (Demographic and clinical data of the patients are presented at Table 1B).


Table 1B. Clinical and demographic data of monophasic and relapsing MOGAD patients.
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Brain Volume Loss in MOGAD Patients During the First Year After Diagnosis

We analyzed brain MRI scans of 22 MOGAD patients and 22 HCs and found a significant decreased total brain volume in MOGAD patients compared to HCs (1,214.14 ± 105.65 vs. 1,139.91 ± 135.15, p = 0.048). Specifically, there was a significant decrease in white matter volume in MOGAD patients (512.56 ± 57.33 vs. 458.68 ± 89.60, p = 0.018) (Figure 1A). Looking at the deep gray matter structures of MOGAD patients we observed significant decrease volume in the cerebellum (134.64 ± 10.28 vs. 124.17 ± 12.42, p = 0.007), brainstem (23.96 ± 2.55 vs. 21.61 ± 2.45, p = 0.003), caudate (7.46 ± 0.79 vs. 6.56 ± 1.03, p = 0.001), thalamus (11.97 ± 0.98 vs. 10.74 ± 1.72, p = 0.008), hippocampus (7.78 ± 0.83 vs. 6.86 ± 1.27, p = 0.011), and amygdala (1.60 ± 0.27 vs. 1.37 ± 0.36, p = 0.024) compared to HCs (Figures 1B–G).
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FIGURE 1. Decreased brain volume in MOGAD patients compare to HCs. Brain volume of HCs (n = 22) and MOGAD patients (n = 22) analyzed by Volbrain software. (A) Volume of white matter (512.56 ± 57.33 vs. 458.68 ± 89.60, p = 0.018), gray matter (699.97 ± 59.45 vs. 681.66 ± 106.70, p = 0.476) and total brain (1,214.14 ± 105.65 vs. 1,139.91 ± 135.15, p = 0.048), and volume of (B) cerebellum (134.64 ± 10.28 vs. 124.17 ± 12.42, p = 0.007), (C) brainstem (23.96 ± 2.55 vs. 21.61 ± 2.45, p = 0.003), (D) caudate (7.46 ± 0.79 vs. 6.56 ± 1.03, p = 0.001), (E) thalamus (11.97 ± 0.98 vs. 10.74 ± 1.72, p = 0.008), (F) hippocampus (7.78 ± 0.83 vs. 6.86 ± 1.27, p = 0.011), and (G) amygdala (1.60 ± 0.27 vs. 1.37 ± 0.36, p = 0.024) of MOGAD patients and HCs. MOGAD, Myelin oligodendrocyte glycoprotein antibody disorders; HCs, healthy controls. p * ≤ 0.05, ** ≤ 0.01.


Limiting the analyses to 15 brain MRI scans of MOGAD patients performed during the first year after diagnosis yielded similar results. Significantly decreased volume of deep gray matter structures compare to HCs: brainstem (23.96 ± 2.49 vs. 22.13 ± 2.48, p = 0.035), caudate (7.46 ± 0.79 vs. 6.68 ± 1.03, p = 0.010), thalamus (11.92 ± 0.99 vs. 10.99 ± 1.67, p = 0.040), hippocampus (7.78 ± 0.83 vs. 6.82 ± 1.41, p = 0.021), and amygdala (1.60 ± 0.27 vs. 1.32 ± 0.41, p = 0.021) (Figures 2A–E) (Volumetric MRI parameters are presented in Supplementary Table S2,3) .
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FIGURE 2. Decrease brain volume of MOGAD patients during the first year of diagnosis. Brain volume of HCs (n = 22) and MOGAD patients during the first year of diagnosis (n = 15) analyzed by Volbrain software. (A) Volume of brainstem (23.96 ± 2.49 vs. 22.13 ± 2.48, p = 0.035), (B) caudate (7.46 ± 0.79 vs. 6.68 ± 1.03, p = 0.010), (C) thalamus (11.92 ± 0.99 vs. 10.99 ± 1.67, p = 0.040), (D) hippocampus 7.78 ± 0.83 vs. 6.82 ± 1.41, p = 0.021), and (E) amygdala (1.60 ± 0.27 vs. 1.32 ± 0.41, p = 0.021) of MOGAD patients during the first year of diagnosis and HCs. MOGAD, Myelin oligodendrocyte glycoprotein antibody disorders; HCs, healthy controls. p * ≤ 0.05.




Volumetric Brain Loss Evident at Diagnosis Correlates With Relapsing MOGAD Disease Course

MOGAD can follow a monophasic or relapsing course. Volumetric analysis of brain MRI scans revealed significant differences between patients presented with relapsing (n = 8) vs. monophasic disease course (n = 8). Patients with relapsing disease course presented with a significant decrease in brain volume (1,034.07 ± 88.93 vs. 1,223.45 ± 86.84, p < 0.001), gray matter volume (620.94 ± 73.22 vs. 747.28 ± 68.61, p = 0.003) and a trend toward a decreased white matter volume (413.63 ± 62.74 vs. 476.17 ± 74.35, p = 0.088) (Figure 3A). In addition, analysis of brain structures revealed significantly increased volume loss in the cerebellum (114.95 ± 12.81 vs. 130.48 ± 7.08, p = 0.010), cerebrum (899.04 ± 88.93 vs. 1,070.78 ± 86.84, p < 0.001), putamen (7.02 ± 0.94 vs. 8.04 ± 0.96, p = 0.051), thalamus (9.88 ± 1.30 vs. 11.45 ± 1.19, p = 0.024), hippocampus (6.72 ± 0.86 vs. 7.79 ± 0.68, p = 0.015), and amygdala (1.33 ± 0.21 vs. 1.63 ± 0.15, p = 0.005) in patients with relapsing disease course compared to monophasic disease course (Figures 3A–G) (Volumetric MRI parameters according to disease course are presented in Supplementary Table S4).
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FIGURE 3. Decreased brain volume in relapsing compared to monophasic MOGAD patients. Brain volume of relapsing (n = 8) and monophasic MOGAD patients (n = 8) analyzed by Volbrain software. (A) White matter (413.63 ± 62.74 vs. 476.17 ± 74.35, p = 0.088), gray matter (620.94 ± 73.22 vs. 747.28 ± 68.61, p = 0.003) and whole brain volumes (1,034.07 ± 88.93 vs. 1,223.45 ± 86.84, p < 0.001), (B) cerebellum (114.95 ± 12.81 vs. 130.48 ± 7.08, p = 0.010), (C) cerebrum (899.04 ± 88.93 vs. 1,070.78 ± 86.84, p < 0.001), (D) Putamen (7.02 ± 0.94 vs. 8.04 ± 0.96, p = 0.051), (E) thalamus (9.88 ± 1.30 vs. 11.45 ± 1.19, p = 0.024), (F) hippocampus (6.72 ± 0.86 vs. 7.79 ± 0.68, p = 0.015), and (G) amygdala (1.33 ± 0.21 vs. 1.63 ± 0.15, p = 0.005) of monophasic and relapsing MOGAD patients. MOGAD, Myelin oligodendrocyte glycoprotein antibody disorders. p * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001.


The differences between relapsing and monophasic patients were validated using the MDbrain program. MDbrain analysis calculates the coded deviations from normal database. In line with our findings in volBrain analysis, relapsing patients had decreased total brain volume (85.15 ± 14.49 vs. 30.79 ± 36.84, p = 0.021), white matter volume (91.90 ± 8.98 vs. 38.03 ± 39.19, p = 0.024), and hippocampus (70.00 ± 30.25 vs. 21.60 ± 15.83, p = 0.006) compared to monophasic patients (Supplementary Figures S1A–C).

Analysis of MRIs performed during the first year of diagnosis revealed significant changes between MOGAD disease phenotypes (10 MRI scans were available from the first year following diagnosis: 5 monophasic and 5 relapsing disease course). Patients that will develop a relapsing MOGAD disease course had decreased whole brain (1,235.95 ± 64.17 vs. 1,041.76 ± 105.77, p = 0.010), along with gray matter volume (724.63 ± 61.14 vs. 598.34 ± 83.82, p = 0.038), cerebrum (1,080.29 ± 61.15 vs. 907.26 ± 92.98, p = 0.010), and hippocampus (7.83 ± 0.70 vs. 6.87 ± 0.96, p = 0.044) at diagnosis compared to patients who exhibit a monophasic disease course (Figures 4A–D). No significant changes were seen between the monophasic group and HCs.
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FIGURE 4. Decreased brain volume in relapsing compared to monophasic MOGAD patients during the first year of diagnosis. Brain volume of relapsing (n = 5) and monophasic MOGAD patients (n = 5) during the first year of diagnosis analyzed by Volbrain software. Volume of (A) total brain (1,235.95 ± 64.17 vs. 1,041.76 ± 105.77, p = 0.010), (B) gray matter volume (724.63 ± 61.14 vs. 598.34 ± 83.82, p = 0.038), (C) cerebrum (1,080.29 ± 61.15 vs. 907.26 ± 92.98, p = 0.010), and (D) hippocampus (7.83 ± 0.70 vs. 6.87 ± 0.96, p = 0.044) of monophasic and relapsing course MOGAD patients during the first year of diagnosis. MOGAD, Myelin oligodendrocyte glycoprotein antibody disorders. p * ≤ 0.05.


Additional analysis revealed that patients who experienced more than one relapse during the first 3 years after diagnosis showed significantly decreased volume of total brain (1,025.55 ± 102.59 vs. 1,190.69 ± 103.66, p = 0.008), gray matter (602.60 ± 75.69 vs. 733.02 ± 68.23, p = 0.003), cerebrum (891.53 ± 91.65 vs. 1,040.94 ± 95.94, p = 0.008), cerebellum (113.92 ± 14.69 vs. 127.99 ± 8.45, p = 0.028), and thalamus (9.72 ± 1.50 vs. 11.23 ± 1.15, p = 0.040) compared to those who had only one relapse (Supplementary Figures S2A–E).



Increased Deep Gray Matter Volume Loss in MOGAD Patients
 
Cerebellar Volume in MOGAD

Pursuant to our findings, we studied volume loss in the cerebellum and hippocampus in depth in MOGAD patients compared to HCs. The cerebellum is a major structure of the hindbrain that has an important role in motor control. The cerebellum lobules are divided into 3 functional divisions from motor (lobules I-VI, VIII) to attentional (VI, VIIB, IX) to default-mode processing (Crus I, Crus II and X).

In our cohort of MOGAD patients we found a decreased volume of total cerebellum gray matter (96.23 ± 6.89 vs. 90.66 ± 10.43, p = 0.050) in addition to decreased volumes of the cerebellum lobules: I.II (0.12 ± 0.03 vs. 0.09 ± 0.05, p = 0.009), Crus II (17.33 ± 2.18 vs. 14.39 ± 1.75, p < 0.001), and VIIB (9.70 ± 1.24 vs. 8.26 ± 1.09, p < 0.001) compared to HCs (Figures 5A–D).
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FIGURE 5. Decrease volume of cerebellar lobules at MOGAD patients compared to HCs and decreased volume of cerebellar lobules at relapsing MOGAD patients compared to monophasic MOGAD patients. (A–D) Volume of cerebellar lobules of HCs (n = 22) and MOGAD patients (n = 20) analyzed by CERES pipeline of Volbrain software. Volume of (A) total cerebellum gray matter (96.23 ± 6.89 vs. 90.66 ± 10.43, p = 0.050), (B) cerebellar lobules I.II (0.12 ± 0.03 vs. 0.09 ± 0.05, p = 0.009), (C) Crus II (17.33 ± 2.18 vs. 14.39 ± 1.75, p < 0.001), and (D) VIIB (9.70 ± 1.24 vs. 8.26 ± 1.09, p < 0.001) of MOGAD patients and HCs. (E,F) Volume of cerebellar lobules of monophasic (n = 6) and relapsing (n = 6) MOGAD patients analyzed by CERES pipeline of Volbrain software. Volume of (E) total cerebellum gray matter (83.14 ± 10.78 vs. 95.34 ± 8.52, p = 0.047) and (F) cerebellar lobule VIIIA (9.87 ± 0.97 vs. 12.09 ± 1.03, p = 0.002) of monophasic and relapsing MOGAD patients. MOGAD, Myelin oligodendrocyte glycoprotein antibody disorders; HCs, healthy controls. p * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001.


Relapsing MOGAD patients showed a significant decrease volume of total cerebellum gray matter (83.14 ± 10.78 vs. 95.34 ± 8.52, p = 0.047), and cerebellar lobule VIIIA (9.87 ± 0.97 vs. 12.09 ± 1.03, p = 0.002) compared to monophasic MOGAD patients (Figures 5E,F) (Volumetric cerebellar parameters are presented in Supplementary Tables S5,6).



Hippocampal Volume in MOGAD

The hippocampus is a complex, heterogeneous structure in the medial temporal lobe that plays an important role in the limbic system. Typically, it is divided into the subiculum, presubiculum, parasubiculum, the cornu ammonis (CA) fields 1–4 and the dentate gyrus (DG) (21). The CA can also be differently divided to 6 strata; stratum oriens (SO), stratum pyramidale (SP), stratum lucidum (SLU), stratum radiatum (SR), stratum lacunosum (SL) and the stratum molecuare (SM).

We assessed specific subregions of the hippocampus using the HIPS pipeline to determine the extent and pattern of hippocampal atrophy. Subregional analysis of MOGAD patients revealed increased volume loss in CA4/DG (1.31 ± 0.18 vs. 1.14 ± 0.21, p = 0.009) and in SR/SL/SM (0.98 ± 0.14 vs. 0.82 ± 0.22, p = 0.008) subfields in MOGAD patients compared to HCs (Figures 6A,B). In addition, patients with a relapsing disease course showed a significantly decreased volume in CA4/DG (0.98 ± 0.24 vs. 1.23 ± 0.14, p = 0.028) compared to patients with monophasic disease (Figure 6C) (Volumetric hippocampal parameters of MOGAD patients with different phenotypes are presented in Supplementary Tables S7,8).


[image: Figure 6]
FIGURE 6. Decreased Volume of CA4/DG at MOGAD patients compare to HCs. (A,B) Volume of hippocampal subfields of HCs (n = 21) and MOGAD patients (n = 18) analyzed by HIPS pipeline of Volbrain software. (A) Volumes of CA/DG4 (1.31 ± 0.18 vs. 1.14 ± 0.21, p = 0.009) and (B) SR/SL/SM (0.98 ± 0.14 vs. 0.82 ± 0.22, p = 0.008). (C) Volume of hippocampal subfields of monophasic (n = 6) and relapsing patients (n = 6), analyzed by HIPS pipeline of Volbrain software. (C) CA4/DG (0.98 ± 0.24 vs. 1.23 ± 0.14, p = 0.03) volume of MOGAD monophasic and relapsing course patients. MOGAD, Myelin oligodendrocyte glycoprotein antibody disorders; HCs, healthy controls. p * ≤ 0.05, ** ≤ 0.01.




Brain Atrophy in MOGAD Patients Correlates With Disease Severity

We then studied the correlation between disease severity (EDSS) and volumetric analysis. The median (range) EDSS in the cohort was 1 (0–5). Analysis of EDSS data showed a significant negative correlation between EDSS level and the volume of the white matter (r = −0.501, p = 0.021) and thalamus (r = −0.476, p = 0.029). In addition, there is a trend toward a negative correlation between EDSS and the volume of cerebellum (r = −0.389, p = 0.082), and brainstem (r = −0.393, p = 0.078) (Figures 7A–D). No differences in brain volume were found between patients with ON or those with myelitis. In addition, we found that relapse number, but not disease duration at the time of MRI performing significantly correlated to decreased total brain volume (r = −0.573, p = 0.007, Supplementary Figure S3).
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FIGURE 7. There is a significant correlation between EDSS and decrease volume of thalamus of MOGAD patients. Correlation between EDSS and brain volumes. Correlation between EDSS and volumes of (A) white matter (r = −0.051, p = 0.021), (B) cerebellum (r = −0.389, p = 0.082), (C) brainstem (r = −0.393, p = 0.078), and (D) thalamus (r = −0.476, p = 0.029) in MOGAD patients (n = 22). MOGAD, Myelin oligodendrocyte glycoprotein antibody disorders.






DISCUSSION

Volumetric analysis of brain MRI scans revealed significantly increased brain volume loss in MOGAD patients compared to HCs, with significantly decreased volume of deep gray matter structures: cerebellum, brainstem, caudate, thalamus, hippocampus and amygdala. Moreover, we found a strong association between brain volume loss and disease phenotype. In our cohort of MOGAD, patients with relapsing disease course presented with increased total brain volume loss early after diagnosis, with specifically increased atrophy of the cerebellum and hippocampus compared to patients with monophasic disease course.

According to recent publications, MOGAD patients tend to present with lesions in the cortical and subcortical deep gray matter, white matter, brainstem, cerebellum, and spinal cord (13). MOGAD pathology is dominated by coexistence of both perivenous and confluent white matter demyelination, with an overrepresentation of intracortical demyelinated lesions compared to typical MS (10). To date, there are few works studying brain volume of MOGAD patients (22–24). Zhuo et al. described gray matter atrophy in both the frontal and temporal lobes, insula, thalamus, and hippocampus, and white matter fiber disruption in the optic radiation and anterior/posterior corona radiate (22). Messina et al. showed decreased deep gray matter volume in MS and MOGAD patients, compared to HCs (24). In contrast, Schmidt et al. did not identify significant differences in brain volume between MOGAD patients and HCs (23). In accordance with the former groups, in our cohort of MOGAD patients, we found decreased total brain, white matter, cerebellum, brainstem, caudate, thalamus, hippocampus and amygdala volume compared to HCs. Increased brain volume loss is known to occur in other demyelinating diseases, including in both MS and NMOSD, with increased severity in MS (25).

Deep gray matter atrophy was observed in all MOGAD patients in our cohort, with significant increases in patients with a relapsing phenotype. In MS patients, the involvement of the gray matter, particularly of the thalamus, has been linked to a wide range of clinical manifestations including cognitive decline, motor deficits, fatigue, painful syndromes, and ocular motility disturbances (26). Gray matter atrophy has been identified, particularly in patients with secondary-progressive MS compared to relapsing-remitting MS, is associated with T2 and T1 lesion volume, and correlates with physical and cognitive impairment (27). The volumes of the deep gray matter were reduced in MS compared to NMOSD (28), and in NMOSD deep gray matter atrophy is restricted to the thalamus (although broadly distributed in MS). In the current study we found that, as in MS and NMOSD, there is significant thalamic atrophy in MOGAD patients. In addition, the thalamic atrophy correlated with EDSS, as described in MS and NMOSD (29, 30). Suggesting that gray matter atrophy could be a possible biomarker for disease severity in inflammatory demyelinating diseases.

To date, we still do not have a reliable biomarker to predict disease course of MOGAD. About 40–55% of patients will follow a monophasic course and might not need preventive therapy (31). In this study we found significant volumetric changes between disease phenotypes, early during the first year after diagnosis. Relapsing patients presented with significantly decreased total brain volume and deep gray matter (cerebrum, putamen, thalamus, hippocampus, and amygdala) in the first year compared to monophasic MOGAD patients. Identifying disease course early after diagnosis will allow for optimized treatment. Suggesting a potential use of MRI volumetry as a biomarker for predicting a relapse course and/or a short interval between the first and second relapse in patients with MOGAD.

In our cohort we found that there is a negative correlation between number of relapses and brain volume, without correlation to disease duration. A recent study shows that new remission silent lesions are found only in 3% of MOGAD patients (27). It is therefore possible that brain atrophy in MOGAD patients might be a result of multiple relapses rather than disease progression over time.

Due to its multiple connections to the forebrain, the thalamus and the spinal cord, the cerebellum is not only affected by focal white and gray matter lesions but also by the secondary degeneration of multiple afferent and efferent connections to the supratentorial brain areas and to the spinal cord. Hence, cerebellar atrophy might occur at a significant rate with higher chances of affecting the patient's clinical outcome due to the cerebellar strategic position in the motor, coordination, and cognitive networks (32). Damage to the cerebellum is associated with dysdiadokokinesia, ataxia, tremors, loss of balance, muscle weakness, dysarthria, and loss of postural tone. There is also evidence supporting cognitive function of the cerebellum (32).

In MS, tissue damage within the cerebellum is thought to contribute to disability (33). Cerebellar atrophy has been found to be more extensive in patients with secondary progressive MS and correlates with disease duration and disability (33). Hippocampal atrophy also begins early in MS, as shown in MRI studies, and this atrophy has been correlated with impaired performance on visuospatial memory testing, commonly affected in MS patients (34). In NMO, the MRI predictor of cognitive functions is the hippocampal volume (35).

The hippocampus is located in the medial temporal lobe at both sides of the brainstem near to the cerebellum, and is critical for memory functions (21). CA4/DG subfield is the first subfield to be atrophied across the course of MS, at the stage of clinical isolate syndrome; atrophy then spreads to CA1 (34). Furthermore, the CA/DG subfield is significantly decreased in NMO and anti-N-methyl-D-aspartate receptor encephalitis patients compared to HCs (36, 37). Interestingly, in our cohort of total MOGAD patients, and specifically in relapsing patients, the most affected subfield of the hippocampus is the CA4/DG subfield.

Limitations of this study include the small sample size due to the low incidence of the disease, and short follow-up time. Despite these limitations, our findings show for the first-time volumetric brain differences between the monophasic and relapsing MOGAD patients.

In conclusion, in the current study, we found volumetric differences between MOGAD patients that present with relapsing and monophasic disease course. In addition, we identified correlations between disease severity and thalamus atrophy. As early as the first year after diagnosis, patients with relapsing disease course have significant decreased total brain and lower cerebrum and hippocampus volume compared to patients with monophasic disease course. Differences between MOGAD patients and HCs were found, especially at the deep gray matter structures.
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Background: We aimed to analyze the clinical characteristics and prognostic features of Chinese patients with relatively late-onset neuromyelitis optica spectrum disorder (RLO-NMOSD>40 years of age at disease onset), compared with patients with relatively early onset NMOSD (REO-NMOSD, ≤ 40 years of age at disease onset).

Methods: We retrospectively reviewed the medical records of patients with NMOSD in central China (with disease courses longer than 3 years) between January 2012 and January 2021. We further analyzed the clinical and prognostic differences between patients with REO-NMOSD and RLO-NMOSD.

Results: A total of 71 patients were included in this study. The results showed that 39 (54.9%) of the patients had RLO-NMOSD. The patients with RLO-NMOSD had higher expanded disability status scale (EDSS) scores than patients with REO-NMOSD at the initial (5.0 vs. 3.0, p = 0.01), 3-month (4.0 vs. 2.5, p = 0.001), 1-year (4.0 vs. 2.5, p = 0.003), 3rd-year (3.5 vs. 3.0, p = 0.0017), and final follow-up (4.0 vs. 2.5, P = 0.002) time points. The EDSS scores of visual function were 2.0 (1.0–3.0) in REO-NMOSD and 3.0 (2.0–3.0) in RLO-NMOSD (p = 0.038) at the final follow-up time point. The locations of spinal cord lesions at transverse myelitis (TM) onset were prone to cervical cord in patients with REO-NMOSD. There were no between-group treatment differences. The risk of requiring a cane to walk (EDSS score of 6.0) increased as the age of disease onset increased: for every 10-year increase in the age of disease onset, the risk of needing a cane to walk increased by 65% [hazard ratio (HR) = 1.65, 95% CI 1.15–2.38, p = 0.007]. Another significant predictor identified in the multivariate analysis was annualized relapse rate (ARR) (HR = 2.01, 95% CI 1.09–3.71, p = 0.025). In addition, we observed a positive correlation between age at onset and EDSS scores at the final follow-up (Spearman's r = 0.426, p < 0.0001) time point. EDSS scores at different periods were significantly different between patients with RLO-NMOSD and REO-NMOSD with anti-aquaporin-4 (AQP4) IgG positive.

Conclusion: The patients with RLO-NMOSD developed more severe disabilities than patients with REO-NMOSD at a variety of time periods. All of the patients may experience recurrent aggravated symptoms after their first year, with only patients with REO-NMOSD partly recovering from the 3rd year. The age at onset and ARR were the main predictors of outcomes.

Keywords: neuromyelitis optica spectrum disorder, relatively-late onset, disability, expanded disability status scale scores, disease course, annualized relapse rate, enlarged perivascular space


INTRODUCTION

Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune disease of the central nervous system that preferentially affects the optic nerve and spinal cord (1, 2). NMOSD was initially considered to be a special type of multiple sclerosis (MS). However, it is a different disease condition characterized by serum antibodies against anti-aquaporin-4 (AQP4)-IgG. NMOSD usually presents between the ages of 30 and 40 years (3).

The onset age of NMOSD is an important factor that can affect the disease relapse and severity (4, 5). Previous studies have reported that the rates of disability and mortality are different among early-onset NMOSD (EO-NMOSD <50 years at onset), late-onset NMOSD (LO-NMOSD, 50–70 years at onset), and very late-onset NMOSD (VLO-NMOSD, >70 years at onset) (5–9). The spinal cord may have increased the vulnerability to inflammation in LO-NMOSD, whereas the optic nerves are more susceptible in EO-NMOSD (7). Patients with LO-NMOSD had higher expanded disability status scale (EDSS) scores during remission and poorer prognoses, indicating that the age of onset is an important factor that affects the disease prognosis (6, 10, 11).

Currently, there are no clear definitions of the terms and cut-off values that are used for the age of onset. Most previous studies used a stratification of 50 years. Since the typical onset age is approximately 40 years, we compared the clinical characteristics of patients with NMOSD using an age stratification of 40 years (1, 3). We hoped that this age stratification would allow us to recommend suitable preventive treatments and improve the prognoses of patients. Most previous studies analyzed EDSS at onset and at the final follow-up time point (5, 7, 8, 12, 13). Although a few studies have analyzed EDSS throughout the long-term follow-up periods, some data suggest that the disease duration may vary between the two groups (5, 7, 13), while some studies only in patients with LO-NMOSD (12), or only in AQP4-Ab patients with NMOSD (8). We first performed a dynamic analysis of EDSS scores at the onset, 3-month, 1-year, 3-year, and final follow-up (~5-year) time points in patients with NMOSD who had disease courses >3 years. We hope that this approach will help us better understand the characteristics of the disease at different ages of onset, especially high paroxysmal ages.

Some studies have focused on differences in radiological features (i.e., brain lesions) between EO-NMOSD and LO-NMOSD (7, 8, 13–15). They found that NMO-typical brain lesions were common in patients with EO-NMOSD (7, 13), while non-specific white lesions were more frequently noted in patients with LO-NMOSD (8, 13). AQP4 is a water channel expressed in astrocyte endfeet, which wrap around capillaries (16). Thus, AQP4 lines central nervous system microvessels, pia, subpia, and perivascular spaces (17). In addition, they found that perivascular spaces (PVS) can be increased in MS (18). Enlarged PVS (EPVS) may serve as neurodegenerative markers in MS (18). However, there is little data on AQP4 and perivascular spaces in NMOSD (19). Here, we aimed to explore the characteristics of EPVS in REO-NMOSD and RLO-NMOSD.



METHODS


Participants

This study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Zhengzhou University (2021-KY-1103). We retrospectively screened the medical records of patients with NMOSD who came into contact with our healthcare system between January 2012 and January 2021 and had disease courses that were longer than 3 years. All patients were diagnosed with NMOSD based on the 2015 international diagnostic criteria for NMOSD (2, 20). In our study, MS had been ruled out according to the 2017 McDonald criteria (21). Patients with incomplete clinical data, who were lost to follow-up, had poor treatment compliance or had severe comorbidities, such as cerebrovascular diseases or tumors were excluded.



Data Collection

Basic information, such as the age of onset, sex, disease duration, first symptoms (optic neuritis, myelitis, encephalopathy, and/or various combinations of these symptoms), EDSS scores were collected at baseline (at the time of the first attack) and at 3-month, 1-year, 3-year, and final follow-up time points. Additionally, we collected additional data, such as the time interval for the first relapse, the annualized relapse rate (ARR), the time to reach an EDSS score of 6.0, serum AQP4-IgG levels, cerebrospinal fluid (CSF) specific oligoclonal band (OCB), magnetic resonance images (MRIs) of the spinal cord and brain, visual EPVS rating scores in the basal ganglia (BG) and centrum semiovale (CS), treatments, and coexisting autoimmune disorders. Relapse was defined as an acute episode of neurologic symptoms that lasted over 24 h and occurred at least 30 days after the previous attack. An EDSS score of 6.0 was defined as “unilateral assistance needed to walk without wheelchair.”

Enlarged perivascular spaces are defined as linear-sharped or dot-like lesions with signal intensities similar to cerebrospinal fluid that are visible on T2-weighted MRI sequences (22). EPVS are distinguished from lacunes by having diameters lower than 3 mm and no hyperintense rims on the fluid-attenuated inversion recovery (FLAIR) sequences. We counted the number of EPVS in the CS and BG, and rated them with a validated 4-point semiquantitative scale (0 = no EPVS; 1 = 1–10 EPVS; 2 = 11–20 EPVS; 3 = 21–40 EPVS, and 4 ≥ 40 EPVS) (16). We included T1-weighted, T2-weighted, FLAIR, and Diffusion-Weighted Imaging (DWI) sequences. All MRI scans were evaluated by a neurologist who was blind to the clinical information.

Patients were divided into two groups: those with relatively-early onset NMOSD (REO-NMOSD; age at onset = 14–40 years) and those with relatively-late onset NMOSD (RLO-NMOSD; age at onset >40 years). Onset age refers to the age at which symptoms first appeared.



Statistical Analysis

Statistical analyses were performed using SPSS 22.0. Continuous data were described as means ± standard deviation (SD) or as medians with inter-quartile range (IQR). Characteristics were compared between patients with LO-NMOSD and EO-NMOSD using χ2 (or Fisher's exact) tests for categorical data and Student's t-tests (or Wilcoxon rank-sum test) for continuous data. The Kaplan–Meier method was used to estimate the time between disease onset and reaching EDSS scores of 6.0/4.0. Predictive factors for disability were assessed using the Cox proportional hazards regression models. We compared the EPVS degree between the two groups using χ2 tests. The BG-EPVS and CS-EPVS degrees were dichotomized as high (score > 1) or low (score ≤ 1) (23, 24). The values of p < 0.05 were considered to be statistically significant.




RESULTS


Demographic Data and Clinical Characteristics in REO-and RLO-NMOSD

A total of 71 patients (mean age: 39 ± 14 years) were enrolled in the study. The female:male ratio≈11:1. Among these patients, 32 patients were classified as having REO-NMOSD. The mean age of onset was 25.5 ± 6.7 years in the REO-NMOSD group and 50.8 ± 8.1 years in the RLO-NMOSD group. Compared with the RLO-NMOSD group, optic neuritis (ON) was more frequently observed at the time of initial attack in the REO-NMOSD group (43.8 vs. 30.8%), but there were no statistically significant differences. There were no significant between-group differences in the number of patients with at least one ON (REO-NMOSD 21/32, 65.6%; RLO-NMOSD 26/39, 66.7%, p = 0.926). The involvements of transverse myelitis (TM) were more common in the RLO-NMOSD group (48.7 vs. 25.0%, p = 0.041). Overall, the chance of having the initial symptoms of area postrema syndrome (APS) was significantly higher in the REO-NMOSD group compared with the RLO-NMOSD group (6/32 vs. 1/39, p = 0.04). APS was more common in the REO-NMOSD group, while TM was more frequent in the RLO-NMOSD group. Moreover, we found that EDSS scores at the initial and 3-month time points were significantly higher in the REO-NMOSD group (Table 1). ARR and duration to relapse were not significantly different between the groups. EDSS scores in the RLO-NMOSD group were significantly higher at the 1-year time point (p = 0.003). At the 3-year time point, the EDSS scores were 3.0 (1.5–4.0) for the REO-NMOSD group and 3.5 (2.9–5.1) for the RLO-NMOSD group (p = 0.017). This difference persisted to the last follow-up time point (p = 0.002; Figure 1). We further compared the EDSS scores of visual functioning in patients with ON occurrence. EDSS scores were not significantly different between the two groups at initial attack (p = 0.466). The nadir EDSS scores showed no between-group differences (p = 0.716). Surprisingly, however, patients with RLO-NMOSD had more serious visual sequelae than patients with REO-NMOSD (Table 1). EDSS scores averaged 2.0 (1.0–3.0) in the REO-NMOSD group and 3.0 (2.0–3.0) in the RLO-NMOSD group at the final follow-up time period (p = 0.038). No significant between-group differences were found in the rates of coexisting autoimmune disorders (43.8 vs. 30.8%, p>0.05). There were no differences in treatments between the two groups (Table 1). Serum AQP4-IgG was observed in a large proportion of patients with REO-NMOSD (25, 78.1%) as well as patients with RLO-NMOSD (26, 66.7%). In serum AQP4-IgG negative patients, CSF-specific OCB markers were negative. Representative examples of EPVS are illustrated in Figure 2. There were no differences in BG-EPVS and CS-EPVS scores between the two groups (Table 1). For spine MRI findings, 29 patients (29/32, 90.6%) in the REO-NMOSD group and 37 patients (37/39, 94.9%) in the RLO-NMOSD group suffered from at least one TM disease. The median lesion length was 6.0 vertebral segments (IQR, 4.0–7.4) in the REO-NMOSD group and 7.0 (4.5–11.5) in the RLO-NMOSD group at TM onset, which was not a significant difference (Supplementary Table 1). The longest segments during disease course showed no differences between the two groups (p = 0.521). The locations of spinal cord lesions included the cervical cord, thoracic spine, lumbar spine, and/or both. The locations of spinal cord lesions at TM onset were prone to cervical cord in patients with REO-NMOSD (10/29 vs. 4/37, p = 0.032). There were no between-group differences in the distribution of longest lesion locations (Supplementary Table 1).


Table 1. The demographic and clinical characteristics of patients with neuromyelitis optica spectrum disorder (NMOSD) according to age group (<40 or ≥40 years).
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FIGURE 1. Expanded disability status scale (EDSS) scores at different time periods between patients with relatively early-onset neuromyelitis optica spectrum disorder (REO-NMOSD) and relatively late-onset neuromyelitis optica spectrum disorder (RLO-NMOSD) patients. (*p <0.05,**p <0.01).



[image: Figure 2]
FIGURE 2. Representative examples of centrum semiovale-enlarged perivascular spaces (CS-EPVS) (A) and basal ganglia (BG)-EPVS (B). Arrowheads point to individual EPVS. EPVS, enlarged perivascular spaces; BG, basal ganglia; CS, centrum semiovale.




Predictors of the Development of Disability in REO-and RLO-NMOSD

We investigated whether age, disease duration, EDSS scores at the time of disease onset, serostatus, initial attack type, ARR, and immunosuppressant therapies affected the development of disabilities in NMOSD. We found that the risk of needing a cane to walk (EDSS score of 6.0) increased with an older age of disease onset. For every 10-year increase, the risk of needing a cane to walk increased by 65% [hazard ratio (HR) = 1.65, 95% CI 1.15–2.38, p = 0.007]. Another significant predictor identified in the multivariate analysis was ARR (HR = 2.01, 95% CI 1.09–3.71, p = 0.025).

Consistent with reaching an EDSS score of 6.0, we found that for every 10-year increase in the age of disease onset, the risk of reaching an EDSS score of 4.0 increased by 51.9% (HR 1.51, 95% CI 1.14–2.02, p = 0.004). ARR was another significant predictor (HR 1.71 95% CI 1.06–2.74, p =0.027). The risk of reaching an EDSS score of 6.0 with RLO-NMOSD was three times higher than with EO-NMOSD (HR 3.06, 95% CI 1.01–9.29, p = 0.049). The time to reach the EDSS scores of 6.0 and 4.0 in the two groups was shown in Figures 3A,B. EDSS score at the final follow-up time point was also significantly correlated with the age of disease onset (Figure 4).


[image: Figure 3]
FIGURE 3. Weeks from onset to reach the EDSS scores of 6.0 and 4.0, stratified by the age of disease onset: (A) Patients with RLO-NMOSD reached EDSS scores of 6.0 sooner than patients with REO-NMOSD (p = 0.034); (B) Time to EDSS score of 4.0 between the two groups (p = 0.052).
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FIGURE 4. Correlation between onset age and EDSS at the final follow-up time point.




Demographic Data and Clinical Characteristics in REO-and RLO-NMOSD With AQP4-Ab Positive

There were 51 (70.83%) patients whose serum AQP4-Ab was positive. Among these, 25 patients (49.02%) were REO-NMOSD, and 26 patients (50.98%) were RLO-NMOSD (Table 2). In AQP4-Ab positive NMOSD, RLO-NMOSD patients' EDSS scores were significantly higher than the score of patients with REO-NMOSD at the time of disease onset (p = 0.039); Figure 5, and 3 months after treatment (p = 0.004). EDSS scores at the 1-year time points were also different between groups (p = 0.032). At the 3-year time points, the average EDSS score was 3.0 (1.0–4.0) in the REO-NMOSD group and 3.0 (2.88–5.63) in the RLO-NMOSD group (p = 0.046). Differences in EDSS scores also persisted at the final follow-up time point (p = 0.008). Although the proportion of EDSS scores >6 at the final follow-up time point was higher in the RLO-NMOSD group (34.6 vs. 16.0%), it did not differ significantly between the two groups (p = 0.199). The percentage of EDSS scores >4.0 was significantly different between the two groups (p = 0.032). The degrees of BG-EPVS and CS-EPVS showed no differences between the two groups (Table 2). Other factors, such as sex, ARR, type of onset, coexisting autoimmune disorders, and chronic immunosuppressant therapy, were not significantly different between the two groups.


Table 2. The comparison of demographic and clinical features between patients with REO-NMOSD and RLO-NMOSD with AQP4-IgG.
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FIGURE 5. Expanded disability status scale scores at different points between patients with REO- and RLO-NMOSD with AQP4-Ab positive (*p <0.05,**p <0.01).





DISCUSSION

All participants enrolled in our study had long disease courses and were followed-up for at least 3 years, which is different than the varied lengths of follow-up in previous studies (5, 7, 13). Patients with RLO- and REO-NMOSD had similar sex ratios, treatments, and serologic features. However, patients with RLO-NMOSD had higher EDSS scores than patients with REO-NMOSD at various time points. These patients might partly recover after the acute phase but then experience symptom aggravation in the following years. They had more serious visual sequelae than patients with REO-NMOSD. A similar phenomenon was noted in AQP4-Ab positive patients with NMOSD. EDSS at the final follow-up time point was significantly correlated with the age of disease onset. The risk of needing a cane to walk was also correlated with onset age and ARR.

The proportion of female in our study is higher than previous studies, which were about (6–9):1 (1, 7, 13, 15, 25). It may be related to relapsing NMOSD being prone to female (3). Another factor to consider is that a relatively small sample was enrolled in our singer center. Previous studies have identified the effect of age at the disease onset on motor disability and prognosis, suggesting that older patients are more susceptible to disability over short-time courses (5, 7, 8, 13). Previous work showed that the late age onset (i.e., >50 years) was associated with higher EDSS scores at remission, the higher rates of mortality, and the higher rates of motor disability. Pediatric patients with NMOSD predominantly present with ON (7, 26). In some previous LO-NMOSD cohorts, an average EDSS score of 3.0 (2.0–5.0) was reported at the final follow-up time point (7, 12, 13). However, the follow-up time varied between groups (7, 12, 13, 27). The onset age of NMOSD usually presents in the 40 years, especially in Blacks and Asians (Blacks: ~28–33 years, Asians: 35–40 years, vs. Whites: 44 years) (1, 3, 25–28). We aimed to investigate the characteristic and prognostic features of NMOSD under the stratification of 40 years old. Previous studies that focused on AQP4-Ab-positive patients found that the LO-NMOSD group had severer disability at 2 or 5 years than patients with EO-NMOSD (27). Here, we selected patients who had disease courses more than 3 years and found that EDSS scores were significantly higher in patients with RLO-NMOSD at different time periods (the onset, 3-month, 1-year, 3-year, and the latest follow-up time points). Patients can partly recover from the first episode after treatment, while could be worse after 3 years. Only patients with REO-NMOSD can partly recover again from 3 years. These results had not been reported in previous studies. The latest EDSS score was 2.5 (1.1–4.9) in the REO-NMOSD group and 4.0 (3.0–6.9) in the RLO-NMOSD group after about 5 years of follow-up. Unlike the previous study (29), the severity of visual acuity showed no between-group differences no matter at onset or the nadir status. However, patients with RLO-NMOSD suffered from more serious sequelae than patients with REO-NMOSD. Additionally, in AQP4-Ab positive patients with NMOSD who had the disease for at least 3 years, the RLO-NMOSD group had higher EDSS scores than the REO-NMOSD group at different time points. The patients with REO-NMOSD who were AQP4-Ab positive could partly recover after the 3rd year, but the patients with RLO-NMOSD could not. We further validated that the onset age was a crucial determinant of disease severity. In addition, the risk of needing a cane to walk increased with the increased age at disease onset and ARR.

Neuromyelitis optica spectrum disorder is an astrocytopathy that mainly affects the spinal cord, optic nerves, and area postrema. Previous studies showed that TM at the onset was more frequently observed in the LO-NMOSD group than in the EO-NMOSD group, while the proportion of patients with at least one ON was higher in the EO-NMOSD group (7, 8, 26, 30, 31). In our study, we found that TM was more common in patients with RLO-NMOSD, while the proportion of ON showed no significant differences between the two groups. Additionally, the media spine cord lesion length at initial attack or the longest segments during disease course also had no significant differences between the two groups. Simialr to previous studies (9, 32), we found that the location of spine cord lesions were mainly at cervical cord and/or thoracic cord. However, patients with REO-NMOSD were more likely to have cervical cord involvement than patients with RLO-NMOSD at TM initial attack. APS is one of the core clinical symptoms of NMOSD (20), and is characterized by intractable nausea, vomiting, and hiccups. APS occurred during disease onset in 7.1–10.3% of patients with NMOSD (33). Here, we found that APS incidence in patients with REO-NMOSD was significantly higher than in patients with RLO-NMOSD. The disability causes poor recovery from attacks (34).

Brain MRI lesions identified in NMOSD included typical brain lesions, peri ependymal lesions surrounding the third ventricles and lateral ventricles, and extensive hemispheric lesions (7, 8, 13). Mao et al. found that the differing characteristics of brain lesions between patients with EO-NMOSD and LO-NMOSD may reflect inflammatory processes (8). AQP4 is a perivascular astrocyte channel protein that regulates glymphatic function (35) and facilitates CSF flow. Convective interstitial fluid (ISF) propels waste products toward veins where they enter the PVS for efflux out of the central nervous system (36). The PVS is lined by astrocytic endfeet which have AQP4 water channels on the exteriors that abutting abluminal vessel walls at the inner boundaries (37). PVS visibility increases with age (i.e., is strongest in the BG) (16, 38, 39). Additionally, it is associated with hypertension and inflammation (16, 38, 40). In this study, we compared the degrees EPVS between patients with REO-NMOSD and RLO-NMOSD. We found that the degrees of CS-EPVS were not significantly different between the two groups, which was the same as in BG-EPVS. In AQP4-Ab positive NMOSD, EPVS degrees were also similar between the REO-NMOSD and RLO-NMOSD groups. In the future, we hope to compare EPVS in NMOSD patients with EPVS in a matched healthy control group and to investigate the PVS kinetics in the two groups.

Our study has limitations: it is a retrospective study and contained a small number of patients from a single center.

In conclusion, for patients with REO- and RLO-NMOSD with disease courses longer than 3 years, those with disabilities can partly recover from their initial attacks during the first year. Patients with RLO-NMOSD become worse throughout time until the final follow-up time points, while patients with REO-NMOSD partly recovered after their third year. Patients with RLO-NMOSD had a worse final visual acuity than patients with REO-NMOSD, while the lengths of spinal cord involvement showed no difference between the two groups. Besides, patients with REO-NMOSD were more likely to have cervical cord involvement than patients with RLO-NMOSD at TM onset. Similar features were reflected in AQP4-Ab positive NMOSD. The age of onset and ARR were the main predictors for disability.
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Background: Neuromyelitis Optica spectrum disorder (NMOSD) is severe relapsing and disabling autoimmune disease of the central nervous system. Its optimal first-line treatment to reduce relapse rate and ameliorate neurological disability remains unclear. We will conduct a prospective, multicenter, randomized, placebo-controlled clinical trial to study the safety and effectiveness of human umbilical cord mesenchymal stem cells (hUC–MSCs) in treating NMOSD.

Methods: The trial is planned to recruit 430 AQP4-IgG seropositive NMOSD patients. It consists of three consecutive stages. The first stage will be carried out in the leading center only and aims to evaluate the safety of hUC—MSCs. Patients will be treated with three different doses of hUC–MSCs: 1, 2, or 5 × 106 MSC/kg·weight for the low-, medium-, and high-dose group, respectively. The second and third stages will be carried out in six centers. The second stage aims to find the optimal dosage. Patients will be 1:1:1:1 randomized into the low-, medium-, high-dose group and the controlled group. The third stage aims to evaluate the effectiveness. Patients will be 1:1 randomized into the optimal dose and the controlled group. The primary endpoint is the first recurrent time and secondary endpoints are the recurrent times, EDSS scores, MRI lesion numbers, OSIS scores, Hauser walking index, and SF-36 scores. Endpoint events and side effects will be evaluated every 3 months for 2 years.

Discussion: Although hUC–MSC has shown promising treatment effects of NMOSD in preclinical studies, there is still a lack of well-designed clinical trials to evaluate the safety and effectiveness of hUC–MSC among NMOSD patients. As far as we know, this trial will be the first one to systematically demonstrate the clinical safety and efficacy of hUC–MSC in treating NMOSD and might be able to determine the optimal dose of hUC–MSC for NMOSD patients.

Trial registration: The study was registered with the Chinese Clinical Trial Registry (CHICTR.org.cn) on 2 March 2016 (registration No. ChiCTR-INR-16008037), and the revised trial protocol (Protocol version 1.2.1) was released on 16 March 2020.

Keywords: neuromyelitis optica spectrum disorder (NMOSD), human umbilical cord mesenchymal stem cell (hUC-MSC), multicenter trial, randomized controlled trial, study protocol


INTRODUCTION

Neuromyelitis Optica spectrum disorder (NMOSD) is a severe disabling inflammatory autoimmune disease of the central nervous system (CNS) featured with recurrent relapses of optic neuritis and longitudinally extensive transverse myelitis (1). Autoantibodies against the water channel protein aquaporin-4 (AQP4) are the diagnostic markers of the disorder and more than two-thirds of patients meeting clinical criteria for NMOSD are AQP4-IgG seropositive (2, 3). Frequent relapses are associated with a stepwise accumulation of neurological disability. Therefore, relapse prevention is particularly important to reduce the risk of a systemic disability over time (4). Azathioprine and mycophenolate mofetil are the most commonly used therapies for patients with NMOSD (5, 6). Recently, some randomized clinical trials show that the use of B-cell depletion (rituximab, inebilizumab), interleukin-6 signaling blockade (tocilizumab, satralizumab), and complement inhibition (eculizumab) can reduce the risk of relapses in NMOSD (7–11). However, still, some patients who have had these therapies have relapsed. So far, the optimal first-line treatment to reduce relapse rate remains unclear. Furthermore, no drug has been proved to improve neurological disability in NMOSD patients.

Stem cells are a group of cells that are immortal and have unlimited renewal abilities. The types of stem cells usually used in the registered clinical trials include multipotent stem cells, hematopoietic stem cells, and mesenchymal stem cells. There are some pilot trials and cohort studies assessing the therapeutic effect of stem cell transplantation in NMOSD patients (12–14). Recently, autologous nonmyeloablative hematopoietic stem cell transplantation showed to be effective on prolonged drug-free remission with AQP4-IgG seroconversion to negative (12).

Mesenchymal stem cells (MSCs) are stromal precursor cells residing in many tissues, including bone marrow, umbilical cord (UC), fetal liver, and adipose tissue (15–17). MSCs are considered to be multipotent and have anti-inflammatory, immune regulation, and paracrine effects, and also regenerative properties (18). MSCs derived from the human umbilical cord (hUC–MSCs) are more primitive, and possess multiple advantages including ethical agreeableness, a less-invasive procedure for isolation, low immunogenicity, high-proliferation capacity, and multi-lineage differentiation capability (19, 20). Therefore, hUC–MSCs are a promising candidate for cell-based therapy.

Treatment with MSC improves the course of the preclinical model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE) when administered at the early stages. In EAE, MSC has a profound anti-inflammatory and immune-modulating effect, but they also exhibit neuroprotective features and foster remyelination endogenous neurogenesis with scarce evidence of differentiation in neural cells (21–23). A pilot clinical trial showed that infusion of autologous MSC derived from bone marrow is safe, can reduce the relapse frequency, and mitigates neurological disability with the recovery of neural structures in the optic nerve and spinal cord in NMOSD patients (24).

Human umbilical cord–MSCs can regulate the immune response, promote tissue repair, and increase regeneration both in vitro and in vivo (25). Therefore, we suggest that hUC–MSCs can prevent relapses and ameliorate disability in NMOSD. However, as far as we know, there are very few reports on the use of hUC–MSCs in NMOSD patients. Here, we present the protocol of Human Umbilical Cord Mesenchymal Stem Cells to Treat Neuromyelitis Optica Spectrum Disorder (hUC–MSC–NMOSD), a prospective, multicenter, randomized, and placebo-controlled clinical trial. The main aims of the study are to verify that the hUC–MSCs can prolong the relapse interval, reduce the relapse times and ameliorate the neurological disability in NMOSD patients.



METHODS AND ANALYSIS


Setting and Participants

The study will be conducted in six clinical centers in Shanghai, China. The leading center is Shanghai Ren Ji Hospital, which is one of the main teaching hospitals of the Shanghai Jiao Tong University School of medicine. Ren Ji Hospital is also one of the biggest clinical centers of neuroimmunological disorders in China. The five branch centers are Shanghai Rui Jin Hospital, Shanghai Xin Hua Hospital, Shanghai General Hospital, Shanghai Sixth People's Hospital, and Shanghai Ninth People's Hospital. In this study protocol, only the patients who fulfilled the diagnostic criteria of NMOSD established by Wingerchuk et al. (26) will be included.

The study protocol has been approved by the Ethics Committees of Ren Ji Hospital (2016-071K).

Patients will be recruited from those neuro-immunological centers of Neurology departments in China. Eligible patients will be invited to participate. All the participants will receive adequate information about the nature, purpose, possible risk, and benefits of the trial, and about alternative therapeutic choices. A signed written informed consent form will be obtained from all the participants before enrollment.

The clinical study will be conducted in accordance with all the national regulations and complies with the principles of the World Medical Association Declaration of Helsinki—Ethical Principles for Medical Research Involving Human Subjects, with all its amendments, and also with the principles of Good Clinical Practice.

The clinical information collected including age, sex, past medical history, NMOSD attack time and frequency, corrected visual acuity by standard logarithmic visual acuity chart, Expanded Disability Status Scale (EDSS) score, Opticospinal Impairment Scale (OSIS) score, Hauser walking index, quality of life short Form-36 (SF-36) score, serum status of anti-AQP4 antibody (tested in a cell-based assay), laboratory tests as listed in Table 1, electrocardiogram, abdominal ultrasound, chest X-ray or computed tomography, optical coherence tomography, number of brain and spinal cord lesions on MR images, immunomodulatory drugs used in the past 6 months, etc.


Table 1. Schedule of activities of human umbilical cord mesenchymal stem cells (hUC–MSCs) to treat neuromyelitis optica spectrum disorder (hUC–MSC–NMOSD) study.
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Study Design

This is a prospective study for an open-labeled, prospective, multicenter, randomized, placebo-controlled clinical trial. The estimated study period is from March 2019 to March 2025. The NMOSD patients in the remission phase will be randomized into two groups: the treatment group (hUC–MSC infusion plus regular treatment) and the controlled group (stem cell base solution infusion plus regular treatment). All the patients will be treated and followed up for 2 years.

The whole clinical trial includes three consecutive stages.

The first stage of the trial, which will last 24 months, is an open-labeled study and will be carried out in the leading center only. The first stage aims to evaluate the safety of the infusion of hUC–MSC in NMOSD patients. Patients (n = 30) will be treated with three different doses of hUC–MSC. According to the process of enrollment, the first to the tenth participant is in the low-dose group (n = 10, 1 × 106 MSC / kg·weight); the eleventh to the twentieth participant is in the medium-dose group (n = 10, 2 × 106 MSC / kg·weight); the twenty-first to the thirtieth participant are in the high-dose group (n = 10, 5 × 106 MSC / kg·weight). The study starts from the low dose. Only when the lower dose group ends the observation period of 3 months, the study will proceed to a higher dose group. In case of unacceptable toxic reaction occurs in the dose escalation, the study will be ended immediately. In relation to safety considerations, before enrolling the patients in the low-dose group, we will give a single medium dose of hUC–MSC to one patient and follow-up the therapy for one year. The outcome of this dosage will be used only for safety evaluation, not to evaluate the therapy's effectiveness.The second and third stages of the study protocol are part of the multi-center double-blinded randomized clinical trial. The second stage, which aims to screen out the optimal dosage, will last for 24 months and will be carried out in six centers (one leading center and five branch centers). Patients (n = 160) will be randomized into four groups: the low-, medium-, high-dose groups, and the controlled group (n = 40, respectively). In the second stage, we were seeking to determine the ‘optimal biological dose.’ The dose that allows reaching the optimal efficacy-toxicity trade-off is further selected and recommended to stage 3. The third stage, which aims to evaluate the effectiveness, will last for 24 months and will be developed in six centers. Patients (n = 320) will be randomized into two groups: the optimal dose group (n = 160) and the controlled group (n = 160). The third stage aims to evaluate the effectiveness and safety of hUC–MSC for NMOSD patients. The study flow chart is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Study flow chart of human umbilical cord mesenchymal stem cells to treat neuromyelitis optica spectrum disorder (hUC-MSC-NMOSD) study.




Inclusion Criteria

1) 18–75 years of age;

2) Met the diagnostic criteria of NMOSD (established by the International Panel for NMOSD in 2015) (26), and serum AQP4-antibody-positive;

3) In the remission phase, defined as no new or worsening of neurological symptoms and signs in the last 30 days;

4) EDSS (Expanded Disability Status Scale) score ≤ 8;

5) Taking azathioprine or mycophenolate mofetil as ongoing treatment for NMOSD;

6) The results of the hepatic and renal function tests, complete blood count, and urinalysis are unremarkable;

7) The coagulation tests are unremarkable;

8) Be able to end the follow-up period;

9) Signed the informed consent (by patients or their families).



Exclusion Criteria

  1) Patients with language dysfunction, disturbance of consciousness, or unstable vital signs;

  2) With thyroid dysfunction or other endocrine dysfunction which cannot be controlled by treatment;

  3) With severe psychiatric disorders, thus unable to cooperate during the study;

  4) With severe hepatic or renal disorders: the results of hepatic function >2 upper limits; the creatinine clearance rate calculated by Cockcroft–Gault equation <60 ml/min; or with severe systematic wasting diseases;

  5) Scoring complete blood count test, white blood cell count test <3.0 × 109/L or >12 × 109/L, or hemoglobin level <80% lower limits, or platelet counts <100 × 109/L;

  6) Scoring coagulation tests, one or multiple indicators (TT, APTT, PT, FIB, TDP, and DD) >2 upper limits;

  7) Gastrointestinal bleeding or other severe bleeding disorders in the last month;

  8) Had allergic history to the study-related drugs;

  9) Had major surgeries in the last week;

10) Pregnant or breastfeeding;

11) With a history of hepatitis B, hepatitis C, HIV infection, syphilis, or malignancies;

12) With other rheumatic diseases (such as Sjogren's syndrome, systematic lupus erythematosis), who need to use other immunodepressants other than azathioprine or mycophenolate mofetil;

13) With other situations that may affect the patient's engagement in the study.



Withdrawal Criteria

Withdrawal criteria are as follows: (1) patient withdraws consent; (2) newly find misdiagnosis at baseline; (3) patients are lost to follow-up; (4) investigator's decision to withdraw the subject.

For any subject withdrawal, the reasons for withdrawal will be documented.



Intervention
 
The Isolation and Culture of hUC–MSCs

The hUC–MSCs are isolated from Wharton's jelly (WJ) of the umbilical cord (UC). The parents who donated signed the informed consent. After aseptically collecting the samples of UC, scrape the WJ away from the blood vessels and inner epithelium of the subamnion. Then WJ is mechanically cut into small pieces of no more than a few millimeters in length. The pieces were transferred to culture flasks, which contained Dulbecco's Modified Eagle Medium-F12 (DMEM-F12) and 10% FBS (Fetal Bovine Serum), then it was incubated in a humidified atmosphere containing 5% CO2 at 37°C. The cells migrate from the explant to medium margins.



The Transportation and Storage of hUC–MSCs

The hUC–MSCs will be immersed in liquid nitrogen, carried in a portable liquid nitrogen container, and will be transported to the research centers by a cold chain logistic company. There will be a real-time recording of the temperature inside the liquid nitrogen container. The hUC–MSCs will be stored in liquid nitrogen until resuscitation and infusion.



Resuscitation of hUC–MSCs

A thermostat water bath will be preheated to 37°C. A metal clip will be precooled in liquid nitrogen and then the freezing bags of MSCs will be extracted. The freezing bags will be quickly dropped into the water bath and swayed back and forth gently until totally melting (time duration: 2 min).



Inspections of hUC–MSCs

The subjects can be infused hUC–MSCs only after the sample tests meets the following requirements:

(1) Total cell amount 5 × 107 ± 10% per package; cell viability over 85%;

(2) Bacterial endotoxin test negative; gram-staining negative.



Transfusion of hUC–MSCs

Subjects in the intervention groups will receive four hUC–MSC infusions every 3 months besides the primary drugs. The dosages are 1, 2, or 5 × 106 MSCs per kg of body weight. The hUC–MSCs will be infused via the subjects' peripheral veins. The drip rate is 30 drops per min in the first 15 min of infusion and 45 drops per min in the next 15 min. If there are no adverse effects, the drip rate can be gradually increased, but never exceed 70 drops per min. The time of infusion should last no more than 1 h. After the infusion of MSCs, subjects will be infused with 500 ml normal saline.

Subjects in the control group will receive four stem cell base solution infusions (the same packaging bag as hUC–MSCs) every 3 months besides the primary drugs.



Participant Safety Protection Measures

(1) Subjects will be admitted to the hospital when receiving the infusion;

(2) Intravenous infusion of dexamethasone of 5 mg will be given to subjects 15 min before the infusion of hUC–MSCs;

(3) Subjects will have electrocardiogram monitoring during the whole process of infusion;

(4) Subjects will be discharged after a 2–4 days observation period after the infusion.




Group Allocation, Randomization, and Blinding

The first phase of the trial is an open-label, dose-escalation study that will be performed in a leading center, the Shanghai Ren Ji Hospital. For stages 2 and 3, allocation sequences were generated by an independent statistician by permuted blocks randomization method (block sizes of four or eight). The conceal of allocation sequences were performed by using an integrated web response system (IWRS). The research physician will enroll participants and then assign participants to interventions according to allocation results from IWRS. In stage 2, there are four arms, which are the low dose group (1 × 106 MSC / kg·weight), the medium dose group (2 × 106 MSC / kg·weight), the high dose group (5 × 106 MSC / kg·weight), and the control group (stem cell base solution). Patients will be assigned randomly in a 1:1:1:1 ratio to hUC–MSC groups and control group, respectively. In stage 3, there are two treatment arms. Patients will be assigned randomly in a 1:1 ratio to the hUC–MSC group and control group, respectively. To avoid ethical problems, we designed an add-on trial. Patients in the placebo-controlled group will receive a placebo while they already receive an established regular treatment (azathioprine or mycophenolate mofetil). Therefore, the allocation ratio of 1:1 was based on optimal statistical power and add-on trial design. In stages 2 and 3, all the participants, investigators, and statistician are blinded to group allocation until the end of the study and data analysis. Only pharmacists who are in charge of preparing study drugs are not blinded. Double-blinding will be performed via a centralized randomization system. Subjects who leave the study after random allocation will not be replaced.



Sample Size Estimation

Based on previous epidemiology studies on NMOSD among Asians, the replacing rate for the patients in the first year of the onset event is estimated at 55% (27). In this study, we expected that the relapsing rate could be reduced to 40% in the MSC group, according to our preliminary data. In the first stage of an exploratory study, each dosage cohort will include 10 patients to meet the safety evaluation goal, which are 30 patients in total. In the adaptive design stages 2 and 3, a total sample size of 400 patients would have 80% power to detect 15% relapsing rate reduction at a two-sided 5% significant level, with a 20% expected loss to follow-up rate. Therefore, we expected to enroll a total number of 430 subjects in this study. The sample size of this study was determined according to the stage of trial by R software (Version 4.0.3).



Discontinuation of Study Intervention

Unexpected discontinuation of study intervention criteria is (1) deterioration of symptoms leading to MSC infusion intolerance; (2) occurrence of adverse events or abnormal laboratory test results leading to MSC infusion intolerance; (3) individual wishes of the subjects; (4) any reasonable situations that require the clinical trial to be halted; (5) researchers' decisions to halt the clinical trial.

Expulsion criteria are (1) non-compliance to the study protocol; (2) other reasons.



Primary and Secondary Efficacy Endpoints

The primary study endpoint is defined as the first time of recurrence. The recurrence should meet all the following four requirements: occurrence of new symptoms or deterioration of original symptoms; symptoms lasting for more than 24 h; more than 30 days from the last recurrence; no other reasons to explain the recurrence.

Secondary endpoints include the times of recurrence, EDSS scores, MRI lesion numbers, OSIS (Opticospinal Impairment Scale) scores, Hauser walking index, and SF-36 (quality of life short Form-36) scores. MRI lesion numbers refer to the total numbers of the lesions on T2-weighted images of the brain, the cervical, and the thoracic spinal cord, respectively. The SF-36 questionnaire is one of the most widely used qualities of life measures and it has been translated and validated in China (28). It has eight multi-item domains including physical functioning, social function, role limitations related to physical problems, role limitations related to emotional problems, mental health, vitality, bodily pain, and general health perceptions. SF-36 results are presented in two categories of physical component summary (PCS) and mental component summary (MCS). EDSS scores, OSIS scores, Hauser walking index, and SF-36 scores will be assessed every 3 months.

Exploratory endpoints include: serum lymphocyte subsets (T helper cells, T suppressor cells, Natural Killer cells, and B lymphocytes), cytokines (Interleukin-2,4,6,10,17A, TNF-α, and IFN-γ), complements, serum anti-AQP4 antibody titers, average retinal nerve fiber layer (RNFL) thickness, etc.



Adverse Events

Adverse events (AEs) refer to any unwanted symptoms or signs in a clinical investigation subject and do not necessarily have a causal relationship with the applied intervention (29). All AEs will be coded according to the WHO's Adverse Reactions Terminology. At the end of the clinical trial, the intensity and relationship of any AEs with the study intervention will be identified.

If any severe AE (SAE) is encountered, even with extremely low incidence, it will be reported to the trial's principal investigator, the stem cell research ethics committee, and the state supervision agency within 24 h of its occurrence.

There are two types of side effects that need intensive monitoring, side effects during infusion and long-term side effects.

Side effects during infusion include allergic reactions (such as fever, tachycardia, dyspnea) and systematic complications (infection, embolism, and multiple organ failure);

While monitoring long-term side effects, the following items will be tested every 3 months: tumor markers (AFP, CEA, CA199, CA125, CA153, and CA242); complete blood count and urinalysis, liver and kidney function, blood glucose and electrolyte, coagulation tests, tests for infective diseases (HIV, RPR, hepatitis B, and C; tested at baseline, 9 months and 2 years of follow-up), urine HCG; electrocardiogram, chest X-ray or CT, and abdominal ultrasound.



Follow-Up

Primary, secondary, exploratory endpoint events, and side effects will be evaluated in all participating subjects at baseline and every 3 months. Magnetic resonance scans and optical coherence tomography (OCT) will be evaluated at baseline, year 1, and year 2 of follow-up.

For safety consideration, during stage one of the trial, all the subjects will receive a telephone interview within 1 week after hUC–MSC infusion and then every 2 weeks until the second infusion. The telephone interview will include information on symptoms' change and side effects.

The study schedule is shown in Table 1.



Data Management

All the study documents from all the centers will be considered highly confidential and will be stored in locked filing cabinets in a room with restricted access. All data will be translated into electronic format and stored in a database. Access to the database will be strongly restricted. The principal investigator and the biostatistician will be able to log into the data set and get full access to the information only upon permission from the head of this study. Data backups will be performed regularly by trial coordinators. If required, data transfer between centers will be encrypted, and any information capable of identifying individuals will be removed.



Trial Quality Assurance

This study will be implemented according to high-quality standards and will be delivered in accordance with the present trial protocol, which will not be amended unless any SAE occurs during its implementation. All the research staff, including investigators, research assistants, and outcome evaluators, will be trained in advance to be able to competently administer all the items as per the protocol. Once the clinical trial begins, an independent trial inspector will visit each study site monthly and will be responsible for reviewing the following: overall research progress and integrity, adherence to the selection criteria for all the included subjects, compliance with the scheduled intervention for each participant, compliance with national regulations, and the handling of practical problems. Moreover, this trial inspector may occasionally provide suggestions to the principal investigator, who will make any final decisions about trial modifications, continuation, or termination.



Statistical Analysis

The Kolmogorov–Smirnov Z test will be used for checking data normality. Categorical variables will be summarized as counts (percentage) and continuous variables as the means (standard error, SE) or medians (interquartile ranges, IQR), if not normally distributed. For the primary endpoint of the first time of recurrence, survival analysis will be conducted to analyze between-group differences. The Kaplan–Meier estimates for time of recurrence are presented for all groups. Hazard ratios for the comparison of between groups and 95% CIs were calculated with the Cox proportional-hazards model. Prespecified subgroup analyses of the primary outcome were stratified by, EDSS score at baseline, disease duration, age at randomization, the total number of previous relapses, number of relapses 2 years before randomization, and regular treatment. For secondary outcomes, statistical comparisons between the groups will be performed using Student's t-test or the Mann–Whitney U test for continuous variables, as well as the chi-square and Fisher's exact tests for categorical variables, as deemed appropriate. Correlations between continuous variables will be assessed by Pearson's correlation coefficient or Spearman's correlation coefficient. All missing data were not imputed in this study.

In this study, two analysis sets will be required. For the safety set (SS) analysis, all safety indicators will be obtained from those who have undergone at least one dose of hUC–MSC infusions. For the effectiveness analysis set, the intention to treat (ITT) analysis set will be used.

Lan–DeMets alpha-spending function with an O'Brien–Fleming boundary will be used to control the family-wise of type I error. Inverse normal combination test will be used to combine data from stages 2 and 3 in the final analysis. An independent Data and Safety Monitoring Board (DSMB) will review and evaluate the accumulated study data for participant safety, study conduct, and progress at each stage of the study. Only members of DSMB could have access to the data and results of the analysis. The Ethics Committee will be notified of any amendment to the study protocol. DSMB can make recommendations to terminate the study based on one of the following conditions: a significant difference in terms of effectiveness between groups; a significant risk-benefit ratio in one group; low degree of success in a reasonable period (such as poor compliance, low incidence of endpoint events). The advice of the DSMB meeting will be shared with the steering committee of the trial.




DISCUSSION

To the best of our knowledge, this study will be the first one to systematically demonstrate the clinical safety and efficacy of hUC–MSC in treating NMOSD, which leads to severe neurological disability in the young population. Several studies have reported preliminary results on the efficacy of hUC–MSC in treating different types of diseases, such as stroke, spinal cord injury, hereditary spinocerebellar ataxia, multiple system atrophy, multiple sclerosis, and other systemic diseases such as hematological diseases, immunological diseases, etc. (30–36). Toxicity is rarely reported in these studies. In addition, these studies have a small number of subjects, lack control, and are not well-designed. Therefore, there is a need for high-quality evidence on the efficacy of hUC–MSC transfusion.

Some studies with small sample sizes have reported the efficacy of stem cells in treating NMOSD, but they use invasive methodologies in performing stem cell transplantation (12–14). As far as we know, there was only one study using hUC–MSC to treat NMO till the present day. This study was published in 2012. In this study, hUC–MSCs transplantation was used to treat five NMO patients with a follow-up period of 18 months. Among the five cases, four showed therapeutic improvement after hUC–MSCs treatment. Both symptoms and signs improved and relapse frequencies were reduced (37).

The majority of previous studies only tested one dose of hUC–MSCs (36). Therefore, the optimal transfusion dose of hUC–MSC has not been determined till now. We use three different doses (1, 2, or 5 × 106 MSC per kg of body weight) in stages 1 and 2 of the trial in order to determine the optimal dose of hUC–MSC in NMOSD patients, balancing both efficacy and safety.

The route of administration of hUC–MSCs also needs to be determined. The rationale for intrathecal management is the transportation of cells directly into the central nervous system (CNS). However, intrathecal injection of hUC–MSCs does not affect cytokine dissimilarity in peripheral blood (38). Besides, intrathecal administration in humans may lead to meningeal irritation, likely related to CNS inflammation, which can cause headache, seizures, acute encephalomyelitis, etc (39, 40). On the contrary, intravenous administration of hUC–MSCs is not invasive and has very mild self-limited adverse events (39, 40). Therefore, it should be considered as a preferred route.

This study is a well-designed protocol for a clinical trial, and it includes a variety of safety indicators, functional assessments, imaging evaluations, and humoral indicators. We believe that this study protocol will allow us to elucidate the therapeutic efficacy and safety concerns of hUC–MSC in treating AQP4-positive NMOSD and finally to determine the best dosage to be used.



CONCLUSION

In summary, hUC–MSC holds great promise for an effective treatment of NMOSD.

The results of this study may represent a milestone and may be used for future revisions of NMOSD guidelines.
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Cognitive impairment may be associated with aquaporin-4 antibody positive (AQP4+) NMOSD, particularly where there is prominent cerebral, corpus callosum, or thalamic involvement. It is unclear to what extent this phenomenon may be treatable after months to years. We describe two cases of AQP4+ NMOSD with cognitive impairment persisting over more than 6 months, where cognition improved after eculizumab was initiated. In the first case, a 51-year-old woman presented with a 2-month history of cognitive decline and ataxia, and diffuse involvement of the corpus callosum on MRI. AQP4 antibody testing returned positive. Cognitive impairment persisted on therapy with mycophenolate, then rituximab. She was switched to eculizumab from rituximab 18 months after disease onset because of breakthrough optic neuritis; memory and cognitive function improved on eculizumab. In the second case, a 26-year-old woman initially presented with visual, auditory and tactile hallucinations, and impairment in activities of daily living, and was given a diagnosis of schizophrenia. Nine months later she was hospitalized for increasing confusion. MRI showed leukoencephalopathy and diffuse involvement of the corpus callosum with multiple enhancing callosal lesions. AQP4 antibody testing was positive and CSF testing for other antibodies of autoimmune encephalitis was negative. She had some improvement in cognition with high dose corticosteroids but remained significantly impaired. On follow-up, her repeat MRI showed a small new right inferomedial frontal enhancing lesion although she did not complain of any new cognitive issues, her MOCA score was 21/30, and she was started on eculizumab. Two months after eculizumab initiation she and her family reported cognitive improvement and MOCA score was 25/30. Common features of these two cases included extensive callosal involvement and an element of ongoing gadolinium enhancement on MRI. Our experience suggests the possibility that cognitive impairment may be amenable to immunotherapy in certain cases of NMOSD.
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INTRODUCTION

Neuromyelitis Optica Spectrum Disorder (NMOSD) is an inflammatory disorder of the central nervous system (CNS) that is characterized most commonly by optic neuritis and myelitis. Detection of serum antibodies to aquaporin-4 (AQP4), a water channel on the foot processes of astrocytes, distinguishes NMOSD from other CNS inflammatory diseases. Cognitive Impairment (CI) has been well established in multiple sclerosis, the most common demyelinating disease of the CNS, but it remains controversial to what extent CI is associated with NMOSD (1, 2). CI in NMOSD may be pronounced in the presence of specific brain lesions including cerebral, corpus callosum, or thalamic involvement, but also has been reported even in absence of such lesions (3). It is unclear whether CI in AQP4+ NMOSD may be treatable, particularly after months to years. Here we present two cases of patients with AQP4+ NMOSD presenting with chronic CI along with diffuse corpus callosum lesions who experienced significant improvement in cognition after starting eculizumab therapy.



CASE 1

A 51-year-old woman presented with a 2-month history of cognitive decline and ataxia. She complained of progressively worsening short term memory and impairment in her activities of daily living, including ability to bathe and dress herself. On neurologic exam, she was oriented to person and place, but not to time. There was evidence of truncal ataxia, bilateral intention hand tremors, and left sided dysmetria. She had an MRI of the brain that showed diffuse involvement of the corpus callosum, particularly the splenium, with diffusion restriction and patchy enhancement (Figures 1A–C), and a lesion in the right superior cerebellar peduncle. CTA of the head did not reveal any vascular abnormalities. She also had an MRI of the spinal cord, which showed a lesion in the high thoracic cord centered on the left side from T1 through T3 (Figure 1D). Cerebrospinal fluid (CSF) demonstrated 10 white blood cells/mm3 and protein was mildly elevated. Oligoclonal bands and culture were negative. Serum serologies for various autoimmune conditions including ANA, anti-DNA, RF, and ANCA were all negative as well. CT of the chest did not show any abnormality including hilar lymphadenopathy.


[image: Figure 1]
FIGURE 1. MRI at time of first relapse: (A) Axial T2 FLAIR sequence of the brain showing diffuse corpus callosum involvement. (B) Axial T1 with gadolinum showing patchy enhancement of the lesion in the right splenium of the corpus callosum. (C) Axial DWI sequence of the brain showing diffusion restriction. (D) T2 STIR sequence of the lower cervical spine and thoracic spine showing a central hyperintensity extending from the level of T1-T3. MRI after treatment of first relapse with corticosteroids: (E) Axial T2 FLAIR sequence of the brain showing an improvement of the corpus callosum lesions after the steroid course. (F) Axial T1 with gadolinium showing a resolution of the patchy enhancement after the steroid course. MRI immediately prior to eculizumab: (G) Axial T2 FLAIR sequence of the brain showing an increased T2 signal in the right optic nerve in the mid intraorbital course with focal atrophy of the left optic nerve. (H) Axial T1 with Gadolinium sequence of the orbits before starting eculizumab showing mild enhancement of both optic nerves. MRI after eculizumab: (I) Axial T2 FLAIR sequence of the brain showing stable deep periventricular lesions without any new lesions identified. (J) Axial T1 with gadolinium showing no enhancing lesions. (K) Axial T2 FLAIR sequence of the brain showing a decrease in the intensity of the T2 signal in the right optic nerve. (L) Axial T1 with gadolinium shows resolution of the previously enhancing optic nerve lesions.


She was treated with a course of high dose IV corticosteroids followed by IVIG with mild improvement in cognition and ataxia but worsened again when steroids were tapered. Subsequently she underwent a biopsy of her brain lesions which at the time was reported to show non-specific findings of inflammation, with infiltration of macrophages and destruction of myelin and axons. She was then empirically started on mycophenolate mofetil for an inflammatory process of unknown etiology. She had gradual improvement in her ADLs and was able to resume functions including dressing and bathing herself. MRI of the brain showed an improvement in the lesions with a resolution of the enhancement (Figures 1E,F).

One year after her initial presentation she developed blurry vision in her right eye, followed by complete vision loss in her left eye several days later. Exam showed no light perception in the left eye and she was only able to count fingers in her right eye. MRI of the brain and orbits revealed enhancement of both optic nerves in their orbital portions. She was treated with a course of high dose IV steroids followed by IVIG with an improvement in her right eye vision. A serum cell-based AQP4 antibody test was sent and returned positive, confirming a diagnosis of AQP4+ NMOSD. Her former biopsy slides were obtained and reviewed again; there was extensive loss of AQP4+ and GFAP+ astrocytes supporting the diagnosis of NMOSD (Figures 2A–D). In addition, sparse AQP4+ and GFAP+ astrocytes were observed in clusters around blood vessels, perhaps suggesting an early repair phenomenon (Figures 2E–H).


[image: Figure 2]
FIGURE 2. Brain biopsy with (A) Luxol Fast Blue staining of myelin shows a sharply demarcated area of myelin loss. (B) This area is infiltrated by lipid-laden macrophages, labeled by CD163. (C) The area with the green star demonstrates partial loss of aquaporin-4 astrocytes. (D) There is also depletion of GFAP positive astrocytes in this area. (E) Under high power (yellow star area on first slide), we observed the edge of the demyelinated lesion. (F) There are sparse GFAP positive astrocytes and (G) aquaporin-4 positive astrocytes present around blood vessels. (H) Olig-2 stain shows loss of oligodendrocytes.


The patient's maintenance immunotherapy was switched to rituximab because of the breakthrough relapse. After 2 cycles of rituximab she was found to have worsening vision in her right eye from 20/80 to 20/160 along with new enhancement along the intraorbital portions of the optic nerves consistent with a bilateral optic neuritis (Figures 1G,H). She had remained cognitively impaired on rituximab with short-term memory issues and inability to take care of independent activities of daily living such as meal preparation and banking. She was switched to eculizumab. Repeat MRI brain showed no new lesion and resolution of the enhancement in the optic nerves (Figures 1I–L). The patient reported a progressive improvement in her memory and cognition, and ability to newly take on household organization, journal writing, and some banking. On follow-up 1 year after starting eculizumab, her MOCA score was 26/30.



CASE 2

A 26-year-old woman was initially seen by psychiatry 1 year prior to neurologic consultation because of paranoid visual, auditory, and tactile hallucinations. She was diagnosed with schizophrenia and started on multiple antipsychotics including aripriprazole, ziprasidone, and risperidone, but found to have an increase in her compulsions and severe nausea and vomiting. She was switched to risperidone with resolution of the nausea and vomiting. Six months later she became more acutely confused and complained of severe headaches. She was admitted to hospital and neurology was consulted. On exam she was drowsy, had stuttering and hesitant speech and evidence of psychomotor retardation. However, she was alert to person, place and time. Fundoscopy was unremarkable. She had some mild give-way weakness in all limbs without a clear pyramidal distribution.

MRI of the brain revealed T2 hyperintensities in the left frontal lobe, left insula, bilateral basal ganglia, corpus callosum, bilateral mesial temporal lobes, bilateral inferior frontal lobes, and bilateral pons and midbrain (Figures 3A–C). Lesions were fairly symmetric although there was more extensive involvement of the left frontal lobe. There were discrete enhancing lesions visualized in several places in the corpus callosum (Figure 3D). Her CSF revealed 34 white blood cells/mm3, 50% neutrophils, protein 1.16 g/L, and glucose 2.4 mmol/L. ANA was positive at 1:80 and SSA was positive as well. A CSF autoimmune encephalitis panel including NMDA receptor antibody testing and CSF cytology were negative. Serum syphilis, HIV, Lyme disease, West Nile virus, Influenza, and COVID-19 serologies, and MOG antibody were all negative. Her serum AQP4 cell-based antibody test returned strongly positive. She was initially treated with antivirals and antibiotics for a presumed encephalitis, then later with a course of high dose steroids with improvement in alertness and concentration, although she remained significantly cognitively impaired and unable to perform independent activities of daily living. She was not treated with an oral prednisone taper because of her psychiatric history.
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FIGURE 3. MRI at time of first relapse: (A–C) Axial T2 FLAIR sequence of the brain showing involvement of the corpus callosum, bilateral mesial temporal lobes, bilateral inferior frontal lobes, and bilateral pons and midbrain. (D) Axial sequence of the brain with gadolinium showing discrete enhancing lesions in the corpus callosum. MRI after treatment of first relapse with corticosteroids and prior to eculizumab: (E–G) Axial T2 FLAIR sequences of the brain showing an improvement in the mesial temporal lobe and corpus callosum lesions after a course of steroids. (H) Coronal T1 sequences with gadolinium showing a new small right inferomedial frontal lesion with patchy enhancement. MRI after eculizumab: (I–K) Axial T2 FLAIR sequences of the brain showing stable inferior frontal and temporal lobe and corpus callosum lesions after starting eculizumab. (L) Axial T1 sequences with gadolinium showing no enhancement.


On follow-up, repeat MRI showed a small, 7 mm, new right inferomedial frontal lesion with patchy enhancement, although she did not complain of any new cognitive issues (Figures 3E–H). Her MOCA score was 21/30. Eculizumab therapy was initiated. Two months after eculizumab initiation she and her family reported cognitive improvement and her MOCA score was 25/30. However, due to persistent hallucinations, she remained unable to work. MRI of the brain showed stable lesions with a resolution of the enhancement (Figures 3I–L).



DISCUSSION

Cognitive and psychiatric presentations of NMOSD are relatively rare but may be underrecognized. In one Korean series, 10% of patients with NMOSD presented with an encephalopathic syndrome and diagnosis was often delayed until subsequent presentation with optic neuritis (4). Psychiatric symptoms reported in association with NMOSD have included hallucinations and confusion as were observed in our second patient (5). Catatonia has also been reported (6). Cognitive and psychiatric presentations of NMOSD may lead to permanent disability due to delayed recognition and misdiagnosis. Common localization for cognitive and psychiatric relapses in AQP4+ NMOSD have included lesions in the cerebral hemispheres (4), diencephalon (5), and corpus callosum (7), and both of our cases demonstrated prominent involvement of the latter. There have been reported cases of autoimmune encephalitis, in particular NMDA receptor antibody positive encephalitis, co-existing with AQP4+ NMOSD (8, 9). This was considered in our second case because of the patient's psychiatric symptoms and confusion, but autoimmune encephalitis panel was negative. To summarize, NMOSD should be considered in the differential diagnosis of subacute onset of cognitive and psychiatric symptoms where imaging is suggestive of an inflammatory cause, and serologic testing for the AQP4 antibody testing should be performed so as not to delay diagnosis.

Corpus callosal lesions are relatively common in NMOSD; recent cohorts suggest a prevalence of up to 20% (10, 11). Such lesions have a distinct appearance from corpus callosal lesions in multiple sclerosis (MS), as they are often diffuse, cystic, oriented along the axis of the corpus callosum, and may demonstrate heterogenous signal intensity and blurred margins (12, 13). Enhancement patterns are frequently heterogenous as well. “Bridge arch” lesions of the corpus callosum have been reported, particularly in the splenium, and this appearance can sometimes be confused for a neoplastic process such as lymphoma or “butterfly” glioma (12, 13). Differential diagnosis of corpus callosum syndromes includes inflammatory causes such as MOGAD, Susac syndrome, and neurosarcoidosis in addition to NMOSD; ischemia; hereditary leukoencephalopathy; Marchiafava-Bignami disease; as well as neoplastic causes. The corpus callosum lesions seen in both our patients were more suggestive of NMOSD than MS given diffuse involvement of the corpus callosum and heterogeneous blurred margins.

Corpus callosal damage has been associated with cognitive impairment in multiple diseases including MS and Alzheimer's disease (14, 15), and was likely a major contributor to cognitive impairment in our two patients. However, cognitive deficits may occur in AQP4+ NMOSD even in the absence of a history of cognitive relapse and/or brain lesions. Recent observational studies suggest a wide range of 30–70% of NMOSD participants with CI (2, 3, 16, 17). In a cross-sectional study, no association was observed between frequency of brain lesions or overall brain T2 lesion load between cognitively preserved and cognitively impaired patients with NMOSD (18). A pathological study of NMOSD brains found evidence of diffuse cortical neuronal loss despite absence of cortical demyelinating lesions (1). The authors suggested that loss of astrocytes may be implicated in release of excitotoxic and neurotoxic factors affecting cortical neurons (1). CI in NMOSD may involve multiple cognitive domains including memory, attention, and speed of information processing (3). Neural correlates of the cognitive impairment in NMOSD have been attributed to focal reductions in white matter volume and integrity in some studies (19, 20). Other studies have suggested that focal hippocampal or thalamic volume loss may be critical to CI in NMOSD (18, 21). Further study of CI in AQP4+ NMOSD is necessary to clarify prevalence, localization, evolution, and pathologic basis of this process.

Moreover, it is unclear whether chronic CI in AQP4+ NMOSD may be amenable to immunotherapy, and to what extent such a response may depend on the duration of CI and associated MRI features including localization of lesions and the presence of gadolinium enhancing lesions. Acute cognitive and psychiatric relapses of NMOSD have been reported to improve with immunotherapy including high dose corticosteroids and IVIG (5). To our knowledge, these are the first reported cases of chronic CI in AQP4+ NMOSD with improvement on escalation of immunotherapy. The response to eculizumab in our cases supports the importance of the complement pathway in the underlying pathophysiology of AQP4+ NMOSD (22). Common features to our two cases include diffuse involvement of the corpus callosum and on-going gadolinium enhancement on MRI. Both patients demonstrated significant improvement in cognitive function after starting eculizumab, and our first patient reported an improvement in her quality of life with ability to participate in activities like meal preparation, journal writing, and banking which she had not performed for the preceding 2 years since onset of her NMOSD. Neither patient returned to her cognitive baseline however, and neither was able to return to work.

It is possible that the cognitive improvement observed in our two cases was due to suboptimal treatment of active inflammation given ongoing gadolinium enhancement on MRI. On the other hand, there was only minor change on MRIs compared before and after institution of eculizumab, and, for Case 1, the enhancement was in the optic nerves, not in a region associated with cognition. A recent histopathologic study of autopsied AQP4+ NMOSD brain specimens showed that while complement deposition is most marked at the time of relapse, there was deposition of a complement degradation product, C3d, in fibrous gliosis, a chronic stage of NMOSD lesions (23). This finding may support the possibility of chronic pathology as a therapeutic target in AQP4+ NMOSD, although this needs to be further explored. The presence of subclinical disease activity in AQP4+ NMOSD—and its potential contribution to chronic NMOSD symptoms like fatigue and CI—remains controversial. Biomarkers like serum glial fibrillary acid protein (sGFAP) levels are under investigation, as elevated levels may predict the risk of future attacks as was observed in participants in the N-MOmentum trial (24). Symptom burden was increased in N-MOmentum participants with higher sGFAP levels as well even in the absence of an adjudicated attack.

Our two cases suggest that eculizumab should be considered as a therapy in AQP4+ NMOSD patients with CI, even when CI has been present for up to 1–2 years, and particularly if there is on-going gadolinium enhancement on MRI. Taking a broader perspective, and given the prevalence of cognitive deficits in NMOSD, we wonder if regular cognitive assessments may allow for better evaluation of disease severity, functional impact, response to therapy, and more timely escalation in therapy, where chronic impairment or decline is observed. The possibility of cognitive improvement in response to certain therapies such as eculizumab in AQP4+ NMOSD warrants further consideration. This question could potentially be answered by a multi-center, observational study with formal cognitive assessments and imaging before and after initiating specific long-term therapies.
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Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune-mediated idiopathic inflammatory demyelinating disease with a typical clinical presentation of optic neuritis, acute myelitis, and area postrema syndrome. Most NMOSD patients are seropositive for disease-specific and pathogenic aquaporin-4 (AQP4) antibodies, which are key markers for the NMOSD diagnosis. Herein, we report an atypical case of a 41-year-old man who complained of intractable hiccups and vomiting at disease onset, followed by fever, headache, back pain, progressive paresthesia, and weakness of extremities later on. Magnetic resonance imaging revealed longitudinally extensive transverse myelitis. Cerebrospinal fluid analysis showed progressive increases in the white blood cell count and the protein level, which were accompanied by the deterioration of clinical manifestations. The patient was initially suspected of infectious meningomyelitis but was finally diagnosed with NMOSD. This case with distinct cerebrospinal fluid findings broadens the phenotypic spectrum of NMOSD. Furthermore, it also highlights the clinical value of AQP4 antibody test for early definitive diagnosis and proper treatment.




Keywords: neuromyelitis optica spectrum disorder, aquaporin-4 antibody, infectious meningomyelitis, cerebrospinal fluid, longitudinally extensive transverse myelitis, area postrema syndrome



Introduction

Neuromyelitis optica (NMO) is an autoimmune-mediated idiopathic inflammatory demyelinating disease that predominantly affects the optic nerve and spinal cord. The 2015 International Panel for NMO Diagnosis introduced neuromyelitis optica spectrum disorder (NMOSD) to include a broader spectrum and established its diagnostic criteria (1). NMOSD is characterized by recurrent attacks of optic neuritis, transverse myelitis, and area postrema syndrome (APS). Typical neuroradiological findings include long-segment involvement of the optic nerve (particularly when simultaneous bilateral and extending posteriorly into the optic chiasm), longitudinally extensive transverse myelitis (LETM), and lesions of the dorsal medulla (especially the area postrema) (2). The majority of patients with NMOSD are seropositive for disease-specific and pathogenic aquaporin-4 (AQP4) antibodies, which are key markers for its diagnosis (1, 3). The wide application of AQP4 antibody test expands the phenotype of uncommon clinical manifestations of this disease. Here, we present an atypical case of NMOSD with fever, headache, back pain, progressive paresthesia, weakness of the extremities, and continuously elevating white blood cell (WBC) count, and protein level in the cerebrospinal fluid (CSF). These misdirecting manifestations seemed to all lead to infectious meningomyelitis in this case; however, the patient was finally diagnosed with NMOSD.



Case Description

A 41-year-old previously healthy man was sent to the hospital with a 1-month history of intractable hiccups and vomiting and a 1-week history of headache, back pain, and ascending paresthesia. Neurological examination on admission showed intact cranial nerves, neck rigidity, hypoesthesia below the T6 level, vibration hypoesthesia, bilateral positive Babinski signs, and normal muscle strength. Routine workup including complete blood cell count, basic metabolic panel, tumor markers, and rheumatology panel was normal. Chest computerized tomography (CT), abdominal ultrasound, and brain magnetic resonance imaging (MRI) were unremarkable. Spinal MRI demonstrated longitudinally extensive T2 hyperintensities from C2 to T8 without enhancement (Figure 1). Spinal contrast-enhanced MR angiography showed no abnormalities. Initial lumbar puncture revealed a CSF opening pressure of 140 mmH2O, a WBC count of 120/µl (93% lymphocytes), a protein level of 48 mg/dl, and a normal glucose level (Figure 2). No intrathecal oligoclonal bands were found.




Figure 1 | Magnetic resonance imaging of the cervical (A) and thoracic (B) spinal cord. Sagittal T2-weighted imaging showed longitudinally extensive hyperintense lesion extending from C2 to T8.






Figure 2 | Timeline depicting muscle strength change, immunotherapy, and cerebrospinal fluid analysis of the patient. For further details, refer to the main text. LP, lumbar puncture.



Three days later, the patient developed progressive weakness of lower extremities (Medical Research Council, grade 3) with dysuria and constipation and fever up to 38°C, while all serum infectious indicators (e.g., leukocytes, procalcitonin test, C-reactive protein, and cultures), and urinalysis/urine culture were negative. Therefore, a reexamination of the lumbar puncture was performed, revealing an increased WBC count (520/µl) and protein level (255.5 mg/dl). CSF next-generation sequencing (NGS) for bacteria, viruses, fungi, and parasites with known genome sequences and cultures for bacteria and fungi were negative. Moreover, the CSF cytology was suspicious for tumor cells. Fluorodeoxyglucose positron emission tomography/CT showed increased metabolism in multiple segments of the cervical and thoracic regions and no evidence of systemic tumors.

In the following 2 days, the weakness progressed to all extremities (Medical Research Council, grade 0) and anesthesia arose to the C3 level, accompanied by hoarseness, dysphagia, dysuria, dyspnea, and a peak temperature of 38.8°C. The reexamination of serum and urine showed no evidence of infection. Based on the evaluation, neither tumor nor infection of the central nervous system could be ruled out. A third lumbar puncture was performed, which showed a WBC count of 1,250/µl (97% lymphocytes) and a protein level of 864.4 mg/dl. Flow cytometry and repeated NGS analysis in CSF were unrevealing. The results of the AQP4 antibody test at admission returned, demonstrating positivity in both the serum (titer, 1:100) and the CSF (titer, 1:3.2) using cell-based assay. The final diagnosis of NMOSD was made.

The patient was then treated with intravenous methylprednisolone (500 mg/day for 5 days, followed by a tapering scheme) combined with plasma exchange (5 cycles, every other day) and intravenous immunoglobulin (0.4 g/kg per day for 5 days) (Figure 2). After the first-line treatment, muscle strength of the upper extremities recovered to grade 2 and anesthesia decreased to the level of T4. The symptoms of hiccup and vomiting disappeared completely. A reexamination of the lumbar puncture revealed that the CSF WBC count and protein level decreased significantly. The reexamined serum AQP4 antibody titer was 1:10. Rituximab (500 mg, twice) was administered for sequential therapy. In the follow-up 3 months after discharge, the patient could lift both upper extremities but suffered from pain all over the body. The movement of the lower extremities and the tactile sensation below the xiphoid process were still poor.



Discussion

Here, we report an NMOSD patient who successively presented with hiccups, vomiting, headache, back pain, fever, paresthesia, and weakness of the extremities. In addition, the CSF tests also showed progressive increases in the WBC count and the protein level consistently with the aggravation of myelitis symptoms, which has not been reported before. Although the patient had infectious meningomyelitis-like symptoms, the repeated tests showed no evidence of infection. Nevertheless, the involvement of infection was difficult to completely exclude, leading to a diagnostic challenge. However, the detection of AQP4 antibodies in both serum and CSF with the clinical manifestations of APS and acute myelitis, according to the 2015 diagnostic criteria, makes the definite diagnosis of NMOSD. Furthermore, the fact that the patient’s symptoms improved after immunotherapy, rather than anti-infective treatment, also supported this diagnosis.

The intractable hiccups and vomiting that the patient suffered initially were ignored at the time, while those symptoms met the definition of APS, which is considered to be one of the typical clinical features of NMOSD with great diagnostic value (4). This patient also developed LETM, which is also a characteristic of NMOSD. A previous study confirmed that when a longitudinally extensive spinal cord lesion extends to the area postrema and happens simultaneously with intractable nausea and vomiting, it is highly specific for AQP4 antibody-seropositive NMOSD (5). Thus, the typical presentation and neuroimaging of APS and LETM require more attention clinically.

We reviewed the previous literature and summarized the characteristics of the reported cases of NMOSD with seropositive AQP4 antibodies who presented with meningitis/meningomyelitis-like symptoms in the first attack (Table 1) (6–8). All patients had infection-like manifestations such as fever or headache in their early stages, along or subsequent with core symptoms of NMOSD. Brain MRI revealed that some of the cases have multiple T2 hyperintense lesions and meningeal enhancement. These symptoms were so similar to those of infectious meningomyelitis that left the diagnosis process in dilemma. However, previous reports showed that the lack of improvement in empiric antibiotic or anti-tuberculosis therapy favored the NMOSD attack (6, 8). Some patients were not correctly diagnosed at the first hospitalization but were further diagnosed when they relapsed during the follow-up (6). Most patients had relapses or disabilities. In comparison, our patient presented not only infectious meningomyelitis-like symptoms, which were similar to cases discussed above, but also APS in the earlier stage. Thanks to the timely AQP4 antibody test, the diagnosis successfully locked down on NMOSD, and the treatments focusing on NMOSD proved to be effective for our patient. Although meningitis/meningomyelitis-like phenotype is rare, it should have an attached importance, since delayed diagnosis and treatment may result in a poor prognosis.


Table 1 | Clinical, MRI, and CSF characteristics of AQP4 antibody-seropositive NMOSD patients with meningitis/meningomyelitis-like symptoms at first attack.



Furthermore, in our case, the progressive elevation of the CSF WBC count and the protein level was accompanied by the exacerbation of symptoms. In previous studies, CSF pleocytosis is present in around 50%–65% of samples (9, 10). A study including 211 AQP4 antibody-positive samples found that marked pleocytosis (CSF WBC ≥100/μl) was observed only in 6%, while protein levels exceeding 100 mg/dl were observed in about 29%, and CSF protein levels were correlated with the length of the spinal cord lesions indicated by a study (10). Previous research suggests CSF leukocyte counts as an inflammation indicator and protein concentrations as a blood–brain barrier (BBB) disruption indicator (11). In our case, the patient suffered progressively ascending CSF leukocyte counts and protein levels, which respectively indicate inflammation and the BBB disruption, and could further explain the progress severity of the patient’s symptoms. Our case suggested that the progressive growth in the CSF leukocyte count and the protein level cannot completely rule out the diagnosis of NMOSD.

The clinical symptoms of our patient improved with immunotherapy alone, also supporting the diagnosis of NMOSD. Unfortunately, the short-term therapeutic effect of this case was not satisfactory. The delayed diagnosis and treatment might be the critical factors. Previous studies found that tetraparesis and long spinal cord lesions were associated with long-term disability (12, 13). Since our case presented with these poor prognostic factors, follow-up is required to define the long-term prognosis.

In conclusion, we report a meningomyelitis-like case with distinct CSF findings that expands the phenotypic spectrum of NMOSD. To our knowledge, this is the first report that showed progressive elevation of the CSF WBC count and the protein level along with the aggravation of clinical symptoms. It may also lead to delayed diagnosis or even misdiagnosis. Although atypical symptoms exist, APS and LETM are still highly suggestive of the diagnosis of NMOSD. Testing for AQP4 antibody in this scenario is recommended, since it helps definite diagnosis and initiating therapy of this treatable disease in the early stage.
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Background

Differential diagnosis of demyelinating diseases of the central nervous system is a challenging task that is prone to errors and inconsistent reading, requiring expertise and additional examination approaches. Advancements in deep-learning-based image interpretations allow for prompt and automated analyses of conventional magnetic resonance imaging (MRI), which can be utilized in classifying multi-sequence MRI, and thus may help in subsequent treatment referral.



Methods

Imaging and clinical data from 290 patients diagnosed with demyelinating diseases from August 2013 to October 2021 were included for analysis, including 67 patients with multiple sclerosis (MS), 162 patients with aquaporin 4 antibody-positive (AQP4+) neuromyelitis optica spectrum disorder (NMOSD), and 61 patients with myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD). Considering the heterogeneous nature of lesion size and distribution in demyelinating diseases, multi-modal MRI of brain and/or spinal cord were utilized to build the deep-learning model. This novel transformer-based deep-learning model architecture was designed to be versatile in handling with multiple image sequences (coronal T2-weighted and sagittal T2-fluid attenuation inversion recovery) and scanning locations (brain and spinal cord) for differentiating among MS, NMOSD, and MOGAD. Model performances were evaluated using the area under the receiver operating curve (AUC) and the confusion matrices measurements. The classification accuracy between the fusion model and the neuroradiological raters was also compared.



Results

The fusion model that was trained with combined brain and spinal cord MRI achieved an overall improved performance, with the AUC of 0.933 (95%CI: 0.848, 0.991), 0.942 (95%CI: 0.879, 0.987) and 0.803 (95%CI: 0.629, 0.949) for MS, AQP4+ NMOSD, and MOGAD, respectively. This exceeded the performance using the brain or spinal cord MRI alone for the identification of the AQP4+ NMOSD (AUC of 0.940, brain only and 0.689, spinal cord only) and MOGAD (0.782, brain only and 0.714, spinal cord only). In the multi-category classification, the fusion model had an accuracy of 81.4%, which was significantly higher compared to rater 1 (64.4%, p=0.04<0.05) and comparable to rater 2 (74.6%, p=0.388).



Conclusion

The proposed novel transformer-based model showed desirable performance in the differentiation of MS, AQP4+ NMOSD, and MOGAD on brain and spinal cord MRI, which is comparable to that of neuroradiologists. Our model is thus applicable for interpretating conventional MRI in the differential diagnosis of demyelinating diseases with overlapping lesions.





Keywords: deep learning, demyelinating disease, differential diagnosis, MRI, multiple sclerosis, myelin oligodendrocyte glycoprotein antibody-associated disease, neuromyelitis optica spectrum disorder, transformer



1 Introduction

Inflammatory demyelinating diseases of the central nervous system (CNS) are important causes of nontraumatic neurological disabilities (1, 2). Multiple sclerosis (MS), neuromyelitis optica spectrum disorder (NMOSD), and myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD) are major disease entities in this field (3, 4). Increasing evidence indicates that NMOSD is an independent disorder associated with the expression of anti-aquaporin-4 (AQP4) antibodies rather than a variant of MS (5, 6). With the discovery of antibodies targeting myelin oligodendrocyte glycoprotein (MOG) in AQP4 antibody-negative NMOSD, MOGAD is now recognized as a unique immunological entity that is distinct from both MS and NMOSD (4, 7).

Indeed, MS, NMOSD and MOGAD exhibit divergent pathogeneses, treatment options for relapse prevention, and prognoses (8), and their diagnosis is mainly based on combined results involving clinical findings, radiological manifestations, and cerebrospinal fluid and serological tests. In conventional magnetic resonance imaging (MRI), bilateral periventricular white matter and cortical lesions are often considered typical features of MS (9), whereas longitudinally extensive transverse myelitis and posterior long-segment optic nerve lesions are more specific to NMOSD (10). MOGAD is considered to exhibit intermediate MRI features between those of MS and NMOSD (11). However, the MRI manifestations in some cases are indistinguishable among these conditions. Owing to the presence of overlapping clinical and radiological findings among these disorders, differential diagnosis can be challenging.

Autoantibody tests normally confer high sensitivity, but are invasive and time-consuming to obtain results, and conversion to an antibody-negative status may occur during the disease course (12). An improper choice of treatment may lead to disease deterioration. For example, disease-modifying therapies such as interferon beta and dimethyl fumarate are recommended as the standard treatment for MS but may exacerbate NMOSD and increase relapse rates (13, 14). Immunosuppressive agents such as azathioprine and mycophenolate mofetil are the first-line therapies for NMOSD and MOGAD. Moreover, several emerging therapies have shown different efficacies in controlling disease recurrence in patients with AQP4+ NMOSD and MOGAD (15). Thus, to reduce the delay from disease onset to appropriate treatment, thereby improving clinical benefits, there is an urgent need to develop an effective non-invasive approach for a rapid and precise differential diagnosis.

Many researchers have explored imaging differences among the three diseases using multi-model MRI sequences, indicating that the classification of MR image features can be helpful in the diagnosis of these diseases. Duan et al. (16) compared brain structural alterations on MRI, and demonstrated cortical and subcortical atrophy without severe white matter rarefaction in MOGAD in comparison with MS and AQP4+ NMOSD, whereas diffusion MRI measurements showed lower fractional anisotropy and higher mean diffusivity in MS. Moreover, Banks et al. (17) retrospectively compared the involvement of the brainstem or cerebellar region in CNS inflammatory demyelination diseases, and revealed that diffuse middle cerebellar peduncle MRI lesions favored a diagnosis of MOGAD over MS and AQP4+ NMOSD. They further showed that diffuse medulla, pons, or midbrain MRI lesions occasionally occurred in MOGAD and AQP4-IgG-NMOSD but never in MS. Although these findings have revealed image-dependent differentiation, few studies have been conducted using conventional MRI and its possible integration with the deep learning technique into the clinical workflow.

Recent advances in artificial intelligence have prompted the development of deep learning-based algorithms designed for the automatic classification of demyelinating diseases based on conventional MRI (11, 18–20). For example, Kim et al. (18) constructed a three-dimensional convolutional neural network (CNN) deep-learning-based model using brain MRI and clinical information to differentiate NMOSD from MS, achieving a moderate accuracy of 71.1%, sensitivity of 87.8%, and specificity of 61.6%. Rocca et al. (20) also applied a deep-learning algorithm based on CNN using brain MRI to discriminate between MS and its mimics, including NMOSD, revealing the highest accuracy (98.8%) and specificity (98.4%), and the lowest false positive rate (4.4%) for MS.

Notably, these aforementioned studies mostly used brain MRI with or without incorporation of clinical information for image-based classification using a traditional CNN. There has been minimal exploration of integrated MRI sequences and multi-site consideration of neuroimaging protocols. To address this gap, we here proposed a novel deep-learning algorithm, according to Co-scale conv-attentional image Transformers (CoaT)-based network (21), which was trained on multi-sequence (coronal T2-weighted and sagittal T2-FLAIR) and multi-location (brain, cervicothoracic and thoracolumbar spinal cord) MRI. The combined image sequences represent a better reflection of a realistic clinical setting and may contribute to increased classification accuracy.



2 Materials and Methods


2.1 Ethics

This study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University, and the requirement for written informed consent was waived due to the retrospective nature of the study.



2.2 Participants

MR images and clinical data of patients with a CNS inflammatory demyelinating disease treated at the neurological department of our hospital between August 2013 and October 2021 were retrospectively reviewed for inclusion. The inclusion criteria were as follows: (a) confirmed diagnosis of MS, AQP4+ NMOSD, or MOGAD according to the 2017 McDonald diagnostic criteria (9), 2015 NMOSD criteria (10), and 2018 MOGAD diagnostic criteria (22), respectively; (b) at least one clinical demyelinating episode of the CNS (myelitis, optic neuritis, or encephalopathy); (c) AQP4 antibody and MOG antibody were tested using a cell-based assay method; and (d) all participants underwent MRI scanning of the brain and/or spinal cord. The exclusion criteria were: (a) both AQP4 and MOG antibody positivity; (b) incomplete clinical assessment; (c) a history of other neurological diseases, including stroke, epilepsy, traumatic brain injury, or psychiatric problems and (d) excessive artifacts in MR images.

Notably, images acquired during acute presentation of first attack or relapses were selected for inclusion in the analysis, whereas patients in their remission phase were not included. Clinical information on sex, age, Expanded Disability Status Scale (EDSS) score, onset times, and disease duration (calculated from the first symptom onset to the scan date) were also recorded.



2.3 MRI Acquisition

All brain and/or spinal cord imaging was sequences were performed on 1.5T (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany; uMR 588, Shanghai United Imaging Healthcare, Shanghai, China; GE Sigma Twin speed, GE Healthcare, Milwaukee, WI, USA) or 3.0T (Magnetom Skyra, Siemens Healthcare, Erlangen, Germany; Philips Achieva 3.0T X-Series, Phillips Healthcare, the Netherlands; uMR 790, Shanghai United Imaging Healthcare, Shanghai, China) MRI scanners in the Second Xiangya Hospital of Central South University. The MRI data included brain imaging with axial T2-weighted and coronal T2-FLAIR sequences, and spinal cord imaging with sagittal T2-weighted sequences. It is worth mentioning that when patients suspected with demyelinating diseases, a standard scanning protocol of routine brain and spinal MRI were always performed in our hospital regardless of the presence of neurological deficits. However, a small proportion of patients who met the aforementioned inclusion criteria were found with only brain or spinal cord MRI and also included in this analysis. This may be attributed to the fact that these patients only performed MRI scans of a single location according to the presence of relevant neurological deficits. There have been some variations in the acquisition parameter over the years. Detailed parameters of the brain and spinal cord MRI sequences were shown in Table S1 in the Supplemental Material.



2.4 Reference Standard and Image Interpretations

Two neuroradiologists (CXH and FT, with 4 and 6 years of working experience, respectively) and a neurologist (WL) with 28 years of working experience were involved in visual assessment of the brain lesions and differential classification of MS, AQP4+ NMSDO, and MOGAD patients. Images were reviewed using RadiAnt Dicom Viewer software (Version 2021.2, Medixant, Poland).

The assessment was based on T1WI, T2WI and T2-FLAIR MRI sequences of the brain, spinal cord, and optic nerve, along with clinical data (e.g., age, sex, disease duration, EDSS score, and laboratory testing results). In the diagnosis of clinically confirmed demyelinating disease, each specialist reviewed all relevant data in detail and made diagnostic decisions in accordance with the 2017 McDonald diagnostic criteria (9), 2015 NMOSD criteria (10), and 2018 MOGAD diagnostic criteria (22), respectively; in the case of any discrepancy, the data were jointly reviewed until an agreement was reached. The diagnosis based on these medical records was considered as the reference standard of this research.



2.5 Deep-Learning Model

Given most patients suspected with autoimmune demyelinating diseases had undergone MRI scans of both brain and spinal cord, the goal of the study is to develop a model that can handle the combination of brain and spinal cord MRI data for diagnosis, which is closer to the current clinical scenario. In the current analysis, we have developed the data pool consist of multimodal MRI data, which included brain T2WI, brain T2-FLAIR, cervicothoracic T2WI, and thoracolumbar T2WI; each patient had one or more types of these sequences. Moreover, MRI imaging manifestations of the lesions showed broad heterogeneity in terms of size, distribution and locations. To address this challenge, we used the state-of-art transformer network as the basic structure to build our multimodal model combined with weak-label multiple instance learning (MIL) strategy. This novel deep-learning model were designed to be versatile in handling with images of multiple sequences and scanning locations for differentiating among MS, NMOSD, and MOGAD from conventional MRI data.


2.5.1 Data Preprocessing

The dataset was randomly split into a development set and a testing set at a ratio of 4:1. We first applied intensity normalization by z-score transformation within the non-zero region of the MR images. The normalized intensities of all voxels were set to have a mean of 0 and standard deviation (SD) of 1 for each MRI sequence. We then adjusted the intensity of these voxels and other outliers by clipping them to the range [1st percentile of the image to 99th percentile of the image]. We then performed background removal, where all voxels from the background regions outside of the non-zero region were set to –9 to ensure a uniform background intensity.



2.5.2 Multiple Instance Learning Strategy

To address the challenge of weakly labeled data (i.e., patient-level prediction without lesion/region-level annotation), we introduced a former-established MIL strategy (23). MIL is a typical weakly supervised learning paradigm that was proposed to tackle the problem of abnormalities in various locations to complement the diagnosis of tuberculosis or chronic obstructive pulmonary disease (24, 25). Specifically, MIL used slice as the model input, which leads to increased size of data in the training stage. Together with the slice-level data augmentation, such as cropping, rotation, flip, lightness and other data enhancements, we were able to mitigate the issue of imbalanced samples between brain and spinal cord MRI scans. Therefore, the bag-level MixUp on the data had the same amount of training samples in each category (26, 27). Detailed illustration of MIL-CoaT Transformer Framework was shown in Figure S1 in the Supplemental Material.



2.5.3 CoaT-Based Transformer Network

Transformer-based algorithms are state-of-the-art deep-learning algorithms for image recognition, including MRI (28, 29). In this study, the Siamese CoaT-based transformer network (21) was adopted as the basic network for feature extraction. By using shared parameters, the CoaT network can extract features from all instances in the same “bag,” and the attention pooling block is used to fuse extracted class tokens of all instances. Finally, the fully connected layer and softmax activation function were applied to obtain the bag-level prediction probability of the three categories. The detailed network architecture and descriptions can be found Figures S2 and S3 in the Supplemental Material.



2.5.4 Implementation

To train the proposed MIL-CoaT model, we used Adam optimization with a batch size of 16 and learning rate of  . In the training phase, the Siamese CoaT-based network was initialized using the pre-trained parameters of ImageNet (30), and cross-entropy loss was used. To address the problem of sample imbalance, the number of samples in each category was guaranteed to be consistent in each training iteration cycle. Therefore, the samples of the categories with smaller sample size were transformed and reused through data augmentation technique which can be treated as the new samples in iterative cycles. To test the deep learning model, we selected the middle slice from each sub-part as an instance in the MIL setting to construct the input sample. During the training and testing process, our deep-learning model was implemented using the popular open-source PyTorch framework and was run on four Nvidia GTX 1080Ti GPUs. The code of the model in this study have been uploaded to GitHub and are available at https://github.com/TXVision/Demyelinating_Diseases_Classification_MRI.




2.6 Reader Experiment

To assess the performance of our proposed deep learning model in the classification of demyelinating diseases, we recruited two neuroradiologist SNC and HYL (with 7 and 13 years of working experience, respectively) in the reader experiment. Briefly, the raters who were blinded to the patients’ clinical status independently reviewed all cases in the test dataset and were asked to classify subtypes of the demyelinating diseases with an assigned confidence score (0%-100%) for each class. The sum of the scores should equal to 100% (e.g., MS: 70%; NMOSD: 20%, MOGAD: 10%).



2.7 Statistical Analysis

Statistical analyses were performed using SPSS software (version 26.0; SPSS Inc., Chicago, IL, USA). Descriptive statistics are presented as frequencies and percentages for categorical variables and as means and SD for continuous variables. Differences in categorical variables between groups were analyzed using the Pearson chi-square test or Fisher’s exact test, as appropriate. Differences in continuous variables were analyzed using the Mann-Whitney U test. The diagnostic performance of the proposed model was assessed using the receiver operating curve (AUC) with the 95% confidence interval (CI). The optimal cut-off value was chosen using the Youden index (sensitivity + specificity -1), as previously in Huang et al. (31). Thus, sensitivity, specificity; accuracy, positive predictive value (PPV), negative predictive value (NPV), and F1 score were calculated accordingly.

For performance evaluation in multi-category classification of the raters, the category with the highest probability value among the rater’s output was regarded as the differential diagnosis of the disease. Thereafter, confusion matrices were drawn and overall accuracy were compared between the fusion model and the raters using the McNemar test, with p-value < 0.05 indicating the statistically significant difference. Confusion matrix deriving Matthew’s correlation coefficient (MCC) and Cohen’s kappa coefficient (Kappa) were also recorded and compared.




3 Results


3.1 Demographic and Clinical Characteristics

A total of 290 patients with CNS inflammatory demyelinating diseases, including 67 with MS, 162 with AQP4+ NMOSD, and 61 with MOGAD, were included for analysis. Figure 1 shows a flowchart of the selection process of the included patients. All patients were randomly assigned to the development set (composed of training and validation sets), including 231 patients (53 with MS, 129 with AQP4+ NMOSD, and 49 with MOGAD) and the testing set, including 59 patients (14 with MS, 33 with AQP4+ NMOSD, and 12 with MOGAD) at a ratio of 4:1.




Figure 1 | Flow chart of the selection process of included participants. AQP4+ NMOSD, aquaporin 4 positive neuromyelitis optica spectrum disorders; MOGAD, myelin oligodendrocyte glycoprotein antibody associated disease; MR, magnetic resonance; MS, multiple sclerosis.



The demographic and clinical characteristics of all patients are summarized in Table 1. There were no significant differences in age, sex, disease duration, onset times, EDSS score, and the presence of visual disturbance for the MS, AQP4+ NMOSD, and MOGAD groups, respectively, between the development and testing datasets.


Table 1 | Demographic and clinical characteristics in patients with MS, AQP4+ NMOSD, and MOGAD.



All patients underwent MRI scanning of the brain and/or spinal cord, and a total of 953 sequences were analyzed. Among the 290 patients included in the study, a total of 211 patients (72.8%) who have undergone both brain and spinal cord MRI scans. Among 250 (86.2%) patients with brain MRI and 251 (86.6%) patients with spinal cord MRI, there were 188/250 (75.2%) patients and 214/251 (85.3%) patients containing abnormal lesions, respectively. MR images of 14 (4.8%) patients from the AQP4+ NMOSD or MOGAD group showed no visible lesions in both the brain and spinal cord.



3.2 Diagnostic Performance of the MIL-Transformer Network Using Single- or Multi- Site MRI

We chose the Youden index as the optimal cut-off value to retrieve the variety of measurements including accuracy, sensitivity, specificity, PPV, NPV, and F1 score, which was shown in Table 2.


Table 2 | Diagnostic performance of our proposed MIL-CoaT transformer model based on different inputs in classification of MS, AQP4+ NMOSD and MOGAD.



For AQP4+ NMOSD, the ROC curves (Figure 2) showed that deep-learning models trained with individual brain and spinal cord MRI had AUCs of 0.940 (95%CI: 0.870, 0.986) and 0.689 (95%CI: 0.520, 0.833) respectively. In comparison, the deep-learning fusion model provided better diagnostic performance with AUC of 0.942 (95%CI: 0.879, 0.987) for AQP4+ NMOSD.




Figure 2 | ROC curves of the models based on brain, spinal cord, and combined MRI sequences in the cohorts of patients with MS (A, B), AQP4+ NMOSD (C, D) and MOGAD (E, F). AQP4+ NMOSD, aquaporin 4 positive neuromyelitis optica spectrum disorders; MOGAD, myelin oligodendrocyte glycoprotein antibody associated disease; MRI, magnetic resonance imaging; MS, multiple sclerosis; ROC, receiver operating characteristic.



When identifying MOGAD, the AUCs of the models trained with individual brain and spinal cord MRI were 0.782 (95% CI: 0.606, 0.938) and 0.714 (95% CI: 0.494, 0.919), respectively. In comparison, the deep-learning fusion model exhibited superior diagnostic performance with AUC of 0.803 (95%CI: 0.629, 0.949) for MOGAD.

The deep-learning model based on the spinal cord MRI had AUC of 0.724 (95%CI: 0.539, 0.897) for MS, which was small than that of the model trained with the brain MRI with AUC of 0.936 (95%CI: 0.855, 0.990) and the combined sequences (the fusion model) with AUC of 0.933 (95%CI: 0.848, 0.991). The AUC of the fusion model was marginally smaller than that of the model trained with brain MRI for MS.



3.3 Multi-Category Classification Comparison of the Deep-Learning Model Against Neuroradiologists

Multi-category classification using the proposed MIL-transformer network also exhibited better performance in the fusion model. Among the models trained with MRI on individual and combined locations, the fusion model exhibited better performance with an accuracy of 81.4% (Kappa 0.666, MCC 0.682). On the contrary, the model using individual brain or spinal cord MRI as input had an accuracy of 75.9% (Kappa 0.605, MCC 0.623) and 62.7% (Kappa 0.202, MCC 0.215), respectively.

We also compared the classification performance obtained with the proposed models versus that of human raters. In the same test dataset of 59 patients, the overall accuracy of the deep-learning model was higher than that of rater 1 and comparable to rater 2 (81.4% vs. 64.4% for rater 1, p = 0.04 < 0.05 and 81.4% vs. 74.6% for rater 2, p = 0.388 > 0.05). Meanwhile, as shown in Figure 3, the confusion matrix of the fusion model exhibited a higher Kappa of 0.666, MCC of 0.682 than that of human raters, who had a Kappa of 0.426, MCC of 0.431 for rater1 and Kappa of 0.576, MCC of 0.578 for rater 2.




Figure 3 | The confusion matrix of the fusion model in the test dataset of 59 patients (A), the model based on the brain MRI (B), the model based on the spinal cord MRI (C), and human rater 1 and 2 (D, E). AQP4+ NMOSD, aquaporin 4 positive neuromyelitis optica spectrum disorders; MOGAD, myelin oligodendrocyte glycoprotein antibody associated disease; MS, multiple sclerosis.





3.4 Visual Explanation of the Deep-Learning Model

The lack of transparency in deep learning can be overcome by applying gradient-weighted class activation (Grad-CAM) to visualize feature extraction using an activation heatmap (32). As shown in Figure 4, lesions in the brain and spinal cord manifested as relatively dark color in the Grad-CAM results. Insights generated from Grad-CAM were compared with manual annotations, and the results indicated that the model focuses on these lesions when distinguishing demyelinating diseases. This can help us to gain an understanding of the regions within the MR images that are responsible for network predictions.




Figure 4 | Visualization of features extracted by the deep-learning model from the input images. From the left, the first column represents the original MRI slices with manual annotations of lesions in the brain, cervical spinal cord, and thoracic spinal cord. In the second column, a smaller patch is cropped around the lesions. The third column represents the activation heatmaps. The color depth of the heatmaps represents the possibility of predicted lesions by the model. The fourth column overlaps the activation mapping with the original MRI for better visual reference.






4 Discussion

In this study, we proposed transformer-based deep-learning model to differentiate among MS, AQP4+ NMOSD and MOGAD based on conventional brain and spinal cord MRI. This novel transformer-based model architecture was designed to be versatile in handling with images of multiple sequences and scanning locations whichever were available at clinical practice, for differentiating among MS, NMOSD, and MOGAD at a high accuracy. The fusion model using images of combined locations exhibited significantly higher accuracy than the models trained with a single location MRI as well as two experienced radiologists, which referred to possible alternative tool in assisting clinical decisions for a fast and accurate treatment referral.

To our knowledge, this is the first study to use an ensemble-location approach in the task of multi-category classification to improve the differential diagnosis of CNS inflammatory demyelinating diseases. Given patients suspected with demyelinating disease may undergo brain and/or spinal cord MRI scans, the model was developed to handle with the data in the single- or multi- location manner on conventional MR images. When MR images at one location were taken, our results showed that taking brain images as model inputs had a relative higher accuracy in classifying these three conditions than using spinal cord images only (pooled accuracy: 75.9% vs. 62.7%). Moreover, when multi-location MR images were available, the fusion model demonstrated an improved accuracy of 81.4%, which was comparable compared to the performance of two neuroradiologists (accuracy: 64.4% for rater 1 and 74.6% for rater 2). Meanwhile, the fusion model exhibited higher Kappa and MCC than that of human raters.

Previous studies have used only brain or spinal cord images (11, 20), along with accompanying clinical variables (18, 33) for prediction. Among these studies, Rocca et al. (20) used CNN and achieved an accuracy of 98.8% for the differential diagnosis of MS from NMOSD. However, it shall be noted that this high diagnostic performance of these models may be attributed to obvious differences in lesion volume and distribution, which may lead to over-estimated classification accuracy of the models. This potential bias was addressed in our study by enrolling images from patients whose MRI were taken at multi-location and the features extracted broad heterogeneity in lesion distribution were regarded as shared manifestations among target demyelinated disease.

Deep-learning algorithms are an active area of research in medical image processing. These algorithms can extract information from conventional MR images, including features that cannot be recognized by the human eye, and help to make a more accurate diagnosis (34), prognosis evaluation (35) and therapeutic guidance (36). Our proposed multimodal MIL-CoaT deep-learning network can perform multicategory classification using hybrid MRI sequences. This model was developed based on an MIL strategy and incorporated the CoaT transformer as the basic network structure. Specifically, the MIL strategy used slice as the model input, which leads to increased size of data in the training stage. Together with the slice-level data augmentation, we were able to mitigate the issue of imbalanced samples between brain and spinal cord MRI scans. Furthermore, during the training stage, each epoch has the same amount of training sample at each group. The samples of the categories with smaller sample size were transformed and reused through data augmentation technique which can be treated as the new samples in iterative cycles. Moreover, the CoaT-based transformer structure has the characteristics of dynamic attention and global context fusion, which are not available with a traditional CNN. Thus, by combining the extracted features and subsequent instance-wise feature fusion using attention pooling, we obtained a model with improved generalization ability.

We reviewed misclassified cases to determine their imaging characteristics and speculate possible reasons. We found that the cases misclassified as AQP4+ NMOSD can exhibit certain characteristics such as the presence of brain lesions adjacent to the fourth ventricle, and multiple short segment lesions that fused into long segment lesions in the spinal cord, which may resemble the appearance of AQP4+ NMOSD. Moreover, the presence of severe brain atrophy, and involvement of cortical or juxtacortical regions may be a possible cause of being misdiagnosed as MS.

This study indeed had some limitations. First, optic nerve lesions may exist in CNS demyelinating diseases, whereas the limited imaging data of optic nerve MRI were not suitable for inclusion in big data analysis. Second, the lack of thin-section MRI data due to time-cost issues may have resulted in lower image resolution and less precise information. However, it shall be mentioned that in most hospitals in China, the conventional MRI protocol with thick slices was utilized for the diagnosis of patients suspected with demyelinated diseases. This is attributed to larger number of patients and longer waiting times compared to western countries. Under this condition, we focused on research-quality MR images and developed the deep learning model that could be used to classify major types of demyelinated disease with high accuracy. Third, the loss of accuracy with the fusion model including spinal cord MRI in MS cases may have been attributed to the limited sample size and the fact that some MS patients did not have lesions in the spinal cord. This would be an important feature for co-learning to ensure reliability in applying the model to clinical practice.



5 Conclusion

Overall, our results provide evidence that deep-learning networks may be used for differential diagnosis based on brain and spinal cord MRI for patients with MS, AQP4+ NMOSD, and MOGAD. To our knowledge, this is the first study to apply the newly proposed MIL-CoaT transformer-based deep-learning algorithm to conventional MRI of multiple locations and sequences in attempt to solve the clinical challenge of diagnosing CNS demyelinating diseases. This evidence is also expected to motivate future research for delving into the clinical and radiological basis of deep-learning networks, as well as to validate the findings with a prospective study design.
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Myelin oligodendrocyte glycoprotein (MOG) antibody-associated disease (MOGAD) is the most recently defined inflammatory demyelinating disease of the central nervous system (CNS). Over the last decade, several studies have helped delineate the characteristic clinical-MRI phenotypes of the disease, allowing distinction from aquaporin-4 (AQP4)-IgG-positive neuromyelitis optica spectrum disorder (AQP4-IgG+NMOSD) and multiple sclerosis (MS). The clinical manifestations of MOGAD are heterogeneous, ranging from isolated optic neuritis or myelitis to multifocal CNS demyelination often in the form of acute disseminated encephalomyelitis (ADEM), or cortical encephalitis. A relapsing course is observed in approximately 50% of patients. Characteristic MRI features have been described that increase the diagnostic suspicion (e.g., perineural optic nerve enhancement, spinal cord H-sign, T2-lesion resolution over time) and help discriminate from MS and AQP4+NMOSD, despite some overlap. The detection of MOG-IgG in the serum (and sometimes CSF) confirms the diagnosis in patients with compatible clinical-MRI phenotypes, but false positive results are occasionally encountered, especially with indiscriminate testing of large unselected populations. The type of cell-based assay used to evaluate for MOG-IgG (fixed vs. live) and antibody end-titer (low vs. high) can influence the likelihood of MOGAD diagnosis. International consensus diagnostic criteria for MOGAD are currently being compiled and will assist in clinical diagnosis and be useful for enrolment in clinical trials. Although randomized controlled trials are lacking, MOGAD acute attacks appear to be very responsive to high dose steroids and plasma exchange may be considered in refractory cases. Attack-prevention treatments also lack class-I data and empiric maintenance treatment is generally reserved for relapsing cases or patients with severe residual disability after the presenting attack. A variety of empiric steroid-sparing immunosuppressants can be considered and may be efficacious based on retrospective or prospective observational studies but prospective randomized placebo-controlled trials are needed to better guide treatment. In summary, this article will review our rapidly evolving understanding of MOGAD diagnosis and management.

Keywords: MOG, NMOSD, neuromyelitis optica, multiple sclerosis, demyelinating diseases, false positive, differential diagnosis


INTRODUCTION

During the last 15 years, the global concept of inflammatory demyelinating disorders of the central nervous system (CNS) has radically changed with the identification of specific autoantibody-associated conditions distinct from multiple sclerosis (MS), namely aquaporin-4 (AQP4)-IgG-positive neuromyelitis optica spectrum disorder (AQP4-IgG+NMOSD) and myelin oligodendrocyte glycoprotein (MOG)-IgG-associated disease (MOGAD) (1–4). Consensual refinements in the clinical-MRI characterization of these three disease entities has increased diagnostic precision, and allowed identification of important differences in pathophysiology, treatment response, and outcomes. Awareness of the specific features that define each demyelinating disorder is crucial for a correct diagnosis and timely initiation of an appropriate treatment (4).

In this review article we will summarize our current understanding of MOGAD, the most recently characterized demyelinating CNS disorder, and provide guidance for diagnosis and management. Although not representing the focus of this work, AQP4-IgG+NMOSD and MS will be discussed as comparison groups to highlight differences and similarities with MOGAD.


History and Definitions: The Concept of NMOSD and MOGAD

There is often confusion among clinicians since both the terms NMOSD and MOGAD have been used in the literature to refer to the CNS demyelinating disorder associated with MOG-IgG. The term neuromyelitis optica (NMO) was first used in 1894 by Eugene Devic and his student Fernand Gault to describe a syndrome characterized by the simultaneous occurrence of bilateral optic neuritis (ON) and acute myelitis. Devic and Gault reviewed the literature at the time for similar cases and proposed the disease as a distinct entity, although the syndrome was regarded for decades by many as a more severe variant of MS, sometimes with different names worldwide (e.g., optic-spinal MS in Asia) (5). In 2004, Vanda Lennon and Brian Weinshenker published on a novel autoantibody that they identified in a cohort of patients with NMO but not in patients with MS, which they initially named NMO-IgG (1). The antibody was later found to target AQP4, the main water-channel protein in the CNS mostly expressed on astrocytic end-feet, and the name was changed to AQP4-IgG (6). It soon became clear that the spectrum of clinical-MRI manifestations related to AQP4-IgG extended beyond the exclusive involvement of optic nerves and spinal cord. Brain involvement was in fact recognized in a significant proportion of patients (7, 8), with area postrema syndrome (i.e., intractable nausea, vomiting, and hiccups) being one of the cardinal manifestations of the disease (9). Patients with AQP4-IgG could also present with partial forms of isolated myelitis or optic neuritis that did not meet the former NMO criteria. As a consequence, the definition of NMO spectrum disorders (NMOSD) was created to include the different clinical-MRI syndromes associated with the novel antibody (10). In 2015, NMOSD diagnostic criteria were published by a panel of experts (11). In addition to the main diagnosis based on AQP4-IgG detection, these criteria introduced the concept of seronegative NMOSD defined by more stringent clinical-MRI requirements based on the core clinical-MRI manifestations observed in patients with AQP4-IgG. However, the actual identification of patients meeting these criteria despite testing negative for AQP4-IgG raised the possibility that other autoantibodies could account for similar syndromes, which was later found to be true for MOG-IgG.

The historical scientific interest for the MOG protein dates back to the 1980's when it was first identified as a major potential autoantibody target of CNS myelin in models of experimental autoimmune encephalomyelitis (12). In 2003, MOG-IgM detected by Western Blot was proposed as a biomarker to predict conversion from clinically isolated syndrome to definite MS (13). However, a number of subsequent studies conducted with similar testing assays using denaturated MOG proteins (e.g., ELISA) showed that MOG-IgG was not disease-specific, being detectable with similar frequency in patients with MS, other demyelinating CNS disorders, and unaffected controls (14, 15). In 2007, a seminal study by O'Connor et al. showed that laboratory assays expressing MOG in its tridimensional conformational form (rather than linear epitopes targeted on denaturated proteins as with other assays) identified a sub-set of conformation-sensitive MOG-IgG in patients with acute disseminated encephalomyelitis (ADEM) or optic neuritis, but not in patients with MS (2). Subsequent studies using cell-based assays expressing human full length MOG on mammalian cells confirmed the detection of MOG-IgG in patients with non-MS demyelinating CNS disorders (16, 17), including 30–70% of patients with seronegative NMOSD (18–21). The spectrum of clinical-MRI manifestations associated with MOG-IgG is now recognized to extend beyond the NMOSD phenotype and the disease is referred to as MOGAD (22–24).

To avoid confusion and overlaps between clinical-MRI phenotypes (e.g., NMOSD, ADEM), an antibody-based nomenclature is preferred. As an example, the disease associated with MOG-IgG (i.e., MOGAD) can manifest with different clinical-MRI phenotypes, such as optic neuritis, myelitis, encephalitis, ADEM, NMOSD, or combinations thereof. On the contrary, an NMOSD phenotype can be seen in patients with AQP4-IgG, MOG-IgG, or rare double seronegative cases. In this review article, we will refer to the spectrum of clinical-MRI phenotypes associated with AQP4-IgG and MOG-IgG as AQP4-IgG+NMOSD and MOGAD, respectively.



Pathology and Pathophysiology

The MOG protein is selectively expressed in the CNS where it represents approximately 0.05% of the total myelin proteins. Its location on the outermost myelin sheath layers and oligodendrocyte cell surface makes it directly accessible to MOG-IgG, although the exact role of MOG-IgG in the pathophysiology of MOGAD remains unclear (3, 25, 26).

The neuropathological hallmarks of MOGAD include perivenous and confluent white matter demyelination, MOG-dominant myelin loss, intracortical demyelination, predominant CD4+ T-cell and granulocytic inflammation, complement deposition within active white matter lesions, partial axonal preservation, and reactive gliosis (27–29). Most of these features resemble the pathology of ADEM, which is characterized by perivenous and confluent diffuse inflammation and demyelination, and is now known to be associated with MOG-IgG in about 50% of cases (30).

These aspects are also partially overlapping with the neuropathological characteristics of MS, and in particular are reminiscent of “MS pattern II,” with IgG and activated complement deposits in active demyelinating lesions (28, 31–33). However, the predominant intracortical location of cortical demyelinating lesions, together with predominant CD4+ rather than CD8+ T-cells/B cells inflammatory infiltrates help distinguish MOGAD from MS. In addition, slowly expanding demyelinated plaques, which are a common feature in MS, are usually absent in MOGAD. In MOGAD pathology, AQP4 is well-preserved and associated with hypertrophic reactive astrocytes with no evidence of complement deposition in sites of AQP4 expression and relative preservation of oligodendrocyte, which are aspects that clearly distinguishes MOGAD and AQP4-IgG+NMOSD (27, 29, 34, 35). These pathologic features of MOGAD are also observed in fulminant cases, where, in addition, superimposed ischemic damage, necrosis, astrocyte and axonal damage can be observed (36).

Of note, the same neuropathological features observed in MOGAD seropositive cases are detected in rare seronegative patients with exclusive intrathecal MOG-Abs synthesis (CSF MOG-IgG positive patients who are seronegative for MOG-IgG), where confluent demyelination with perivascular accentuation, gliosis, relative axonal sparing, and complement deposition are observed. These cases also show an almost equal presence of T- and B-cells, possibly representing a specific feature of CSF MOG-Abs synthesis (37, 38). Altogether, these neuropathological characteristics suggest that humoral mechanisms are involved in the pathogenesis of the disease, through processes of antibody/complement mediated demyelination. After binding of the antibodies to the surface of myelin, the damage might be induced by complement (activated by the IgG1 subclass of MOG-Abs) or antibody-dependent cellular cytotoxicity supported by activated innate effector cells, but the specific pathogenesis is still being elucidated (33, 39, 40).



Epidemiology

There are limited population-based data on the epidemiology of MOGAD in relation to different geographical areas and ethnicities. Two major limitations for a robust assessment of MOG-IgG seroprevalence in a population include: (1) MOG-IgG titer may drop to undetectable after disease attacks (i.e., MOGAD patients tested during remission may result negative and erroneously be excluded from a study); and (2) screening of large populations for epidemiology purposes increases the risk of false positive results (see also “Atypical clinical-MRI phenotypes and risk of false positivity” below). Similar problems are not encountered with AQP4-IgG+NMOSD for which antibody positivity persists over time and the risk of false positive results using cell-based assay technique is negligible (19).

MOGAD has a female-to-male ratio of approximately 1:1, which is different from the female predominance typically observed in other autoimmune/immune-mediated disorders including AQP4-IgG+NMOSD (9:1) (41), and MS (3:1) (42). The relative frequency of MOGAD among demyelinating CNS disorders seems higher in children (<18 years of age) than in adults, although any age can potentially be affected. A study by de Mol et al. found a 7% frequency of MOG-IgG positivity among 1,414 samples (1,277 patients) sent to the central reference laboratory in the Netherlands between February 2014 and December 2017 for routine diagnostics. In the same study, the estimated annual incidence was 1.6/million person-years (children, 3.1/million; adults, 1.3/million). Overall, this is similar to that of AQP4-IgG+NMOSD (0.4–7.3/million) (41, 43), and markedly lower than that of MS (7–144/million) (42, 44), accepting a wide geographical variability. While no clear ethnic preponderance has been demonstrated for MOGAD, its frequency in Caucasian populations seems two to three-fold higher compared to that of AQP4-IgG+NMOSD (45, 46), while the latter might be more represented than MOGAD among African-Americans or Afro-caribbeans (41, 43, 47). In Asia, AQP4-IgG+NMOSD is more prevalent compared to the Caucasian populations although the frequency of MOGAD might be even higher. One study assessing the frequency of autoantibodies among 726 serum samples consecutively referred to the National Hospital of Sri Lanka for suspected demyelinating CNS disorder, found the frequency of MOG-IgG (17%) was 3.5 times higher than that of AQP4-IgG (5%) (46). The increased relative frequency of antibody-mediated demyelinating CNS disorders in Asia is counterbalanced by a lower MS prevalence compared to Caucasians (48, 49).

The expected frequency of MOG-IgG positivity in clinical practice also varies based on the presenting clinical phenotype. In a population based-study of patients with new-onset ON conducted in Olmsted County (Minnesota, United States), the frequency of MOGAD and AQP4-IgG+NMOSD ON were 5 and 3%, respectively; with MS (57%) and idiopathic ON (29%) being the most common final diagnoses (50). Another population-based study in Olmsted County on patients with isolated idiopathic transverse myelitis (based on 2002 ITM diagnostic criteria) found AQP4-IgG-related myelitis to be twice as common as MOG-IgG-related myelitis, although both antibody-positive etiologies accounted for only 14% of total incident cases (51). This frequency increased to 50% when only cases with longitudinally extensive transverse myelitis were considered (51). Lastly, in patients with ADEM the overall frequency of MOG-IgG positivity far exceeds that of AQP4-IgG positivity, observed in approximately 50% and 5% of cases, respectively, with an important age-related variability of disease phenotypes (23, 30). In particular, ADEM or multifocal CNS involvement are four times less common in adults compared to pediatric MOGAD patients (in whom they represent the most common disease phenotype along with ON). Figure 1 shows the relative frequency of different disease phenotypes at MOGAD presentation stratified by age (52).
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FIGURE 1. Distribution of different disease phenotypes at MOGAD presentation stratified by age. The two pie-charts show the relative frequency of different disease phenotypes at MOGAD onset in patients below 18 years of age and older: ON (optic neuritis, unilateral or bilateral); myelitis; brainstem syndromes; ADEM (acute disseminated encephalomyelitis), or multifocal central nervous system involvement without encephalopathy. Note that the frequency of ADEM is significantly higher in younger patients. The reported frequencies are abstracted from Cobo-Calvo et al. (52).





CLINICAL-MRI ATTRIBUTES

The spectrum of clinical-MRI manifestations of MOGAD is more heterogeneous when compared to other CNS demyelinating disorders, and important differences exist when the disease is studied during or after acute attacks (see also “Attack-related manifestations” and “Post-attack MRI characteristics, disease course, and outcomes” below). In general, MOGAD is characterized by severe clinical attacks accompanied by large or longitudinally extensive T2-lesions on brain, spine, or orbit MRI, sometimes described as “fluffy” due to the often poorly defined margins particularly compared to lesions in approximately MS that are well circumscribed (53, 54). Acute gadolinium enhancement of at least one lesion (generally considered an indirect hallmark of active inflammation on MRI) is seen in 50–75% of patients with brain and myelitis attacks, while with MS it is more consistently evident (55). In contrast, optic nerve enhancement is seen during almost all ON attacks and can characteristically involve the optic nerve sheath or peribulbar fat, which has been termed perineural enhancement (56, 57). Notably, the initial brain or spinal cord MRI in MOGAD can be normal in up to 10% of cases despite severe acute disability (58–60). In these patients, somatosensory evoked potentials or repeat MRI within days may help confirm involvement of the affected CNS region (59). Table 1 summarizes and compares the main clinical, laboratory, and MRI features generally observed in patients with MOGAD, AQP4-IgG+NMOSD, and MS; while examples of typical MRI abnormalities seen in MOGAD patients with ON, brain, and myelitis attacks compared to AQP4-IgG+NMOSD and MS are shown in Figures 2–4, respectively (61, 62).


Table 1. Comparison of demographics, clinical, laboratory and MRI characteristics in MOGAD compared to AQP4-IgG+NMOSD, and MS.
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FIGURE 2. Orbital fat-saturated MRI in optic neuritis with MOGAD, AQP4-IgG+NMOSD, and MS. [(A,B): MOGAD] Bilateral optic nerve sheath thickening (A1, coronal view, arrows) and optic nerve T2-hyperintensity (A3, axial view, arrows) on T2-weighted images, and corresponding longitudinally extensive optic nerve and sheath enhancement on T1-post gadolinium images (A2, coronal view, arrows, and A4, axial view, arrows). Unilateral left optic nerve T2-hyperintensity on T2-weighted images (B1, coronal view, arrow, and B3, axial view, arrow) and longitudinally extensive enhancement of the left optic nerve on T1-post-gadolinium images (B2, coronal view, arrow, and B4, axial view, arrow). [(C): AQP4-IgG+NMOSD] Bilateral optic chiasm T2-hyperintensity on T2-weighted images (C1, coronal view, arrows, and C3, axial view, arrow) and optic chiasm enhancement on T1-post-gadolinium images (C2 coronal views, arrow, and C4, axial view, arrow). [(D): MS] Unilateral left optic nerve T2-hyperintensity on T2-weighted images (D1, coronal view, arrow, and D3, axial view, arrow), with a corresponding short segment of gadolinium-enhancement on T1-post-gadolinium images (D2, coronal view, arrow, and D4, axial view, arrow). MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease; AQP4-IgG+NMOSD, aquaporin-4-IgG seropositive neuromyelitis optica spectrum disorder; MS, multiple sclerosis. Definitions: Longitudinally extensive gadolinium enhancement= enhancement involving >50% the length of the optic nerve. Short-segment gadolinium enhancement= enhancement involving <50% the length of the optic nerve.
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FIGURE 3. Brain MRI features in patients with MOGAD, AQP4-IgG+NMOSD, and MS. [(A): MOGAD] T2-hyperintense lesions on axial FLAIR images diffusely involving the middle cerebellar peduncles bilaterally (A1, arrows), pons (A2, arrow), and bilateral thalami (A3, arrows); while extensive leptomeningeal enhancement is noted on axial T1-post gadolinium images (A4, arrows); axial FLAIR images reveal T2-hyperintensities that are poorly marginated or “fluffy” in the hemispheric white matter (A5, arrows), with thickening of the right temporal-parietal cortex (A6, arrow), and diffuse involvement of the corpus callosum on sagittal view (A7, arrow). [(B): AQP4-IgG+NMOSD] Axial FLAIR images show T2-hyperintense lesions in the area postrema (B1, arrow), dorsal pons adjacent to the 4th ventricle (B2, arrow), and left corticospinal tract at level of the internal capsule (B3, arrow); axial T1-post gadolinium image reveals linear ependymal enhancement in the posterior horn of the left lateral ventricle (B4, arrow); FLAIR images reveal T2-hyperintense lesions involving the splenium of the corpus callosum (B5, arrow, axial view) and a diffuse “marble pattern” hyperintensity of the corpus callosum (B6, axial view, arrow, and B7, sagittal view, arrows). [(C): MS] Axial FLAIR images reveal small foci of T2-hyperintensity involving the pons at the emergence of the left trigeminal nerve (C1, arrow), and on its ventral-right surface (C2, arrow); axial FLAIR images reveal periventricular T2-hyperintense lesions in the inferior temporal pole (C3, arrow) and frontal horn with an ovoid appearance (C5, arrow); on axial T1-post gadolinium images an incomplete ring enhancing white matter lesion is shown (C4, arrow); FLAIR images reveal a juxtacortical T2-hyperintense lesion (C6, axial view, arrow) and Dawson's fingers T2-hyperintense lesions (C7, sagittal view, arrows). MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease; AQP4-IgG+NMOSD, aquaporin-4-IgG seropositive neuromyelitis optica spectrum disorder; MS, multiple sclerosis; FLAIR, fluid attenuated inversion recovery.
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FIGURE 4. Spinal cord MRI features in patients with MOGAD, AQP4-IgG+NMOSD, and MS. [(A,B): MOGAD] A longitudinally-extensive T2-hyperintense lesion involving the conus medullaris on sagittal images (A1, arrows), with T2-hyperintensity restricted to the gray matter forming a H-sign on the axial view (A2), accompanied by leptomeningeal enhancement but no spinal cord parenchymal enhancement on T1-post-gadolinium images (A3, sagittal view, arrowhead, and A4, axial view, arrowhead); a sagittal short T2-hyperintense lesion involving the conus (B1, arrow), centrally located on axial images (B2, arrowhead), with corresponding gadolinium-enhancement (B3, arrow) and leptomeningeal enhancement on T1-post-gadolinium images (B3, sagittal view, arrowhead, and B4, axial view, arrowhead). [(C,D): AQP4-IgG+NMOSD] A sagittal longitudinally-extensive T2-hyperintense cervical cord lesion with spinal cord swelling (C1, arrow), gray matter involvement and T2-“bright spotty sign” on axial view (C2, arrowhead), and gadolinium-enhancement on T1-post-gadolinium images (C3, sagittal view, arrow, and C4, axial view, arrowhead); a sagittal longitudinally extensive T2-hyperintense cervical cord lesion (D1, arrow), predominantly involving the right hemi-cord on axial view (D2, arrowhead), accompanied by ring enhancement (D3, arrow; D4, arrowhead) on T1-post-gadolinium images. [(E,F): MS] A sagittal short T2-hyperintense cervical cord lesion (E1, arrow) involving central spinal cord (E2, arrowhead), showing homogeneous gadolinium-enhancement on T1-post-gadolinium images (E3, sagittal view, arrow, and E4, axial view, arrowhead); a sagittal short T2-hyperintens thoracic spinal cord lesion (F1, arrow), involving the gray matter and the dorsal white matter tracts (F2, arrowhead), with homogeneous enhancement on T1-post-gadolinium images (F3, sagittal view, arrow, and F4, axial view, arrowhead). MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease; AQP4-IgG+NMOSD, aquaporin-4-IgG seropositive neuromyelitis optica spectrum disorder; MS, multiple sclerosis. Definitions: Longitudinally extensive spinal cord lesion= lesion involving ≥3 vertebral segments. Short spinal cord lesion= lesion involving <3 vertebral segments.



Attack-Related Manifestations

The different clinical-MRI phenotypes seen in patients with MOGAD attacks can occur in isolation or in various combinations, with variable frequency in children and adults (30, 52, 63). For example, ADEM is more common in children while optic neuritis is the most common manifestation of MOGAD in adults (Figure 1).

- Optic neuritis is the most common manifestation in MOGAD and frequently occurs in isolation. It is recurrent or bilateral/simultaneous in approximately 50% of cases (57), and sometimes is steroid-dependent with a chronic relapsing inflammatory optic neuropathy (CRION)-like phenotype (64). Patients typically present with pain with extraocular movements and/or optic disc oedema (85%) on fundoscopic examination that may be severe and sometimes accompanied by hemorrhages. The visual deficit at nadir is usually severe (count fingers in most cases), but fortunately recovery is usually good leading to significantly better visual outcomes than AQP4-IgG+NMOSD (57). Up to 50% of patients complain of a new-onset, often severe periorbital and fronto-temporal headache a few days before the visual deficit (65). On MRI, an extensive involvement of the optic nerve for most of its length on T2 or post-gadolinium T1-weighted images is characteristic (~85% of patients), with enhancement of the optic nerve sheath (perineural enhancement) often extending to the surrounding orbital tissue observed in 50% of cases (Figure 2) (57). Involvement of the optic chiasm, originally considered characteristic of AQP4-IgG+NMOSD, can be seen in a minority of MOGAD patients but rarely in isolation, and generally accompanied by extensive involvement of the optic nerves (66, 67). Bilateral longitudinally extensive enhancement of the optic nerve not involving the chiasm is suggestive of MOGAD (56).

- An ADEM or ADEM-like phenotype with multifocal CNS involvement are more common in children but can occur at any age (Figure 1) (52, 68). Patients may present with encephalopathy, focal deficits referable to the brain, or have asymptomatic brain abnormalities in the context of other MOGAD manifestations (e.g., ON or myelitis). The severity of episodes can be such that patients require ventilatory support with cerebral attacks in up to 3% (69). Brain MRI usually shows multiple large T2-abnormalities variably affecting the supratentorial white matter, the cortex, and/or the deep gray nuclei; unilateral or bilateral thalamic and basal ganglia signal abnormalities are common (Figure 3) (54). Confluence of large symmetrical lesions bilaterally may sometimes occur and mimic a leukodystrophy, especially in pediatric patients (70). On the contrary, solitary brain lesions are less common (54). The corticospinal tracts are often affected at the internal capsule or midbrain peduncle level, sometimes bilaterally mimicking Behcet's disease or genetic/metabolic disorders (71). The central vein sign, a highly specific finding in MS brain lesions (72), is uncommon in MOGAD and AQP4-IgG+NMOSD (73). When present, gadolinium enhancement of lesions is generally nonspecific (e.g., the ring or open-ring enhancement typically seen in MS lesions is uncommon in MOGAD) (62).

- Brainstem involvement rarely occurs in isolation and can be asymptomatic in up to 40% of cases (Figure 1) (74). Diffuse midbrain, pons or medulla T2-hyperintense lesions are seen in approximately 20% of cases, which are different from the short focal T2-lesions in MS. Unilateral or bilateral large poorly demarcated middle cerebellar peduncle lesions are often seen in MOGAD and help discriminate from AQP4-IgG+NMOSD or MS (Figure 3) (74). Rarely, patients may present clinically with intractable nausea, vomiting, or hiccups characteristic of the area postrema syndrome accompanied by T2-lesions in the region of the area postrema (a finding more typical of AQP4-IgG+NMOSD). More frequently, nausea and vomiting in MOGAD occur in the setting of ADEM and multifocal brain lesions, rather than in association with discrete area postrema lesions (75).

- Spinal cord involvement in MOGAD is frequently severe with paraparesis requiring a gait aid, and/or bladder dysfunction requiring catheterization at myelitis nadir. On MRI, spinal cord T2-lesions are typically longitudinally extensive spanning ≥3 contiguous vertebral body segments, although shorter lesions may coexist (as opposed to patients with AQP4-IgG+NMOSD, in whom a single longitudinally extensive lesion is noted in the majority of patients). Single or multiple short lesions can occur in MOGAD but are uncommon and should always raise the suspicion for a false MOG-IgG positivity in the context of MS, particularly when the lesions are peripherally located on axial spinal cord MRI (60, 76, 77). The conus medullaris is more frequently involved in MOGAD compared to AQP4-IgG+NMOSD (53). MOGAD myelitis T2-lesions often predominantly affect the ventral part of the spinal cord on sagittal images (“ventral sagittal line”), and/or the central gray matter on axial images (“H-sign”) in about a third (Figure 4) (53). Although highly suggestive of MOGAD, these signs are not 100% specific and can be seen in other myelopathies (e.g., acute flaccid myelitis, viral myelitis, idiopathic myelitis) (60, 78). Similar to brain lesions, acute gadolinium enhancement is often nonspecific, differing from other myelitis for which characteristic enhancement patterns have been described (e.g., “elongated ring” in AQP4-IgG+NMOSD, dorsal subpial enhancement and “trident sign” in spinal cord sarcoidosis) (78– 81). Leptomeningeal enhancement accompanying the myelitis can occur, and may be more common in children (60).

- Cerebral cortical encephalitis is a less common phenotype, also known as FLAMES (unilateral cortical FLAIR-hyperintense Lesions in Anti-MOG-associated Encephalitis with Seizures), characterized by encephalopathy, seizures, headache, marked CSF pleocytosis, and cortical hyperintensity on FLAIR images (82, 83). The seizures may evolve into status epilepticus and require ventilatory support (69). The cortical hyperintensity is generally unilateral but can be bilateral and accompanied by leptomeningeal enhancement in the affected brain region (Figure 3). The cortical hyperintensity can be the only MRI abnormality or occur in association with other brain and/or spinal cord lesions typical of MOGAD (84). Unilateral leptomeningeal enhancement has also been reported in patients with encephalitis and normal cortical signal on FLAIR images (85). The main differential of the FLAMES phenotype on MRI is with meningitis, subarachnoid hemorrhage, and CNS vasculitis (84, 86).

- Patients with MOGAD may rarely present with concomitant peripheral nervous system involvement and sometimes fulfill the criteria for combined central and peripheral demyelination (87). The peripheral neuropathy in these cases remains of unclear significance given the exclusive presence of MOG in the CNS in humans, although MOG mRNA transcripts have been detected in the peripheral nerves of rodents and primates (87, 88). Cranial nerve involvement beyond the optic nerve has also been reported (89).



Post-attack MRI Characteristics, Disease Course, and Outcomes

After the presenting attack, approximately 40%-50% of MOGAD patients maintain a monophasic course while 50–60% of cases experience disease relapses (22, 23, 63, 90). The persistence of MOG-IgG serum positivity after the first attack increases the likelihood of subsequent relapses, although relapses can also be observed in a minority of patients who become seronegative. In addition, many patients that are persistently positive can remain monophasic and therefore an exact prediction of the disease course at presentation is not possible based on MOG-IgG titers (23, 30, 91–94). An important characteristic of MOGAD MRI lesions is the tendency to resolve completely after the acute attacks, resulting in a complete normalization of the brain and/or spine MRI in 50–80% of cases (30, 55, 60). This represents a major difference from AQP4-IgG+NMOSD and MS where complete lesion resolution is extremely rare (Figures 5, 6). Similarly, the occurrence of new asymptomatic T2-lesions is rare in MOGAD (approximately 3% of cases), suggesting absence of disease activity between attacks (95, 96). This also suggests that serial MRI using conventional sequences in MOGAD is of limited utility for monitoring of disease activity in both clinical trials and clinical practice. This further differentiates the disease from MS where serial MRI have high yield of capturing silent disease activity between attacks, although is less common in the era of high efficacy MS disease modifying treatments. A few studies using nonconventional MRI sequences at sites of T2-lesion resolution show values of fractional anisotropy, mean diffusivity, and magnetization transfer ratio comparable to those of unaffected controls, suggesting absence of residual structural damage (97–99). However, reduction in gray matter volumes (cortex, deep gray nuclei, and spinal central gray matter) has been reported in patients with relapsing disease or persistent T2-abnormalities, highlighting the importance of preventing relapses in MOGAD (98, 99). Diffusion tensor imaging in non-lesional white matter in MOGAD do not show structural abnormalities (99).
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FIGURE 5. Brain MRI lesion evolution in patients with MOGAD, AQP4-IgG+NMOSD, and MS on FLAIR images. [(A,B): MOGAD] Acute bilateral large T2-hyperintensities of middle cerebellar peduncles (right > left) (A1, arrowheads), and in the thalamus and cortico-spinal tract bilaterally (B1, arrowheads). All T2-lesions had resolved completely by the time of follow-up MRI (A2, B2). [(C D): AQP4-IgG+NMOSD] Acute T2-hyperintense lesion around the 4th ventricle (C1, arrowhead), resolving to nearly undetectable at follow-up MRI (C2, arrowhead); and lesions involving the corpus callosum (D1, arrowheads), undergoing reduction in size without resolution on follow-up MRI (D2, arrowheads). [(E,F): MS] Acute T2-hyperintense white matter lesions (E1, F1, arrowheads), reduced in size but still visible on follow-up MRI (E2, F2, arrowheads). MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease; AQP4-IgG+NMOSD, aquaporin-4-IgG seropositive neuromyelitis optica spectrum disorder; MS, multiple sclerosis. FLAIR, fluid attenuated inversion recovery.
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FIGURE 6. Spinal cord MRI lesion evolution in patients with MOGAD, AQP4-IgG+NMOSD, and MS on T2-images. [(A): MOGAD) A longitudinally extensive T2-hyperintense spinal cord lesion with accompanying spinal cord swelling (A1, arrowhead) and gray matter involvement (A2, arrowhead), with complete resolution at follow-up (A3, sagittal, and A4, axial view). [(B): AQP4-IgG+NMOSD] A longitudinally extensive T2-hyperintense (B1, arrowhead), centrally located thoracic spinal cord lesion (B2, arrowhead). The T2-lesion has substantially reduced in size at follow-up (B3, arrowhead), with only a mild residual hyperintensity still visible on sagittal view (B3, arrowhead) and axial view (B4, arrowhead). [(C): MS] A short T2-hyperintense cervical cord lesion with accompanying spinal cord swelling (C1, arrowhead) and involving the posterior white matter tracts (C2, arrowhead), with residual T2-hyperintensity and local atrophy at follow-up (C3, sagittal view, white arrowhead, and C4, axial view, arrowhead). At follow-up, the patient also developed a new interval lesion (C3, green arrowhead). MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease; AQP4-IgG+NMOSD, aquaporin-4-IgG seropositive neuromyelitis optica spectrum disorder; MS, multiple sclerosis.


Available data on the long-term clinical outcomes in MOGAD patients are in keeping with the above-mentioned MRI findings, showing complete or nearly complete recovery from attacks in most cases (82, 84, 100). However, residual cognitive deficits may occur even in children, and a minority of MOGAD patients have an unfavorable functional outcome (101–104). In one series of 29 patients followed for a median of 14 (range, 9–31) years, the median EDSS at last clinical follow-up was 2, with only two cases (7%) having an EDSS of ≥6 (100, 101). Another study on 61 patients followed for a median of 15 (range, 8–55) years, reported a median EDSS at last follow-up of 1 (range, 0–7.5) with 12.5% of cases having an EDSS of ≥6. In the same study, 16% of patients remained blind in at least one eye (105). In most patients with MOGAD ON, recovery of visual acuity is generally very good, although irreversible visual loss and blindness may occur in a minority of cases (100, 105, 106). Despite the severity of acute MOGAD attacks being similar to AQP4-IgG+NMOSD, the complete or nearly complete recovery observed in the majority of MOGAD cases is more similar to MS. In contrast to MS, however, a secondary progressive disease course is extremely rare in both AQP4-IgG+NMOSD and MOGAD and should prompt considering alternative etiologies (see also “Atypical clinical-MRI phenotypes and risk of false positivity” below) (100).



Cerebrospinal Fluid Findings

Lumbar puncture during MOGAD attacks reveals CSF pleocytosis (>5 white blood cells/mm3) in >50% of patients, with important variability based on the specific attack phenotype (isolated optic neuritis, 16%; isolated myelitis, 74%; isolated brain/brainstem attacks, 72%; multifocal CNS involvement, 50–80%) (107–109). The pleocytosis is marked (>50 white blood-cells/mm3) in approximately 30% of patients acutely, a very uncommon finding in MS but that can be similarly seen in AQP4-IgG+NMOSD (108, 109). Also similar to AQP4-IgG+NMOSD, CSF-restricted oligoclonal bands (OCB) are rare and found in only approximately 15% of cases and may be transient. This is very different from MS where OCB are found in approximately 85% of cases and persist over time, except for some specific circumstances (110).

The cytokine profile in MOGAD during acute attacks is similar to that of AQP4-IgG+NMOSD, with predominant representation of Th17-related cytokines (e.g., IL-6, IL-8, IL-17) that may also serve as potential therapeutic targets (111). This differs from the Th1-related cytokines mainly observed in MS (112). CSF and serum levels of glial fibrillary acidic protein (GFAP), a marker of astrocytic damage, are generally lower in MOGAD compared to AQP4-IgG+NMOSD, which is in line with the different antibody cell target (oligodendrocyte vs. astrocyte) (113, 114). In all these three diseases, however, CSF levels of neurofilament light chains (a marker of neuroaxonal damage) increase during attacks, in particular at onset, and can also be detected in serum by using ultra-sensitive techniques, suggesting indirect neuronal damage in both conditions (115–118).



Coexisting Autoimmunity

Other neural autoantibodies can rarely be detected in association with MOG-IgG. In these patients, the clinical-MRI phenotype seems predominantly driven by the accompanying autoantibody, although some features may overlap with MOGAD (119). Antibodies against the N-methyl-D-Aspartate receptor (NMDA-R-IgG) are the most commonly encountered in association with MOG-IgG, and patients typically present with encephalopathy, seizures, and leptomeningeal enhancement (119, 120). A double positivity for AQP4-IgG and MOG-IgG is extremely rare (0.06% of cases tested by live cell based assay [CBA]), with MOG-IgG generally at low titer, and patients typically following a AQP4-IgG+NMOSD phenotype (45).

Systemic non-organ and organ specific autoantibodies are generally not observed in patients with MOGAD, which is different from AQP4-IgG+NMOSD where the association with systemic autoantibodies is stronger (121, 122). Nonspecific positivity for autoantibodies that are relatively common in the general population (e.g., low titer glutamic acid decarboxylase (GAD)-65-IgG) can rarely be detected due to passive transfer after administration of hemoderivates (e.g., intravenous immune-globulins) (123).



Optical Coherence Tomography

Optical coherence tomography (OCT) is an essential part of the diagnostic evaluation of optic neuritis and this imaging diagnostic test can be useful for confirming an optic neuropathy as well as potentially discriminating between MOGAD, AQP4-IgG+NMOSD and MS (124–128). In the acute setting of MOGAD optic neuritis, the peripapillary retinal nerve fiber layer (pRNFL) is often significantly thickened, and indeed the median thickness was greater in MOGAD at 164 μm vs. MS at 103 μm in one study (129). Over 3–6 months after optic neuritis, there is progressive thinning of the pRNFL and the macular ganglion cell and inner plexiform layer (mGCIPL); the thinning of the mGCIPL tends to occur earlier and within a few weeks of the attack while the pRNFL thinning takes longer to develop possibly due to the slowly resolving optic nerve head edema (130). Severe thinning of these layers often occurs in MOGAD optic neuritis from recurrent attacks, while AQP4-IgG+NMOSD tends to cause significant thinning after single attacks (Figure 7). One of the initial large studies on OCT in optic neuritis demonstrate that thinning of the pRNFL below 75 μm was associated with worse visual outcomes (131), however some patients can have significant pRNFL and mGCIPL thinning and retain good visual function (132), especially in MOGAD patients (133–135). While optic neuritis from AQP4-IgG+NMOSD is known to cause more severe vision loss, some studies have shown similar amounts of thinning of the pRNFL and mGCIPL despite this discordant visual outcome (125, 135). The cause of the discrepancy between the detected structural abnormalities and different functional impairment in the two diseases remains unclear, and has been speculated to be related to the pathophysiology of AQP4-IgG+NMOSD being an astrocytopathy with potential for more severe retinal dysfunction (135). Another possibility is that the pRNFL and mGCIPL becomes “bottomed out” at around 50-60 μm and therefore OCT may not capture the greater extent of optic nerve damage that may occur in AQP4-IgG+NMOSD optic neuritis compare to MOGAD.
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FIGURE 7. Example of optical coherence tomography alterations in patients with MOGAD ON. Optical coherence tomography in a MOGAD patient with optic neuritis in the left eye. Left images (A1,A2) are the OCT images at the time of the acute optic neuritis, which shows significant peripapillary retinal nerve fiber layer thickening (RNFL) in the left eye and a normal ganglion cell-inner plexiform layer (GC-IPL) thickness. Images on the right (B1,B2) are the repeat OCT 1 year after the optic neuritis attack, which shows thinning of the peripapillary RNFL and macular GC-IPL in the left eye despite recovery back to a visual acuity of 20/20.





DIAGNOSIS

A correct diagnosis of MOGAD requires: (1) detection of MOG-IgG in serum and/or CSF with a reliable laboratory assay; and (2) presence of a clinical-MRI phenotype compatible with MOGAD (23, 136). Positivity for MOG-IgG in patients with atypical phenotypes should raise the suspicion for a false positive result, which may have important treatment implications (137). As MOG-IgG titer can decrease to undetectable in 30–40% of cases (and MRI abnormalities resolve completely) after acute attacks (23, 30, 55), the diagnosis of MOGAD is sometimes not possible outside of the acute setting. In similar cases, testing MOG-IgG on stored serum and/or CSF samples obtained at the time of the attack (when available) is useful.


MOG-IgG Testing

Demonstration of MOG-IgG positivity with a reliable assay is crucial for a correct MOGAD diagnosis and to reduce the risk of false positive results. Live cell-based assays (CBA) using full-length human MOG are optimal, and typically include: (1) a fluorescence activated cell sorting (FACS) assay providing a quantitative fluorescence ratio between MOG transfected vs non-transfected cells; or (2) a visual assessment of transfected cells using a fluorescence microscope (138, 139). While these assays have consistently shown a very high (≈99%) specificity for typical MOGAD phenotypes in multicentre comparative studies, a correct assessment of their sensitivity is limited by the lack of a reference diagnostic gold-standard for comparison. A slightly lower specificity (≈98%) is reported for the commercially available cell-based assay using fixed transfected cells (Euroimmun), where the natural spatial conformation of the MOG protein can be altered by the fixation process hampering its recognition by MOG-IgG (138, 139). The sensitivity of fixed CBA is also lower when compared to the live CBA. However, a fixed CBA is still significantly superior to other non-CBAs, such as ELISA, which cannot reliably identify MOG-IgG.

Testing for MOG-IgG is generally recommended in serum, especially initially during the diagnostic work-up in patients suspected of having MOGAD. Concomitant serum and CSF positivity is not uncommon. Isolated CSF positivity for MOG-IgG is a rare but recognized possibility (37, 140–143). Therefore, CSF testing should be considered in patients with clinical-MRI features suggestive of MOGAD but negative results on serum testing. However, similar to the occurrence of serum MOG-IgG false positives, rare CSF false positive results have been encountered in other diseases such as MS and thus a positive result always needs to be interpreted within the context of the clinical and MRI phenotype (see also “Atypical clinical-MRI phenotypes and risk of false positivity” below).



Atypical Clinical-MRI Phenotypes and Risk of False Positivity

Importantly, antibody positivity is not always sufficient to guarantee a correct diagnosis of MOGAD (144). Despite the high specificity of CBAs for MOG-IgG, false positive results may occur, especially when the test is performed indiscriminately in large unselected populations (137, 145). When MOG-IgG testing is ordered, a thorough phenotypical assessment is mandatory to determine the pre-test probability. Patients with clinical-MRI phenotypes typically recognized to be associated with MOGAD (see also “Clinical-MRI attributes” above) are considered to have a high pre-test probability and a low risk of false positive results (137). On the other hand, patients presenting with clinical-MRI features that are generally not seen in MOGAD or that are more suggestive of an alternative diagnosis (low pre-test probability) have a significantly higher risk of false positive results. One study on 1,260 patients consecutively tested for MOG-IgG over 2 years at Mayo Clinic found a rate of false positive results of 28% (26/92 positive results) by using FACS CBA, corresponding to a positive predictive value of 72% despite a specificity of 98% (137). The positive predictive value was significantly higher after stratification for pre-test probability (high, 85%; low, 12%) and antibody titer (≥1:1,000, 100%; 1:100, 82%; 1:20 or 1:40, 51%), highlighting the importance of a correct phenotypical assessment before testing. In another study assessing MOG-IgG in all neurology patients admitted to hospital regardless of diagnosis, MOG-IgG was detected in approximately 1% of patients with other neurologic diseases and generally at low titer (145).

Interestingly, false MOG-IgG positivity may occur in patients with various alternative neurologic disorders (e.g., neoplastic, genetic, metabolic, vascular) but seems rare in subjects without known neurologic diseases. This might suggest MOG-IgG production may increase in the context of epitope spreading from neurologic damage due to other etiologies, or cross-reactivity with autoantibodies directed against alternative targets. In patients with false MOG-IgG positivity, MS is generally the most common alternative diagnosis. This is due to the higher frequency of MS among demyelinating CNS disorders compared to MOGAD (approximately 40-50 times higher), and the common tendency among physicians to routinely test MS patients for MOG-IgG in order to exclude other diagnostic possibilities. Although patients with MS phenotype and MOG-IgG positivity are sometimes regarded as having “atypical manifestations of MOGAD that can mimic MS,” their clinical characteristics (e.g., presence of CSF-restricted OCB, persistence of T2-abnormalities over time, development of progressive disability) and response to MS-targeted disease modifying treatments are more suggestive of a false positive (or true positive but clinically irrelevant) result (146). This is also in line with rare cases of MOG-IgG coexisting with other autoantibodies (e.g., AQP4-IgG, NMDAR-IgG) where the clinical-MRI phenotype is typically predicted by the accompanying antibody, although overlapping features may occur (see also “Coexisting autoimmunity” above) (45, 147). In conclusion, routine MOG-IgG testing should strongly be avoided in patients with clinical-MRI features typical of MS. Other major red flags that should prompt considering MOG-IgG positivity as a false positive are listed in Table 2.


Table 2. Major red flags for false MOG-IgG positivity in patients with suspected CNS demyelinating syndromes.
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Special Settings Potentially at Higher Risk of Neurological Autoimmunity

A number of emerging settings putting patients potentially at higher risk for development of neurological autoimmunity have recently been reported, and some are applicable to MOGAD:

1. Neurological immune-mediated disorders of any type (including CNS demyelination) are a well-established complication of treatment with immune-checkpoint inhibitors (148, 149). Despite a number of different neural antibodies having been described in patients treated with these drugs, the association with MOG-IgG seems particularly scarce and deserves further dedicated investigations.

2. Cases of MOGAD have recently been reported following both SARS-CoV-2 infection and vaccination (150, 151). Although prodromal episodes of infection or vaccination are known to occur in up to one third of MOGAD patients (53), the overall risk of developing MOGAD or a MOGAD relapse after SARS-CoV-2 infection/vaccination appears to be extremely low (152), given the extremely high prevalence of the infection and vaccination without an associated observed large increase in MOGAD cases (153). Thus, most experts believe the benefits of COVID-19 vaccination far outweigh this extremely rare possibility.

3. Treatment with TNF-inhibitors has been associated with an increased risk of CNS demyelination (154). Although this association seems particularly true for MS and antibody-negative CNS demyelinating disorders, onset of MOGAD in patients exposed to TNF-inhibitors seems rare (155).

4. Neurological autoimmunity has been reported in post-transplant patients and patients treated with alemtuzumab (156, 157). In both cases, imbalance between B- and T-cell reconstitution after aggressive immunosuppression may rarely result in autoimmunity, including MOGAD (156).

5. Little is known about the risk of MOGAD relapses during pregnancy and post-partum. Small case series suggest a reduction in relapse rate during pregnancy compared to the pre-pregnancy period similar to other autoimmune conditions. The frequency of relapses increases again in the post-partum period and is lower in those receiving immunosuppressive treatment (158, 159).

6. In contrast to other neural antibodies, MOG-IgG does not have a strong paraneoplastic association and therefore MOGAD patients should not be routinely screened for cancer. However, cases of paraneoplastic MOGAD have seldomly been reported with evidence of MOG expression in the neoplastic tissue (160).




MANAGEMENT

There are no randomized controlled trials available in MOGAD and existing recommendations for treatment are mostly empirical, derived from existing data on AQP4-IgG+NMOSD, and/or based on retrospective studies. Interestingly, some drugs that are typically very effective in AQP4-IgG+NMOSD, such as rituximab, seem less effective in MOGAD, further highlighting the need for dedicated randomized controlled trials.


Treatment of Disease Attacks

Similar to other demyelinating and non-demyelinating inflammatory disorders, disease flares in MOGAD are generally treated with high dose corticosteroids and most patients respond briskly to this. A retrospective study including both AQP4-IgG+NMOSD and MOGAD suggested that earlier treatment may lead to better outcomes (161). In patients with severe attacks and high disability at attack nadir, early initiation of a combination of intravenous corticosteroids and PLEX is reasonable. The efficacy of PLEX in patients with severe demyelinating attacks who fail to recover after intravenous corticosteroids was first proven in 1999 with a seminal randomized, sham-controlled, double-masked trial (162). Data on the use of IVIg for MOGAD attacks are limited so that IVIg may represent a reasonable treatment option after PLEX in very severe/refractory cases. Testing for MOG-IgG and other antibodies on serum is preferred before treatment initiation as acute immunotherapy may reduce MOG-IgG titer to undetectable (23, 30). After samples of serum have been obtained, acute treatment should promptly be initiated while waiting for antibody test results.

Commonly used dosages and types of acute treatment include:

• Corticosteroids - Intravenous methylprednisolone (IVMP) 1,000 mg once daily for 5 days is the standard treatment for a MOGAD attack. Oral prednisone 1250 mg (25 × 50 mg tablets) once daily for 5 days is an alternative and equivalent to the 1,000 mg IVMP dose but swallowing 25 tablets daily can sometimes pose a challenge for some patients. Common side effects include hyperglycaemia (more relevant in diabetic patients) and steroid-induced psychosis. A slow taper with oral prednisone over 6–8 weeks is sometimes considered to prevent early relapse but needs to be balanced by the risk of side effects and further studies are needed to evaluate this approach (25, 90).

• IVIg – Typically 0.4 g/Kg/day for 5 days. In some studies, IVIg have been associated with hyperviscosity and an increased risk of thromboembolic events, especially in patients at risk (163). Renal failure and aseptic meningitis may also rarely occur, but are generally preventable with sufficient hydration and slow infusion rate (163). Serum IgA levels should be obtained before the first administration to prevent IgA deficiency-related anaphylactic reactions (163).

• PLEX – Typically 5–7 exchanges every other day. PLEX is generally well-tolerated and safe, although often requires a central line and rare cases of severe vascular hypotension and cardiac arrythmias have been reported (164). PLEX-associated infections have also been reported rarely and may be severe (potentially related to both the central line placed and the treatment-associated immunosuppressive effect) (165).

In rare cases refractory to the conventional acute treatments, a more aggressive immunosuppression with cyclophosphamide, rituximab or tocilizumab can be considered.



Maintenance Treatment

Given the high frequency of patients with a monophasic course (40–50%), and the generally good recovery from disease attacks, the decision of initiating a long-term immunosuppressive treatment in MOGAD should carefully be discussed on a patient-by-patient basis. In general, maintenance attack-prevention immunotherapy is offered to those that have had two or more attacks, but not initiated after the first attack (including in those persistently positive for MOG-IgG) to avoid over treatment of monophasic disease. However, exceptions are considered in cases of severe residual deficits following the presenting attack, to prevent further disability (e.g., preserve vision in patients with residual monocular blindness after the initial attack).

Common long-term treatment options include:

• Maintenance IVIg – Maintenance infusions of IVIg (loading dose of 0.4 g/Kg/day for 5 consecutive days, followed by treatment every 4 weeks with a dose of 0.4 g/kg to 2 g/kg) can be considered, especially in pediatric patients or in patients with higher risk of infections, in whom avoiding long-term immunosuppression might be preferrable. In one retrospective series of 70 MOGAD patients, the relapse rate in those receiving periodic IVIg infusions (20%) was significantly lower compared to patients receiving azathioprine (59%), rituximab (61%), and mycophenolate mofetil (74%) (166). Another retrospective study on 59 adult patients with MOGAD (58 with relapsing disease) found a significant reduction in annualized relapse rate during treatment with IVIg compared to the pre-IVIg period. The results were similar in patients receiving IVIg as first-line treatment and those who initiated IVIg after failure of other immunotherapies. The risk of relapse was lower in those treated with higher IVIG doses or more frequently (e.g., 0.4 g/kg every week, or 2 g/kg every 4 weeks). Two patients (3%) experienced worsening disability (EDSS score) during IVIG treatment (167). The high costs and restricted availability are the main elements that limit the use of this treatment in a larger scale. Subcutaneous Ig has recently been reported to be safe and effective in preventing relapses in a series of six MOGAD patients, and may represent an advantageous treatment option due to the better tolerability; subcutaneous immune globulin is self-administered and IVIg can also often be given at home when home infusion services are available (168).

• Rituximab (anti-CD20 monoclonal antibody) – Despite its high utility in preventing relapses in AQP4-IgG+NMOSD, the efficacy of rituximab in patients with MOGAD seems less (169), with up to one third of patients or more expected to experience relapses despite full B-cell depletion (170). Nonetheless, rituximab remains a potential treatment option for MOGAD, with higher efficacy reported when the drug is administered as first-line maintenance therapy (166, 170). In adults, rituximab is typically administered in one of the following two regimens: 1) 375 mg/m2 of body surface area weekly for four consecutive weeks (induction), followed by 375 mg/m2 weekly for 2–4 weeks at the time of reinfusion; or 2) 1 g/week repeated after 2 weeks (induction), followed by reinfusions (generally 1 g x 2 doses separated by 2 weeks, single 1 g reinfusion, or 375 mg/m2/week for two consecutive weeks). Since the B-cells usually start to repopulate 8–12 months after rituximab administration, the timing of reinfusions can either be predetermined (generally at fixed 6 months intervals), or guided by periodic monitoring of blood CD19+ B-cells (every 6–8 weeks) until their value re-increases over 1% of total mononuclear cells (171). Since some cases with NMOSD experience relapses despite CD19+ cell-depletion, monitoring of CD27+ memory B-cells has been proposed (although not commercially available) (172). Rare cases of prolonged B-cell depletion after rituximab have been reported (173). Rituximab is generally well tolerated and safe. The most common adverse events include infusion-related reactions and increased risk of infections long-term (with a higher risk in patients with prior history of immunosuppression, lymphopenia or hypogammaglobulinemia) (174, 175). Rituximab treatment seems to increase the risk of severe COVID-19 infections and reduce the effect of COVID-19 vaccines, although an increased mortality was only observed in patients with NMOSD and comorbid conditions (176–178).

• Azathioprine (generally administered at the dose of 2–3 mg/Kg/day) and mycophenolate mofetil (generally administered at the dose of 600 mg/m2 or 2 g daily in divided doses) can also be considered for long-term immunosuppression in MOGAD (166, 179, 180). Advantages of these medications include the oral route of administration, their availability and lower costs compared to the other treatment options. A disadvantage of these drugs is the long time (usually several months) from treatment initiation to action. During this time, oral prednisone can be continued and later tapered, but this can increase the side effect burden. These medications are associated with an increased risk of infection and long-term use can be associated with an increased risk of hematologic and skin malignancies.

• IL-6 targeting treatments (e.g., tocilizumab, satralizumab) – Small case series suggest tocilizumab might be highly effective in patients with MOGAD refractory to other immunosuppressive treatments (181, 182). The drug is generally administered at a dose of 8 mg/Kg monthly, for a maximum recommended dose of 800 mg/month in adults. A multicenter randomized controlled trial is currently underway to evaluate the efficacy of satralizumab in MOGAD.

• Future treatment directions: (1) B-cell depleting monoclonal antibodies other than rituximab have poorly been studied in MOGAD. These include other anti-CD20 agents (e.g., ocrelizumab, ofatumumab) and anti-CD19 agents (e.g., inebilizumab) (183, 184). These drugs can reasonably be considered alternatives to rituximab in MOGAD due to the similar mechanisms of action. In AQP4-IgG+NMOSD, inebilizumab was shown to be effective in reducing relapses in a randomized clinical trial (185). (2) Eculizumab (anti-C5) has been proven very effective for relapse prevention in AQP4-IgG+NMOSD in a recent randomized trial (186), but very little data exist on its potential utility in MOGAD, and complement has not been definitively proven to be integral to the pathogenesis of MOGAD. This drug might be considered as a second-line agent for very refractory cases (33, 39), but there are no published case series reporting its treatment in MOGAD to date. (3) Rozanolixizumab (anti-neonatal Fc receptor) – Blocking of the neonatal Fc receptors favors degradation of pathogenic autoantibodies. This mechanism has been proven to be effective in patients with myasthenia gravis and antibodies against the acetylcholine receptor (187), and a randomized placebo controlled clinical trial is underway in MOGAD.



Quality of Life and Supportive Treatment

Chronic pain and depression have been reported in up to 51 and 42% of patients with MOGAD, respectively, and have a significant impact on quality of life (188). Pain can be neuropathic, spasticity-associated, and/or secondary to painful tonic spasms (i.e., episodes of intense pain that accompany tonic postures of one or more limbs lasting 30–60 s). Given the strong correlation between pain and depression in these patients, effective treatment of pain can indirectly have a beneficial effect on depression, and vice versa (188, 189). In the absence of dedicated trials, common pain medications include non-opioid analgesics, antidepressants (e.g., duloxetine), and antiepileptic agents (e.g., gabapentin, pregabalin). Painful tonic spasms in particular generally respond well to low dose carbamazepine (200–300 mg/day) although are more common with AQP4-IgG+NMOSD than MOGAD (190). Initiation of immunosuppressive treatment has also been reported to improve pain (188, 189). Muscle relaxants (e.g., baclofen, benzodiazepines) and physical rehabilitation should be offered for spasticity. A more detailed description of the different treatment options in MOGAD is beyond the scope of this review article but has been summarized elsewhere (191).




CONCLUSIONS

MOGAD is now recognized to be a distinct demyelinating CNS disorder, different from MS and AQP4-IgG+NMOSD. Awareness of the clinical-MRI characteristics of MOGAD is fundamental for prompt diagnosis and treatment. The disease is defined by MOG-IgG which is a highly specific biomarker, but caution is needed with the interpretation of low titers and atypical phenotypes, as false positives can occur. Although the prognosis is generally favorable, severe residual disability can occur in MOGAD, highlighting the importance of attack prevention in patients with relapsing disease. Major unmet needs for future studies include early identification of patients at higher risk of relapsing disease and/or permanent disability, and identification of effective acute and long-term treatments through dedicated randomized clinical trials.
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Background and Objective

Neuromyelitis optica spectrum disorders (NMOSD) and myelin oligodendrocyte glycoprotein antibody (MOG-IgG) associated disease (MOGAD) are autoimmune inflammatory demyelinating diseases of the central nervous system (CNS). As the clinical features of NMOSD are similar to MOGAD, diagnostic confusion exists between the two diseases. To better discriminate NMOSD from MOGAD, we investigated whether the plasma levels of complement 3 (C3) and complement 4 (C4) are different in NMOSD and MOGAD during the acute attacks of the diseases. We sought to determine whether C3 or C4 has an influence on the features of NMOSD.



Methods

In this observational study, data from 73 aquaporin-4 antibodies (AQP4-IgG) positive NMOSD patients and 22 MOG-IgG positive MOGAD patients were collected retrospectively. Demographics, clinical characteristics, plasma parameters, and cerebrospinal fluid (CSF) findings will be analyzed for comparability between the two groups. Immunoglobulin-G (IgG) and albumin were measured in both plasma and CSF. Plasma levels of C3 and C4 were measured and compared between the NMOSD, MOGAD, and 42 healthy controls (HC). The correlations between plasma C3, C4, and NMOSD clinical parameters were analyzed.



Results

The ages of onset were later in the AQP4-IgG positive NMOSD group and females predominated, which differed from the MOGAD group, whose ages were younger and with a slight male preponderance. The AQP4-IgG positive NMOSD patients presented with the clinical symptoms of optic neuritis (ON) and transverse myelitis (TM), whereas encephalitis symptoms were more prevalent in MOGAD patients. CSF analysis shows that slight but not significantly higher white cell count (WCC) and protein were observed in the MOGAD group than in the AQP4-IgG positive NMOSD group. The plasma levels of IgG in MOGAD patients are significantly lower (p = 0.027) than in NMOSD patients. On the contrary, the plasma levels of albumin in MOGAD were higher than in NMOSD, which reached statistical significance (p = 0.039). Both the plasma C3 and C4 levels in the NMOSD group were significantly lower than in MOGAD and HC. The receiver operating characteristic (ROC) curve of the prediction model comprises C3 and C4 to distinguish NMOSD from MOGAD [area under the curve (AUC): 0.731, 0.645], which are considered to have discriminatory values. The results of Spearman’s analysis revealed that there was a significant positive correlation between the plasma C3 and the CSF WCC (r = 0.383, p = 0.040). There was an inverse correlation between plasma C4 and plasma IgG (r = -0.244, p = 0.038). Plasma C3 or C4 was significantly positively correlated with CSF albumin and Q-Alb, which is considered a measure of blood-brain barrier (BBB) disruption.



Conclusion

During the acute phase of NMOSD and MOGAD, plasma C3 and C4 may become potential biomarkers for distinguishing the two diseases and reflecting the NMOSD BBB damage.





Keywords: neuromyelitis optica spectrum disorder, myelin oligodendrocyte glycoprotein antibody-associated disease, complement 3, complement 4, blood brain barrier (BBB)



Introduction

Neuromyelitis optica spectrum disorders (NMOSD) is a chronic, severe autoimmune demyelinating disease of the central nervous system (CNS) with the optic nerves and the spinal cord as primary target sites (1). It is widely accepted that the antibody target for the water channel aquaporin-4 (AQP4) is a pathogenic marker of NMOSD (2). Most NMOSD patients are seropositive for AQP4-IgG, but a proportion of NMOSD patients remain negative despite the use of cell-based assays (CBA) (3). In AQP4-IgG seronegative NMOSD, approximately 15% to 40% of myelin oligodendrocyte glycoprotein (MOG) antibody (MOG-IgG) are present (4, 5). Using the CBA, MOG-IgG was also detected in acute disseminated encephalomyelitis (ADEM), encephalitis, optic neuritis (ON), and myelitis (6). MOG-IgG-associated disease (MOGAD) has distinct biomarker, clinical, and radiologic characteristics from NMOSD and is considered an independent disease entity.

Experimental studies have indicated that AQP4-IgG primarily attacks the water channels of the astrocytes through antibody-dependent cellular cytotoxicity (ADCC) (7) or complement-dependent cytotoxicity (CDC) (8). The pathogenic mechanisms mediated by the complement system in MOGAD may be distinct from those in NMOSD (9). Since the activation of complement 3 (C3) and complement 4 (C4) is the core of complement activation, C3 and C4 are indispensable parts of the complement system (10). Previous studies showed plasma C3 (11) or C4 (12) was significantly lower in NMOSD compared to multiple sclerosis. Less focus has been given to the different levels of C3 and C4 in NMOSD and MOGAD. Therefore, the plasma C3, C4 levels be measured in AQP4-IgG positive NMOSD, MOGAD, and healthy controls (HC) to determine if there are any differences in AQP4-IgG or MOG-IgG associated effector mechanisms. Our study is also required to determine if there is a relationship between C3, C4 and the clinical features of NMOSD.



Methods


Samples

Patients who were recruited from the affiliated brain hospital of Nanjing Medical University between 2012 and 2021 were included in this single-center, retrospective observational study. Inclusion criteria are as follows: (1) be 18 years of age or older, and (2) be seropositive for AQP4-IgG by commercial CBA, meeting the IPND 2015 criteria (1) for NMOSD; (3) be seropositive for MOG-IgG by commercial CBA, meeting the Jarius et al. criteria (6) for MOGAD; (4) all plasma and CSF samples from NMOSD and MOGAD patients were in the acute phase of the diseases. Exclusion criteria included being seronegative for AQP4-IgG and MOG-IgG, having a disease that affects the complement system, or having missing clinical data. Overall, 73 NMOSD patients and 22 MOGAD patients met the inclusion and exclusion criteria and were included in this study. 42 healthy controls (HC) were recruited from the surrounding community. HC subjects suffering from neurological diseases or systemic autoimmune diseases were excluded. All patients will be included in this study after signing the informed consent. The study has been approved by the ethics committee of the affiliated Brain hospital of Nanjing Medical University.



Data Collection

The demographic information, including gender and age at onset, was recorded. The clinical and paraclinical data were obtained from the electronic medical records and were compared between NMOSD and MOGAD. The clinical data included annual relapse rate (ARR), Expanded Disability Status Scale (EDSS) at sampling, clinical symptoms, and pharmacological treatments. The paraclinical data recorded included IgG and albumin, both in plasma and cerebrospinal fluid (CSF). CSF white cell count (WCC), CSF protein, oligoclonal bands, IgG index, CSF/plasma albumin ratio (Q-Alb), and plasma levels of C3, C4 were collected and analyzed. To assess the integrity of the blood-brain barrier (BBB), the CSF/plasma albumin ratio (Q-Alb) was considered a marker, and the detection of the IgG index was used as an indicator of intrathecal IgG synthesis. Plasma and CSF samples were obtained from NMOSD and MOGAD patients at the time of disease attack before hormone shock therapy. AQP4-IgG and MOG-IgG are also important indicators to distinguish NMOSD from MOGAD. The serum AQP4-IgG and MOG-IgG were all detected by a standardized immunohistochemical cell-based assay (CBA) according to the manufacturer’s protocol (Euroimmun, Germany) and using HEK293 cells transfected with human AQP4-M23 as a target to determine the titers. Plasma C3 and C4 were measured by immunofluorescence. Plasma levels of C3 (reference range, 0.90-1.80g/L) and C4 (reference range, 0.10-0.40g/L) were compared between AQP4-IgG-positive NMOSD, MOGAD and HC.



Statistical Analysis

All statistical analysis was conducted in SPSS (version 24) software (SPSS, Inc., Chicago, IL) and GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA, USA). Differences in quantitative variables were compared using the student t statistics or Mann-Whitney U tests, while the chi-square test or Fisher exact probability methods were used for comparison of categorical variables. Comparisons between three groups (NMOSD group, MOGAD group, and HC group) were performed using a nonparametric Kruskal-Wallis-test. The corrected p-values using the Bonferroni correction to avoid type I errors. Receiver operating characteristics (ROC) curve analysis was used to calculate the area under the ROC curve (AUC) and evaluate the diagnostic value of plasma C3, C4 for differentiating NMOSD from MOGAD. To analyze correlations between plasma C3, C4 and EDSS, CSF findings, albumin and IgG both in plasma and CSF, IgG index, and Q-Alb, the Spearman correlation was used for correlation analysis.




Results


Demographic, Clinical Features, and Treatment in NMOSD and MOGAD Patients

A total of 73 AQP4-IgG positive NMOSD patients, 22 MOG-IgG positive MOGAD patients, and 42 HC were enrolled in this study. Table 1 shows the demographics, ARR, disease duration, EDSS, clinical symptoms, and immunotherapy treatment in the NMOSD and MOGAD groups. Compared to MOGAD, there was a female gender dominance of the NMOSD participants (94.52% vs. 27.27%, p<0.001). The age at onset in the NMOSD group is slightly older than in the MOGAD group, but has not reached statistical significance. There was no significant difference between NMOSD and MOGAD regarding ARR, disease duration, or EDSS. Significance differences were found between the NMOSD and MOGAD groups regarding the clinical symptoms. In summary, more optic neuritis (ON, 57.53% vs. 31.82%, p = 0.034) and transverse myelitis (TM, 75.34% vs. 31.82%, p<0.001) present in NMOSD, whereas acute disseminated encephalomyelitis (ADEM, 9.59% vs. 50%, p<0.001) is common in MOGAD.


Table 1 | The detailed findings of Demographic, clinical features, and treatment in NMOSD and MOGAD patients.



In our cohort, receipt of a high dose of corticoid medication was found in all NMOSD and MOGAD patients during the acute-phase. Most NMOSD (97.21%) and MOGAD (95.45%) patients were started at a dose of 500mg/d and gradually tapered, maintaining a dose of 10–15 mg/d in remission. In addition to hormone shock therapy, some patients use intravenous immunoglobulins (IVIg) or plasma exchange (PLEX) during the acute phase to improve treatment efficacy. The use of immunosuppressants is associated with slow disease progression and reduced relapse in patients who have had CNS demyelinating diseases. In our cohort, mycophenolate mofetil was the most frequently used immunosuppressant in remission, followed by azathioprine. Eleven NMOSD patients and one MOGAD patient had been treated with Azathioprine. The other two NMOSD patients in the study had received cyclosporine and rituximab, respectively.



Comparison of Plasma and CSF Detailed Findings Among Patients With NMOSD and MOGAD Patients

Detection of antibodies by the CBA test allowed quantitative measurements of AQP4-IgG and MOG-IgG serum titers. The median AQP4-IgG titer is 1:100 (IQR: 1:32-1:320) and the MOG-IgG titer is 1:10 (IQR: 1:10-1:100). Table 2 summarizes the plasma and CSF detailed findings of the study subjects. In this study, the CSF samples of 29 NMOSD and 17 MOGAD patients were collected and analyzed before any treatment. In terms of findings of WCC, protein, and oligoclonal bands positivity in CSF, no significant difference could be detected between patients with NMOSD and MOGAD groups. Significant differences were also not observed in the comparison of the two groups regarding Q-Alb and the IgG index. Regardless of the slight differences in levels of IgG and albumin in CSF, there were significant differences in plasma (p = 0.027 and p = 0.039, respectively). The NMOSD group plasma level of C3, C4 was lower in the HC and MODAD groups, where the difference reached statistical significance. There were no significant differences in plasma levels of C3, C4 in MOGAD and HC. The differences in levels of plasma C3, C4 in HC, NMOSD, and MOGAD groups were presented as scatter dot plots, which had medians and interquartile ranges (IQR) (Figure 1A, B). Receiver-operating characteristic (ROC) analysis indicated that plasma C3, C4 dramatically distinguished NMOSD from MOGAD (Figure 2). The models to differentiate between NMOSD and MOGAD were evaluated by area under curve (AUC). Plasma C3 and C4 had AUCs of 0.731 and 0.645, respectively, which was considered moderately predictive.


Table 2 | Plasma and CSF detailed findings among patients with NMOSD and MOGAD patients.






Figure 1 | Plasma levels of C3 (A) and C4 (B) in heathy control, AQP4-IgG positive NMOSD, and MOGAD. Results are presented as scatter plots with the median and interquartile range (IQR). The statistically significant differences were analyzed using the Kruskal-Wallis-test and the corrected p-values using the Bonferroni. C3, complement 3; C4, complement 4; HC, healthy control; NMOSD, neuromyelitis optica spectrum disorders; MOGAD, myelin oligodendrocyte glycoprotein antibody associated disease.






Figure 2 | The ROC curve is used to assess the discriminating ability of plasma C3, C4 in NMOSD and MOGAD. The AUC values showed the predictive power of the C3 (0.731) and C4 (0.645). ROC, receiver-operating characteristic; AUC, area under curve; C3, complement 3; C4, complement 4.





Correlations Between Plasma C3, C4 and Clinical Features of NMOSD Patients

Spearman’s correlation was used to analyze the correlation between plasma C3, C4, and EDSS, the plasma level of IgG, and albumin. The correlation between the plasma C3, C4, and CSF findings (WCC, protein, IgG, and albumin), Q-Alb, and IgG index were also examined by Spearman correlation analysis. Negative correlations were much less common than positive correlations. The results of the Spearman correlation analysis are shown in Table 3. Plasma C3 and C4 do not correlate with EDSS (Figures 3A, J, respectively), CSF-protein (Figures 3C, L, respectively), CSF-IgG (Figures 3D, M, respectively), plasma albumin (Figures 3G, P, respectively), and IgG index (Figures 3I, R, respectively). Similar unmeaningful results were attained when the correlation between Plasma C4 and CSF-WCC was examined (Figure 3K). A significant association between plasma C3 and CSF-WCC was found (r = 0.383, p = 0.040, Figure 3B). However, no significant association was found between plasma C3 and plasma-IgG (Figure 3F). The results of the analysis show a correlation between plasma C4 and plasma IgG (r = -0.244, p = 0.038, Figure 3O). Plasma C3 significantly correlates with CSF albumin (r = 0.448, p = 0.015, Figure 3E), and Q-Alb (r = 0.500, p = 0.006, Figure 3H). Similarly, it was found that good correlations exist between plasma C4 and CSF albumin (r = 0.412, p = 0.026, Figure 3N), and Q-Alb (r = 0.377, p = 0.043, Figure 3Q).


Table 3 | Correlations between plasma C3, C4, and EDSS, immunological findings of NMOSD patients.






Figure 3 | The association between plasma C3, C4 and NMOSD features was analysed by Spearman’s correlation. C3, complement 3; C4, complement 4; EDSS, Expanded Disability Status Scale; CSF, cerebrospinal fluid; WCC, white cell count; IgG: immunoglobulin-G; Q-Alb, CSF/plasma albumin ratio. The (A–I) shows the Spearman results of serum complement C3 and EDSS (A), CSF WCC (B), CSF protein (C), CSF-IgG (D), CSF albumin (E), plasma IgG (F), plasma albumin (G), Q-Alb (H), and IgG index (I), respectively. There is a significant association between plasma CSF WCC, CSF albumin, and Q-Alb. The (J–R) shows the Spearman results of serum complement C4 and EDSS (J), CSF WCC (K), CSF protein (L), CSF-IgG (M), CSF albumin (N), plasma IgG (O), plasma albumin (P), Q-Alb (Q), and IgG index (R), respectively. Positive associations exist between plasma C4 and CSF albumin, and Q-Alb respectively. A negative association exists between plasma C4 and plasma IgG.






Discussion

Our study also provides evidence that NMOSD and MOGAD are two distinct diseases, as reflected by demographic, clinical, and molecular data. In our cohort, female patients account for 94.5% of all NMOSD patients, while female patients only account for 27.3% of all MOGAD. Discrepancies in the male to female incidence ratio in the MOGAD group from the previous study are likely due to the low sample size (13). The age onset was not compatible among the NMOSD and MOGAD groups. We saw a preference for AQP4-IgG positive NMOSD in the ON and TM, while ADEM was more likely observed in MOGAD, which is in line with previous research (14).

Compared to the plasma median of the MOG-IgG titer, the AQP4-IgG titer is higher, these discrepancies could be due to different sensitivity of assay methods. In a multicenter study, although the CBA detect the MOG-IgG showed excellent agreement with other assays for both highly positive and negative samples, the low positive remained (15). NMOSD patients show significantly higher plasma immunoglobulin (IgG) than MOGAD patients (p = 0.027), which may reflect the different molecular mechanisms that exist in the two diseases. In vitro in vivo findings have shown that when reaching serum AQP4-IgG titers in experimental animals comparable with NMOSD patients, they are sufficient to trigger immune cascade reactions (16), while only the affinity-purified MOG-IgG extracted from MOGAD has the potential to cause pathogenicity (17). Therefore, we speculated that the CNS is more susceptible to inflammatory attack by AQP4-IgG than MOG-IgG. In our cohort study, plasma levels of albumin in NMOSD were significantly lower than in MOGAD. Yao et al. (18) reported that the low level of plasma albumin is associated with more disease severity in NMOSD. A possible explanation for our result as follows: Albumin has the potential to regulate immunology, anti-inflammatory function, and its decrease has also been described as associated with increased systemic inflammatory load (19). This implies a more vigorous inflammatory load produced by NMOSD.

Compelling evidence also shows that different underlying autoimmune-driven mechanisms exist in the NMOSD and MOGAD, in which the complement system plays an important role (20, 21). There is substantial evidence that complement analytes have been proved to distinguish MS from NMOSD (22). However, there are comparatively few studies on whether the levels of the complement components are different in NMOSD and MOGAD. C3, C4 are the central component of complement, and C3 is the convergent point of all the complement activation pathways (classical pathway, lectin pathway, or alternative pathway). C3,C4 are key complement factor in the complement activation pathway and reacts with C5, C6, C7, C8, and C9, participate in the formation of membrane attack complex (MAC, C5b-9), which acts as a permeability pore to cause astrocyte injury, followed by the BBB disruption, myelin loss, gliosis, and neuronal death in NMOSD (23). Our results indicated that the plasma levels of C3, C4 in AQP4-IgG positive NMOSD patients were lower than MOGAD and reached statistical significance, these results tallied with previous studies (12, 24). No statistical difference was observed in the C3, C4 between the MOGAD and HC. From the ROC curve analysis, conclusions can be drawn regarding C3, C4, which can become discriminating factors for NMOSD and MOGAD. Perhaps our findings can be explained by the subtle consumption of C3, C4 in NMOSD rather than MOGAD. MOG-IgG targeted the oligodendrocytes (MOG expressed on the myelin sheath) to activate the complement system, resulting in myelin loss but relative axonal and astrocyte preservation (9). The specific mechanism of complement system mediated-injury in MOGAD needs to be studied and further elucidated.

Our results show that plasma C4 is negatively correlated with plasma-IgG, maybe the more IgG is produced, in particular AQP4-IgG, the more plasma C4 consumption. The negative correlation between C3 and plasma IgG may indicate that C3 was consumed in the synthesis of IgG (maybe AQP4-IgG). However, the relationship between C3-the convergent point of all the complement activation pathways and plasma IgG is not simply linear or nonlinear. When C3 is cleaved, it releases C3a, C3b and C3d and binds to CR1 and CR2, which are expressed in the B cells. CR1 binds C3b with high affinity to inhibit B cell receptors (BCR), which mediate B cell activation, proliferation, and antibody production. The inhibitory effects of CR2 and C3d binding on the initial steps of peripheral B cell activation play a significant role in the maintenance of peripheral B cells (25). This suggests that C3 may have a natural feedback mechanism to keep activated B cells from producing too many antibodies. Most NMOSD are seropositive for IgG1 autoantibodies against AQP4 (26), followed by the binding of AQP4 to activate CDC and ADCC mediated astrocyte injury (27). In NMOSD, there may be IgG subclass that is similar to MOGAD (MOG-IgG 1,2,3,4) (28). The IgG4 subclass in NMOSD may have limited ability to mobilize CDC and ADCC and blocks the ligand-receptor interaction of the target antigen (29). Therefore, the relationship between C3 and plasma IgG in NMOSD is complicated, and further experiments will be necessary to clarify the mechanisms involved.

Both C3 and C4 significantly correlate with CSF albumin and Q-Alb. The Q-Alb is considered a common indicator for the evaluation of the destruction of the BBB. Abundant evidence supports a pathogenesis mechanism for AQP4-IgG positive NMOSD in which AQP4-IgG binds to the astrocyte endfoot of AQP4 to activate CDC via the classical pathway by binding to C1q, which is followed by C3 convertase enzymes converting C3 into C3a and C3b (20). Once cleaved, C3a sends signals and binding to its receptor C3aR, which is expressed by the vascular endothelial cells in the brain (30), resulting in the altered vascular morphology and increased BBB permeability (31). Therefore, we propose that C3 indirectly affects the BBB through the C3aR binding to C3a, which is elevated in the plasma of NMOSD (32). Increased permeability of the BBB caused by complement activation can also explain the massive infiltration of leucocytes in CSF (33). There is also evidence from a recent study that C3 is elevated in NMOSD CSF compared to controls (22), implying blood-cerebrospinal fluid barrier dysfunction, which leads to C3 entering into CSF and then affecting the immune environment and leukocytes in CSF. Plasma C3 positively correlates with the CSF-WCC, proposing the view that C3 has an impact on the CSF-WCC through increased blood-cerebrospinal fluid and BBB permeability. The regulation mechanism of C4 in the BBB of NMOSD patients remains elusive. C4a, is released from complement component C4 upon activation of the complement system’s classical and lectin pathways. C4a-induced activation of the protease-activated receptors 1 and 4 (PAR1, PAR4) has an impact on the stability of endothelial cells, thereby increasing the BBB permeability (34). Although the elevated C4 in CSF of NMOSD (22), it may be that the levels of plasma C4 entering the CNS through the blood-cerebrospinal fluid barrier and the plasma C4 are not enough to cause the change in WCC.

It is important to note that there are differences in the effects of C3, and C4 in SLE. In SLE, low complement (C3, C4) is an important serological manifestation. According to a previous study, C3 has a negative relationship with IFN- and IL-18, which have the highest positive likelihood ratios for active SLE (35). Durcan et al. (36) found there is a strong relationship between low C3 and lupus nephriand that is associated with poor renal outcomes (glomerular filtration rate (GFR) <50 and chronic proteinuria). C4 did not seem to affect disease activity and lupus nephritis. The discrepancy between C3 and C4 is, we propose, a more important marker due to the C3’s central role in the complement cascade, and the fact that complement components or complement activator molecules are released and play different roles in autoimmune diseases.

The present study suffers from several limitations. The MOGAD group sample size was small compared to the NMOSD group, which might have yielded statistical bias. In addition, they may be prone to recall bias because of the retrospective nature of the study. Moreover, all the participants are ethnically Chinese, so our results may yield different results and may not apply to other countries. Although the plasma levels of C3, C4 are found to be lower in NMOSD than in MOGAD, the mechanics of these factors were explored less deeply during the study. Further studies about the complement system in the pathogenesis of mediated tissue injury in CNS inflammatory demyelinating disorders need to be performed and to elaborate on the specific mechanisms more deeply and accurately.



Conclusion

Our study reveals that there seems to be more plasma C3, C4 consumption in the NMOSD, further implying that the plasma C3, C4 can be able to distinguish the NMOSD from MOGAD. Plasma C3 or C4 may become potential biomarkers reflecting BBB disruption in NMOSD.
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Clinical symptom, n (%)
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HC, healthy control; AQP4-IgG, aquaporin-4 immunoglobulin-G; NMOSD, neuromyelitis optica spectrum disorders; MOG-IgG, myelin oligodendrocyte glycoprotein immunoglobulin-G;
MOGAD, MOG-IgG-associated disease; ARR, annual relapse rate; EDSS, Expanded Disability Status Scale; SD, standard deviation; IQR, interquartile range; ON, optic neuritis; TM,
transverse myelitis; IVMP, intravenous methylprednisolone; IVIg, intravenous immunoglobulins; PLEX, plasma exchange.

TAQP4-IgG positive NMOSD versus HC.

"MOGAD versus HC.

°AQP4-IgG positive NMOSD versus MOGAD.

bold: p<0.05; *: Bonferoni-adjusted p<0.05.
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Characteristic

Female: male (ratio)
Age at onset, years, IQR
Disease duration (months) IR
Onset attack type, n (%)
Optic neuritis

Transverse myelitis only

Area postrema syndrome
Other

Time to first relapse, months
Annualized relapse rate
EDSS score, IQR

Atinitial

Third month follow-up

First year follow-up

Third year follow-up

Latest follow-up

EDSS score of visual acuity,
QR

At initial
Nadir
Final follow-up

Time to EDSS score 6, weeks
(QR)

Coexisting autoimmune disorders
Immunosuppressant therapy
(Ism)

Time from onset to IST
Azathioprine

Mycophenolate mofeti

Other (MTX/RTX)

Without IST

Serostatus, n (%)

AQP4-IgG positive

CS EPVS, n (%)

High degree-CS EPVS

(score > 1)

Low degree-CS EPVS
(score<1)

BG EPVS, n (%)

High degree-BG EPVS

(score > 1)

Low degree-BG EPVS
(score<1)

MTX, methotrexate; RTX, rituximab; CS, centrum semiovale; BG, basal ganglia.

REO-NMOSD
(=32

29:3(9.7:1)
25 (21.3-31.9)

56.5(43.2-81.0)

14 (43.7%)
8(25.0%)
6(18.8%)
4(12.5%)

7.0(3.0-16.8)
1.0(0-1.0)

3.0(2.6-5.8)
25(2.0-35)
25 (2.0-35)
30(15-4.0)
25(1.1-4.9)

30(2.0-3.0)
30(25-35)
20(1.0-3.0)
146 (5.5-273)

14 (43.8%)
28 (87.5%)

8(4-285)
14
11
3
4

25 (78.1%)

16 (50.0%)

16 (50.0%)

7 21.9%)

25 (78.1%)

RLO-NMOSD  P-value

(n=39)

36:3 (12:1)
50 (45.0-56.0)
63 (46-75)

12 (30.8%)
19 (48.7%)
1(2.6%)
7(17.9%)
105 (5.0-16.8)
1.0(0-1.0)

5.0(3.0-7.0)
40(3.0-5.5)
30(2.5-4.5)
35(2.9-5.1)
4.0(3.0-6.9)

30(2.0-30)
30(2.0-4.0)
30(2.0-30)

74.0 2.0-196.0)

12 (30.8%)
34 (87.2%)

9.5(1-22.2)
24
8

2
5

26 (66.7%)

24 (61.5%)

17 (38.5%)

16 (41.0%)

23 (50.0%)

1.000
NA
0.977

0.259
0.041
0.041
0.763
0.339
0.772

0010
0.001
0.003
0.017
0.002

0.466
0.716
0.038
0.116

0.269
1.000

0.644
0.135
0.189
0.652
1.000

0.302
0.329

0.086
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Characteristic REO-NMOSD ~ RLO-NMOSD  P-value

(n=25) (n=26)
Female: male (ratio) 24:1 24:1) 12:1(242)  1.000
Age at onset, years, mean (SD) 269(66) 51.9(85) NA

Disease duration (months) IQR ~ 67.0 (44.5-82.5) 62.5 (44.8-76.3) 0,644
Onset attack type, n (%)

Optic neuritis 10 (40.0%) 10(385%) 0910
Transverse myelitis only 8(32.0%) 10(3885%)  0.447
Area postrema syndrome 4(16.0%) 1(3.8%) 0.191
Other 3(12.0%) 5(10.2%) 0703
Time to first relapse, months 90(80-210) 90(6.0-205 0834
Annuaiized relapse rate 10(00-10)  1000-1.0) 0843
EDSS score, IQR

At initial 3.0(2.8-6.3) 4.8(3.5-7.0) 0.039
Third month follow-up 25(20-40)  40(3055 0004
First year follow-up 25(1885 30540 0032
Third year follow-up 30(15-40) 3029566 0046
Latest follow-up 25(15-45  38(30-66) 0010
EDSS score=6 1 (%) 4(16.0%) 9(346% 0127
EDSS scorez4 n (%) 7 (28.0%) 15(67.7%) 0082
Coexisting autoimmune 13 (52.0%) 10(385%) 0331
disorders

Immunosuppressant therapy 22 (88.0%) 23(885%)  1.000
(1sT)

Time from onsat to IST 95(25-255)  9.0(1.0280) 0663
Azathioprine 12 (48.0%) 15(67.7%) 0488
Mycophenclate mofetil 9(36.0%) 7 (26.9%) 0.485
Other (MTX/RTX) 1(4.0%) 1(38%) 0745
Without IST 3 (12.0%) 3(11.4%) 1.000
CS EPVS, n (%) 0.867
High degree-CS EPVS 15 (60.0%) 15 (67.7%) -
(score > 1)

Low degree-CS EPVS (score<1) 10 (40.0%) 11 (42.3%) -
BG EPVS, n (%) 0.408
High degree-BG EPVS 6 (24.0%) 9(34.6%) -
(score > 1)

Low degree-BG EPVS 19 (76.0%) 17 (65.4%) -
(score<1)

MTX, methotrexate; RTX, rituximab; CS, centrum semiovate; BG, basal ganglia.
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Age (years)

Gender (female:male ratio)

Disease duration at MRI scan (years)
EDSS

Relapse number

EDSS, estimated disability status scale.

Monophasic

36.50 + 15.46
6:2
216 +£2.61
113+ 1.64
1

Relapsing

32.88 +20.29
71
3.19+3.70
125+ 1.28
275+ 1.04

P-value

0.69
0.62
053
0.87
<0.001
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Clinical features and disease course - Progressive disease course, either from onset (primary progressive course) or after an initial period of relapsing disease activity

CSF findings
MRI

Serology

Other

(secondary progressive course). Consider MS, spinal cord sarcoidosis, metabolic, o genetic etidlogies (e.g., B12 deficiency,
adrenoleukodystrophy).

Hyperacute severe presentation (<12 h). Consider stroke/ischemic damage (e.g., spinal cord infarction, ischernic optic neuropathy)
Concomitant peripheral neuropathy. Can rarely be found in patients with MOGAD but its significance is unclear. Consider other
causes of myeloneuropathy or encephalomyeloneuropathy (e.g., other autoimmune/paraneoplastic neurologic disorders, metabolic
or genetic conditions).

Oligoclonal bands or elevated IgG-Index. Consider MS or sarcoidosis.

Brain abnormalities typical of MS: Ovoid periventricular lesions in the hemispheric white matter (perpendicularly oriented to the main
ventricle axis), brainstem, or cerebellar hemispheres; linear or S-shaped juxtacortical lesions. Ring or open-ring enhancerment.
Spinal cord abnormalities typical of MS: Multiple, short (< 8 contiguous vertebral body segments) lesions peripherally located on
axial images (commonly along the dorsal-lateral columns), often accompanied by focal atrophy. Ring or open-ing enhancernent.
Lesion persistence, or development of new asymptomatic brain/spine lesions over time. Consider MS.

Central vein sign. Consider MS.

Borderiine or low MOG-IgG titer. These should be interpreted based on the clinical-MRI phenotype. Consider repeat tes
with a more accurate assay (e.q., live vs. fixed CBA). Consider GSF testing when the diagnostic suspicion is high.”
Coexistence of neural autoantibodies other than MOG-IgG. In these patients the contribution of MOG-IgG to the neurological
syndrome is generally poor and the clinical-MRI phenotype is mostly driven by the accompanying antibody.

g, preferably

Other clinical-MRI findings suggestive of alternative diagnosis (e.g., blood or microhemorthages on MR, positive screening for
infections on serum and/or CSF).

CBA, cell-based assays; CSF, cerebrospinal fluid; MOGAD, myelin oligodendrocyte glycoprotein-lgG associated disease; MS, multiple sclerosis.  The validity of CSF-exclusive MOG-gG
positivity in conferring a diagnosis of MOGAD s still pending validation.
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Demographics
Most commonly affected
age

Sex (F:M)

Ethnicity

Clinical features

Antecedent
infection/immunization

Disease course

Optic neuritis

Myeliis

Area postrema syndrome
Encephalopathy
Seizures

CsF

Oligocional bands
White cell count >50/ul
MRI

Acute attacks

Optic nerve

Spinal cord

Brain

Initially normal MRI
Post-attack MRI
T2-lesion resolution

New asymptomatic
T2-lesions ocourrence

Residual T1-hypointensity

Persistent acute gadolinium
enhancement >6 months.

Treatment
Acute

Recovery
Maintenance

MOGAD

0-40

11
No clear racial predominance

Common

Relapsing (50%) or monophasic (S0%); a
progressive course is rare

e+
++
Rare
++

3

<20% (transient)
35%

Uni-/bilateral, long lesions (>50%), mainly
anterior segments, perineural
enhancement

Longitudinally extensive (60%), generally
>1 lesion, conus involved, H-sign axiall,
enhancement in 50%

ADEM-lie, “fluffy” lesions in both white
and deep gray matter; extensive
involvement of cerebellar pedunces.
Cortical hyperintensity may occur

Upto 10%

50-80%
Rare

Rare
Rare

IVMP; PLEX if severe episode; IMg
possible alternative, especially for children
Generally good despite severe attacks
No proven treatments with class 1
evidence. Common empiric options.
include mycophenolate, ituximab,
periodic IVig, tocilizumab, oral steroids

AQP4-1gG-NMOSD

30-50

91

Any, African-American and Asian at
higher risk

Rare

Generally relapsing; a progressive course
is extremely rare

++4
+++
++
Rare
Rare

<20% (transient)
13-35%

Uni-/bilateral, mainly posterior segments
including chiasm

Longitudinally extensive (85%), single
lesion. Central/diffuse on axial images.
Elongated ring or patchy enhancement

Often non-specific; area postrema, peri-
39/4™ ventricle, corticospinal tracts,
sometimes extensive white matter lesions

Rare

Rare
Rare

Common
Rare

IVMP; low threshold to follow with PLEX

Often incomplete

Class 1 evidence for: eculizumab,
inebilizurab, rituximab and satralizumab;
other: azathioprine, mycophenolate, oral
steroids, tocilizumab

Ms

20-40

2-3:1
Any, mostly Caucasian

Rare

Relapsing (85%) or progressive from
onset (15%)

++
+4+
Rare
Rare
Rare

>85% (persistent)
Rare

Generally unilateral, short lesions, mainly
along the intraorbital tract

Multiple short lesions; periphery of cord.
Ring or nodular enhancement

Ovoid periventricular, infratentorial,
juxtacortical. Central vein sign. Ring
enhancement

Rare

Rare
Common

Common
Rare

IVMP; PLEX reserved for the rare very
severe attacks

Generally good

Large variety of MS medications proven
to be effective in class 1 studies

ADEM, acute disseminated encephalomyeltis; AQP4-IgG+NMOSD, aquaporin-4-1gG-positive neuromyelis optica spectrum disorder; CSF, cerebrospinal fluid; IVig, intravenous
immunoglobulins; IVMP, intravenous methyl-predhisone; MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease MS, multiple sclerosis; PLEX, plasma exchange.
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Pregnancies Pregnancy after NMOSD onset, NMOSD onset during pregnancy  P-value
n=12 or within 1 year of the
postpartum period, n=12

Age at conception, years, mean (SD) 27.75 (5.04) 27.92 (4.74) 0.934
Mean disease duration at time of pregnancy, months, mean (SD) 1.5(1.0) 2.1 (1.16) 0.198
Pregnancy outcome

Term delivery 7 6 1.000
Elective abortion 1 5 0.155
Premature delivery 3 1 0.580
Miscarriage 1 0 1.000
Preeclampsia 2 3 1.000
Clinical syndromes, n 12 12

Myelitis and optic neuritis 8 2 0.036"
Optic neuritis and acute brainstem syndrome 1 1 1.000
Myelitis and area postrema syndrome 1 0 1.000
Optic neuritis and area postrema syndrome 1 0 1.000
Myelitis and acute brainstem syndrome 0 2 0.478
Myelitis and symptomatic cerebral syndrome with NMOSD-typical brain lesions 0 1 1.000
Symptomatic cerebral syndrome with NMOSD-typical brain lesions 0 3 0.217
Acute diencephalic clinical syndrome with NMOSD-typical brain lesions 0 1 1.000
Area postrema syndrome 1 1 1.000
Myelitis 0 1 1.000
MRI Characteristic

Optic nerve lesion 10 3 0.012*
LETM 9 6 0.400
Dorsal medulla/area postrema lesions 2 2 1.000
Other NMOSD-typical brain lesions 1 8 0.009*
Concomitant with autoimmune diseases/antibodies, n 10 5 0.089
ANA 4 2 0.640
ENA 9 5 0.214
TPO- ab and TG- ab 2 2 1.000

p < 0.05. ANA, antinuclear antibody; ENA-ab, extractable nuclear antigen antibody; NMOSD, neuromyelitis optica spectrum disorder; TG-ab, thyroglobulin antibody; TPO-ab, thyroid
peroxidase antibody; LETM, Longitudinal extensive transverse myelitis; Mean disease duration at time of pregnancy: the time from the symptom onset to alleviation.
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Clinical Characteristics

Age at conception, years, mean (SD)

AQP4 IgG titers

<1:32

>1:32

Clinical manifestations, n

Optic neuritis and acute brainstem syndrome
Myelitis and optic neuritis

Myelitis and symptomatic cerebral syndrome
Optic neuritis and area postrema syndrome
Myelitis and area postrema syndrome
Muyelitis and acute brainstem syndrome
Myelitis

Area postrema syndrome

Symptomatic cerebral syndrome

Acute diencephalic clinical syndrome

MRI Characteristic

Optic nerve lesion

LETM

Dorsal medulla/area postrema lesions

Other NMOSD-typical brain lesions

Concomitant with autoimmune diseases/antibodies, n

EDSS (<3),n=7

29.57 (4.39)

&)

~— 4~ NMOOO -+ 00N

-~ hwWOow

EDSS (>3), n =17
27.18 (4.84)

8
9

3 °

OMNO =N = O =

P-value

0.271
1.000

0.076
0.019*
1.000
0.292
1.000
1.000
1.000
0.076
1.000
0.292

0.659
<0.001*
0.059*

0.356
0.004*

*p < 0.05. NMOSD, neuromyelitis optica spectrum disorder; LETM, Longitudinal extensive transverse myelitis.
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Reference (year)

Kim et al. (5)
Collongues et al. (22)
Wang et al. (24)
Shi et al. (25)
Salvador et al. (27)
Wuebbolt et al. (28)
Shimizu et al. (26)

Type of research Patient No. Pregnancies No.

Retrospective
Retrospective
Retrospective
Retrospective
Retrospective
Retrospective
Retrospective

29
28
60
16
19
4
1

33
38
76
22
30
12
12

Pregnancy Outcome

Kim et al. Term delivery and Premature delivery (24) Miscarriage (6)
Collongues et al. Term delivery and Premature delivery (28) Miscarriage (9)
Wang et al. Term delivery and Premature delivery (43) Miscarriage (4)
Salvador et al. Term delivery (13) Premature delivery (20) Miscarriage (3)
Term delivery (1) Premature delivery (5) Miscarriage (3)

Term delivery (5) Premature delivery (5) Miscarriage (2)

Term delivery (9) Premature delivery (2) Miscarriage (2)

AQP4 IgG(+) during
pregnancy No.

32
38
50
18
30
9
12





OPS/images/fimmu.2021.800666/fimmu-12-800666-g001.jpg
Records identified through database
searching (n=270 )
e PubMed (n=96)
e Embase (n=169)
e The cochrane Library (n=5)

Number of duplicates
(n=65)

Records screened based on title and Articles not fulfill inclusion criteria were
abstract excluded for the following reasons (n= 190)
e Studies lacked of NMOSD patients with
relapse-free during pregnancy
e [Irrelevant studies

Full-text articles assessed for
eligibility (n=15) Full-text article excluded (n=8 )
e Number of patients receiving
immunotherapy not available (n=5)
e No full-text articles (n=3 )

Studies included in
Meta-analysis (n=7)
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Female NMOSD patients
(anti-AQP4 antibody positive), n=117

|

Informative Patients (n=98)

V—l—\

65 patients with no ‘

33 patients with 34

pregnancies pregnancy

Relapse or onset during pregnancy or
within 1 year after delivery/
miscarriage( n =23; 24 pregnancies),
32 attacks

No relapse during pregnancy or < 1 year after
delivery( n=10 ; 10 pregnancies)

Onset within | year after
delivery/ miscarriage
| S Pregnancies, 5 attacks

Relapse within 1 year after Onset during pregnancy

delivery/ IS 7 Pregnancies, 8 attacks
8 Pregnancies, 9 attacks

Relapse during pregnancy
4 Pregnancies, 10 attacks

DPI PP1 PP1 DP1 PPI PP1

1 attacks |2 attacks | 7 attacks 4 attacks 1 attacks 4 attacks
DP2 PP2 PP2 DP2 PP2 PP2

1 attacks 3 attacks 2 attacks 2 attacks 0 attacks 1 attacks
DP3 PP3 PP3 DP3 PP3 PP3

2 attacks 1 attacks 0 attacks 1 attacks 0 attacks 0 attacks
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With IST Without IST Risk Ratio Risk Ratio

1 Tot tal Wi - % . %
Bingxin Shi 2017 7 13 8 9 123%  0.61[0.35,1.0§)
Kim SH 2020 5 2 9 12 14.9%  032(014,073
Liang Wang 2020 4 10 46 66 15.7% 057(0.261.28) — T —
Nicolas Collongues 2021 6 25 8 13 13.7% 039(017,088
Sales Salvador 2019 1 6 21 24 109%  0419(0.03,1.15) ¥
Shuwen Deng 2021 6 14 18 20 19.2%  048(0.26,089) —
Wuebbolt 2018 3 6 4 6 52% 0.75(0.28,2.00) j
Yuko Shimizu 2015 4 7 5 5 82% 061(0.32,1.18)
Total (95% Cl) 102 155 100.0%  0.47 [0.35, 0.62] i
Total events 36 119

Heterogeneity: Chi*= 4.67, df=7 (P = 0.70), F= 0%

Test for overall effect: Z=5.18 (P < 0.00001) o O 15

Favours [with IST] Favours [without IST)

WithIST  without IST Risk Ratio Risk Ratio
ight _M-H, Fixed, 95% Cl M-H, Fixed, 95% Cl
Bingyin Shi 2017 2 13 1 9 88% 1.38[0.1513.07)
Kim SH 2020 6 2 3 12 286%  1.14(0.35 3.76]
Liang Wang 2020 110 3 86 5.9% 2.20(0.25,19.14)
Nicolas Collongues 2021 6 25 3 13 295%  1.04[0.31,3.50)
Sales Salvador 2019 1 6 2 24 60% 2.00[0.22,18.55)
Shuwen Deng 2021 0 14 120 9.4% 0.47(0.02,10.69)
Wuebbolt 2018 1 6 1 6 7.5% 1.00(0.08,12.56]
Yuko Shimizu 2015 2 7 0 5  43% 3.75(0.22, 64.56]
Total (95% CI) 102 155 100.0%  1.29[0.68, 2.43]
Total events 19 14

Heterogeneity: Chi*=1.53, df= 7 (P = 0.98), F= 0%
Testfor overall effect: Z=0.77 (P = 0.44)

0.01 0.1 1 10 100
Favours [with ISTI] Favours [without IST]

with IST without IST

Study o (qroup Event 012

Risk Ratio Risk Ratio

-t X

9 153%  2.14(0.10, 47.38)

Bingxin Shi 2017 1 13 0 -~
Kim SH 2020 1 14 0 9 157% 2.00[0.09, 44.35)

Liang Wang 2020 2 10 2 66 13.8% 6.60[1.04,41.71]

Sales Salvador 2019 1 6 0 24 57% 10.71(0.49,235.22)

Shuwen Deng 2021 2 14 1 20 21.5% 2.86[0.29, 28.53]

Wuebbolt 2018 1 6 0 6 131% 3.00[0.15,61.74]

Yuko Shimizu 2015 2 7 0 5 149% 3.75(0.22, 64.56)

Total (95% Cl) 70 139 100.0% 3.73[1.40,9.91]

Total events 10 3

Heterogeneity: Chi*=1.17, df=6 (P =0.98), F= 0%
Testfor overall effect Z= 2,64 (P =0.008)

0.01 0.1 1 10 100
Favours [IST] Favours [withoutIST)
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Case Age, Initial Other Meningeal MRI CSF

report years/ symptoms  symptoms irritation
sex during the T2WI Contrast Cell count  Protein Other
courses of enhancement (/m) level details
disease (mg/dl)
1. Wang 40/M  Headache Fever, Kernig's T2WI hyperintense in the right Irregular 606 (95% L) 285 310
etal. (6) consciousness  sign and periventricular regions, corpus callosum,  parenchymal and mmHz0,
change nuchal hypothalamus, cerebral peduncle, meningeal 30.24 mg/dl
rigidity midbrain, and upper pons gadolinium glucose,
enhancement normal
chloride
2. Wang 38/F Headache Fever, APS, Kemig's T2WI hyperintense lesions around the Irregular 625 102 200
etal. (6) symptomatic sign and third ventricle, in the corpus callosum, parenchymal, (34.9% N) mmH,0,
narcolepsy, nuchal bilateral periventricular parenchyma, meningeal and normal
apathy rigidity temporal lobes, thalamus, cerebellum, bilateral glucose and
and cerebellar peduncle ependymal chloride
gadolinium
enhancement
3. 45/F  Paresthesia Fever, Neck T2WI hyperintense in the frontal lobes, No enhancement  Pleocytosis 200  Absent OB
Benedetti headache, ON,  rigidity optic tracts, optic chiasm, midbrain, (80
etal (7) consciousness anteroinferior region of basal ganglia, lymphocytes/
change, internal capsule, and hypothalamus, with mmd)
hyponatremia swelling of the cerebral parenchyma
4. Shi 28/F  Fever, - NA NA Cerebral 280 (33% N) 368 220
etal. (8) headache, meninge, spinal mmH,0,
acute meninge 12.06 mg/dl
myelitis enhancement glucose,
113 mmol/
chloride
5. Shi 34/F  Fever, = NA NA Spinal cord, 1,200 215.15 160
etal. (8) headache, spinal meninge (60% N) mmHz0,
acute enhancement 32.4 mg/dl
myelitis glucose,
121.4
mmol/
chloride
6. Shi 29/F  Fever, ON NA NA Spinal cord, 1,131 168.67 220
etal. (8) headache, spinal meninge (83% N) mmH,0,
acute enhancement 39.6 mg/dl
myelitis glucose,
122.4
mmolA
chloride
7.(ndex) 41/M APS Fever, Neck T2WI hyperintensities from C2 to T8 No enhancement 1,250 864.4 180
headache, rigidity ©97% L) mmH,0,
acute myelitis normal
glucose and
chloride

APS, area postrema syndrome; AQP4, aquaporin-4; CSF, cerebrospinal fluid; F, female; L, lymphocyte; M, male; MRI, magnetic resonance imaging; N, neutrophil; NA, not available;
NMOSD, neuromyelitis optica spectrum disorder; ON, optic neuritis; T2WI, T2-weighted imaging; WBC, white blood cell.
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NMOSD patients in remission (Stage 1)

I

Therapeutic group (30 patients) :
primary medications + hUC-MSC (once every 3 months)

DoseA Dose B Dose €.
(10pts) (10 pts) (10pts)

1 1 1

Stage 1: Safety and Efficacy Evaluations (24 months)

1

NMOSD patients in remission (Stage 2)

00—

‘medications + hUC-MSC (once every 3 months) Control group
(a0pts) =
‘medications +
(40 pts) (40 pts) (40 pts)
T T T |

Stage 2:_screening for optimal dose (24 months)

1}

NMOSD patients in remission (Stage 3)

——

Optimal dose (160 pts) Control group (160 pts)

1 1

Stage 3: Safety and Efficacy evaluations (24 months)

7

Completion
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Follow-up Period vo Vi v2 V3 v4 V5 Ve v 3 vo
(Screening)  (Baseline)

Time —30~—1d 0 3M:7d 6M£7d OM£7d 12M£7d 15M£7d 18M£7d 2iMx7d 24M7d
General characteristics o

Inclusion and exclusion criteria J

Informed consent v

Physical examination v v o v v v v v v
EDSS score v v v v v v v v v
0OSIS score v v v v v v v v v
Hauser walking index M v v M v v v v v
SF-36 score v v v v v v v v v
Exploratory endpoints associated tests J v v v v v v v v
Complete blood counts v v v v v v v v v
Urinalysis v v v v v v v v v
Coagulation function v I v v v v v v v
Liver and kidney function v v v v v v v v v
Serum glucose v v v v v v v v v
Serum electrolyte v v v v v v v v v
Thyroid function v

Urine HCG v v v v v v v v v
Tests for infective diseases v v v
Tumor markers M M M v M v M v v
EKG v v v v v v v v v
Abdominal ultrasound. v v v v v v v v v
Chest X-ray or CT v v v v v v v v v
MRI (head) v v v
MRI (spinal cord) v v v
MRI (optical nerve) v v v
ocT v v v
Primary treatment v v v v M v v v v v
hUC-MSC or placebo treatment v v v v

Record of AE v v v v v v v v v
Record of combined medications v v v v v v v v v
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Mumoli et al. (19) 43 Male ChAdOx1
nCOV-19
Dams et al. (20) 59 Mae ChAdOx1
nCOV-19
Our case 68 Female mRNA-
1273

MOGAD, MOG antibody associated disorders; CSF, cerebrospinal fluid: OCB, oligoclonal band: LETM, longitudinally extensive transverse myelits,

Interval between
vaccination and
onset

7 days after first
dose

14 days after first

dose

14 days after
second dose

Symptoms

Bilateral lower
limbs weakness
urinary retention
paresthesia, gait
disturbance,
urinary and rectal
dysfunction
Paresthesia on her
right V2 and V3
area

MRI findings

Multiple brain
white matter lesion
and LETM

LETM

Cerebellar
peduncle lesion

CSF cell
count (/ul)

43

110

CSF Protein OCBs
(m/di)

406 )
nd. &)
% )

Treatment

VMP

VMP and PLEX

VMP

Outcome

Mostly recovered

Partially recovered

Partially recovered

d., not described: IVMP, intravenous methylorednisolone; PLEX, plasma exchange.
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VzV infection Neuroborreliosis p-value®
RBC count (cells/uL), median (IQR) 2 (0-21) 4 (0-7) 0.719
WBC count (cells/uL), median (IQR) 99 (18-274) 154 (105-216) 0.087
CSF/serum glucose ratio, median (IQR) 0.55 (0.48-0.67) 0.53 (0.44-0.65) 0.227
CSF total protein (mg/dL), median (IQR) 67 (46-102) 102 (46-179) 0.132
Qalb, median (IQR) 9.44 (6.79-16.22) 14.79 (6.8-28.89) 0.183
IgG index, median (IQR) 0.58 (0.51-0.66) 0.79 (0.62-1.01) <0.001*
Intrathecal I9G synthesis (%), median (IQR)" 0(0-0 2.02 (0-25.56) <0.001*
Intrathecal IgA synthesis (%), median (IQR) ' 0(0-0) 0(0-6.39) 0.059
Intrathecal IgM synthesis (%), median (IQR) 2 0(0-0) 42.54 (0-66.4) <0.001*
VZV antibody index, median (IQR)® 2.1 (0.6-3.1) na na
Borrelia antibody index, median (IQR) na 23.6 (7.5-43.8) na

Data from: " 90 cases, ? 85 cases, ? 31 cases (18 cases>1.5). CSF WBC and RBC were counted within the Fuchs-Rosenthal chamber (volume of 3.2 ). Counts are reported as “cells/uL.”
(correction for a standard volume of 1 uL was achieved by dividing by 3.2). CSF, cerebrospinal fluid; IQR, interquartile range; n, number; na, not applicable; PCR, polymerase chain

reaction; RBC, red blood cell; WBC, white blood cell; Qalb, CSF/serum albumin quotient; VZV, varicella zoster virus.
4calculated by Mann-Whitney U test, uncorrected p-values are shown, after Bonferroni correction still significant at a level of 0.05.
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Case Clinical Neurological symptoms Presence Timeof Levelrash V2V Presence/ Imaging findings Antibody status Follow-up  Reference#
phenotype ofrash  onset DNA  absence of
after PCR  VZV-lgG/igM
Rash in elevation
days
Cases with MOG IgG
Mae,  LETM Paraparesis + 10 Letl2d  + ok Lesion from the bottom of the medulla oblongata to the MOGHgG +, cell-based- (15)
69a dematome upper (12) thoracic region onay
Female, Myeltis  Paraparesi, loss of pain and temperature pimay 21 na ndnd normal MOGgG + Clrical remission @5
4a ‘sensation below her groin, absent vibration vav MOG IgG remained
sense in both lower mbs infection postive
Female, LETM nk + 1 c nk  Increased VZV  Mysitis: C2-4,T 1, Medula oblongata MOGgG + Clical remission 0
2a dermatome IgM EDSS 610 1),
relapse, NMOSD
criteria fulled
Mae,  LETM ‘Sensomotor paraytic syndrome (sensory + 6  RghtTs -  CSFVZVASI  Lesion: T1 tothe conus medularis with only a very faint MOGHigG + (1:1280),  Cinical remission Present
0a evel below T6), subsequent gait ataxia, dermatome increased (9.4)  leptomeningeal contrast enhancement cel-based assay MOG IgG turmed case
neurogenic bladder disturbance negative
Cases with AQP4 1gG
Femae, LETM Paresis (3-4/5) and mid hypoesthesia of the + 14 Aongthe - CSFVZVASI Lesion fom G7 to Th9 with marked oedemaand moderate  AQPA-lgG +, tissue-  Partal ciical 0
63a left leg, sensory impairment for temperature lumbar nomal gadolinium enhancement based indirect remission (atter
and pain of the right leg and the trunk below spine immunofiuorescence  plasmapheress)
level T10, urine incontinence assays AQP-4 IgG tumed
negative
Female, LETM, Decreased power (3/5), hyperrefiexia along + 49 RgtCs -k Enhancing intramedulry lesion G2 -4, centrally into the right  AQP4-IgG firstattack  Two relapses, ®
512 with sensory loss in the right upper and lower dermatome of the midine with signal changes at the T level without  1d, relapse + (>1:160)  diagnosis NMOSD,
extremity, hyperesthesia in the entire left enhancement or expansive appearance persistent AQP-4
Tower extremity 196, cinical
remission
Female, LETM nk + s C nk increased V2V Myelts: 16 AGP4-1gG + Giical remission 0
59a dermatome igM EDSS 210 1), 0
relapse, NMOSD
crteria fulfled
Femae, LETM Acute quadiplegia + 7 LetTes - IncreassdVV  nk AQP4-IG firstattack  Partial ciical )
292 dematomes IgM nd, relapse + (1:80),  remission, reapse -
tissue-based indirect  LETM, NMOSD.
immunofluorescence  cteria ulfled
assays
Female, LETM Paraparesis, sensory level by L4, urine + 2 Letlast o+ ok Lesion extending from G2-G3 o T12 with no gadoliium  AQP4-IgG firstattack ~ Severe sequelae, (10
77a retention dematomes enhancement nd, relapse +indirect  relapse, NMOSD
immunofluorescence  citeria ulfled
serum assay (1:10)
Female, LETM Right arm abauction paresis, brisk refiexes in + 14 RgtCs - ok Cervical LETM AQP4-IgG postive, cell  Full recovered, )
#8a the lower imbs, diminished reflexes in the dematome based assay except for mid
upper b, extensor plantar response sensory symptoms,
biateraly NMOSD crteria
ffiled
Female, LETM Hyperhidrosis of left side of her face, neck, + 7 T56 ™ CSFVZVIgG  Leson extending from T1-7 AQPA-IgG + Relapse (12)
53a am and upper chest, muscie weakness of dermatome index increased
her left leg, sensory impairment for ight touch @9
and temperature in her chest and legs.
Female, LETM Dysesthesia of the right side of the face, + 14 LeftC3T4 -  CSFVZVAS|  Leson extending from the lower part of the medull AQP4-1gG +, celFbased  Mid response to ©
552 neck, bilateral upper extremities, and T4-T10 dermatomes increased (4.53)  oblongata to C5, with marked edema and moderate assay reatment, relapse,
levels, urine incontinence gadolinium enhancement and abnormal gadofinium NMOSD criteria
enhancement of the ket spinal posterior root fulfled
Female, Area Right eye mydriasis, pioerection, + 21 RghtT2 -  IQMVZVAS|  Lesons invoived the area postrema, right ventrothalamic  AQPA-IgG + NMOSD criteria (13)
17a  postrema  poikiothermia, mid hypoesthesia, and pain in dermatome increased (7.0)  area, periaqueductal gray, optic racts, and cervical and fulfled, resolution
syndrome e right am and trunk in the T2-T3 thoracic regions, longitudinally extended from G1-5 and from
andLETM  dermatomes/intractabie vorniting G6-T6 and axially involing two-thirds of the spinal cord

A, age; AQP4, aquaporin-4; ASI, antibody specific index; C, cervica; CSF, cerebrospinal fluid; LETM, longitudinally extensive transverse myelitis; MOG, myeiin oligodendrocyte glycoprotein; L, lumbar; MRI, magnetic resonance imaging; not

applicable, na; nd, not done; NMOSD, neuromyeitis optica spectrum disease: nk, not known; T, thoracic: V2V, varicella zoster virus: +, positive;

necaihe:
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Author

Watanabe et al. (59)
Kimet al. (79)
Altas et al. (75)
Schindler et al. (76)
Kimetal. (71)
Chang et al. (77)
Zhang etal. (76)

Comparison of levels*

vs. HC vs. MS

1(077v5.972) 1 (2077 vs. 121.1)
NA N/A
1(1283vs.718) 1 (12835.97.5)
NS (1002vs.67.7)  N/A
1(154.1v5.989  NA

12741 vs.61.4) 1 (274.1vs.66.5)
(1497 vs.68.7)  N/A

vs. MOGAD

N/A

1 (1231 v5.90.2)
N/A

NS (1092 vs. 81.1)
NA

NS (274.1 vs. 136.7)
N/A

Attack vs.
remission*

1 (6409 vs. 152.9)
1 (2538 vs. 104.4)
1 (2,160 vs. 168.4)
NA

1 (2755 vs. 153.7)
1 (284.4vs. 147.1)
12,691 vs. 114.0)

Correlation with

Age

NS
NS
+

+

NS
NS
NS

EDSS

N/A

N/A

Prediction for
future attack

(Elevated vs.
non-elevated)

NA
NA
Hazard ratio 3.09
Hazard ratio 11.6
NA
NA
NA

Treatment
effect

NA

NA
Inebilizumab?
NA
Rituximab'
NA

Tocilizumab,
rituximab$

EDSS, expanded disabilty status scalo; GFAR glial fibrillary acidic protein; HC, healthy control; MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease; MS, multiple
sclerosis; N/A, not available; NMOSD, neuromyeltis optica spectrum disorder; NS, not significant.

*The unit for GFAP levels is pg/mL.. The figures in parentheses are median level of blood GFAP of each group.
tinebiizumeb attenuated the attack-related increase in serum GFAP levels (inebilizumab, median fold change (FC): 1.1 vs. placebo, median FC: 20,2}, and decreased serum GFAP levels
in patients who did not experience attecks (inebilzumab, ~12.9% vs. placebo, +2.9% at week 16).
“Rituximab-treated patients manifested stable serum GFAP levels over time, but other immunosuppressant-treated patients, treated with corticosteroids and/or immunosuppressants
(azathioprine, mycophenolate mofeti, or methotrexate), showed significantly increased serum GFAP levels over time (ituximab: baseline 145.6 pg/mL. — follow-up 168.1 pg/mL, p =
0.433; immunosuppressant: baseline 128.6 pg/mL — follow-up 153.0 pg/mL, p < 0.001).
STocilizumab and rituximab decreased plasma GFAP levels by 36 and 23%, respectively, compared to the change between baseline and follow up of the prednisone-treated group.
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Effect

Direct effect

Serum levels of RGMa to EDSS at admission

Serum levels of RGMa to EDSS at admission®
Indirect effect

Serum levels of RGMa to degree of MRI enhancement
and EDSS at admission

Serum levels of RGMa to degree of MRI enhancement
and EDSS at admission/A

Total effect

Serum levels of RGMa to EDSS at admission

Serum levels of RGMa to EDSS at admission”

0.240™
0.209™

0.258™

0.283"

0.499™*
0.492"**

"Adjusted for age, sex, total disease course, and number of episodes.
PB=standardized coefficient; LLCl=lower limit of the 95% confidence interval. ULCl=upper

limit at 95% confidence interval.
**P < 0.01,**P < 0.001.

LLCI

0.084
0.046

0.116

0.123

0.298
0.284

ULClI

0.396
0373

0.405

0.456

0.699
0.701
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Effect

Direct effect

Serum levels of RGMa to EDSS at admission

Serum levels of RGMa to EDSS at admission®™
Indirect effect

Serum levels of RGMa to Time from attack to sampling
and EDSS at admission

Serum levels of RGMa to Time from attack to sampling
and EDSS at admission®

Total effect

Serum levels of RGMa to EDSS at admission

Serum levels of RGMa to EDSS at admission”

B

0.396"*
0.386™*

0.118*

o.127*

0.513™*
0.513"*

LLCI

0.197
0.181

0.064

0.064

0.317
0.311

ULClI

0.595
0.692

0.193

0.204

0.709
0715

"Adjusted for age, sex, total disease course, and number of episodes.
PB=standardized coefficient; LLCl=lower limit of the 95% confidence interval. ULCl=upper

limit at 95% confidence interval.
*P < 0.05 *P < 0.001.
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# Myelitis ON EDSS Numberof Number of Brain MRI Disease duration Duration from first Treatment ocB

relapses  relapses (months) episode to MRI
before MRI (months)

1 No BILON 1 2 2 Encephalits-like® 48 30 B-cell depletion Negative

-4 No Uni ON i 2 1 Normal 30 1 Prednisone Positive

3 Yes Uni ON 0 3 2 NMO-like® a2 11 Methotrexate Negative

4 Yes No 0 1 1 Normal 36 3 No Treatment Negative

5 No BILON 2 4 2 MS-ike® 24 12 B-cell depletion Positive

6 No No 0 1 1 Non-specific 18 18 No Treatment Positive
lesions®

7 Yes No 5 1 1 Normal 72 58 No Treatment Negative

8 Yes UniON 4 2 2 Normal 18 11 No Treatment Negative

9 No Uni ON i 1 1 Normal 42 9 No Treatment Negative

10 Yes No 1 1 1 Normal 54 33 No Treatment Negative

11 No BILON 1 2 1 Non-specific 30 6 Prednisone Negative
lesions®

12 No BILON 1 1 1 NMO-ike 132 84 No Treatment NA

13 No BILON 0 1 1 Normal 30 Atfirstepisode  No Treatment Negative

14 No UniON 1 2 2 Normal 120 120 B-cell depletion NA

Prednisone

15 Yes No 0 1 1 Area postrema 42 11 No Treatment NA
lesion

16 No UniON 0 4 4 Normal 182 9% Cellcept NA

17 No BILON 1 1 1 Normal 8 Atfirstepisode  No Treatment Negative

18 No Uni ON 1 1 1 Normal 5 At first episode No Treatment Negative

19 No UniON 2 1 1 Normal 5 Atfirstepisode  No Treatment Negative

20 No Uni ON 0 1 1 Normal 4 At first episode No Treatment Negative

21 Yes No 2 1 1 Normal 3 Atfirstepisode  No Treatment Positive

22 No Uni ON [ 1 1 Normal 108 At first episode No Treatment Negative

Uni ON, unilateral optic neuritis; BIL ON, bileteral optic neuritis; NMO, neuromyelitis optica; OCB, oligoclonal bands; NA, data not avieble; EDSS, estimated disabilty status scale.
aProlongation of MR signal at frontal, parietal and temporal cortex. In addition, prolongation of MR signal in pons and brain stem.

b Abnormal signal intensity involving the medulla and pons.

*Multiple white matter lesion within the white matter of the cerebral hemispheres. One lession located i the periventriculer white matter of the occipital fobe.

9Multiple bilateral hyperintense non-enhancing T2/Flair Foci involving the supratentorial periventriculer and centrum locations.

®Non-specific lesions at subcortical frontal white matter.

'Prolongation of T2/Flair in subcortical supratentorial deep white matter.
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Primary antibodies

Secondary antibodies

Antibody Company Dilution Antibody Company Dilution
Anti-C1q Abcam 1:200 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:500
Anti-C3 Cedarlane 1:500 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:500
Anti-GFAP Millipore 1:2000 Donkey anti-chicken Alexa Fluor 488 Jackson Immuno Research 1:500
Anti-lba1 Synaptic Systems 1:500 Donkey anti-chicken IgG Cy3 Millipore 1:400
Anti-MAC Thermo Scientific 1:100 Donkey anti-rabbit Alexa Fluor 5565 Invitrogen 1:500
Anti-RBPMS Millipore 1:500 Donkey anti-rabbit Alexa Fluor 555 Invitrogen 1:500
Anti-Tmem119 Abcam 1:200 Donkey anti-rabbit Alexa Fluor 488 Jackson Immuno Research 1:500
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Variables R P value R?

Age -0.162 0.144 0.0262
Sex -0.024 0.827 0.0006
Time from attack to sampling -0.444 <0.001 0.1971
Number of episodes -0.088 0.436 0.0077
Total disease course -0.128 0.277 0.0151
EDSS at admission 0.521 <0.001 0.2714
EDSS at discharge (mean+Std) 0.019 0.872 0.0004
Delta EDSS -0.640 <0.001 0.4096
AQP4 titer -0.12 0.352 0.0140
Degree of MRI enhancement 0.757 <0.001 0.5731
Number of lesions on T2 0.169 0.179 0.0286
Length of spinal lesions 0.476 <0.001 0.2266

Delta EDSS score (EDSS at discharge minus EDSS at admission).
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Univariate Multivariate
B 95%Cl p B 95%Cl p

Age 3.612 (-205.65,30.45) 0.09 3.612 (-76.49,83.71) 0.929
Sex

Female -

Male -469.02 (-4721.68,3783.64) 0.83 -1683.055 (-4481.19,1115.08) 0.234
EDSS at admission 2503.87 (15685.81,3421.94) <0.001 906.529 (65.88,1747.18) 0.035
Delta EDSS -4341.10 (-6574.83,-3107.37) <0.001 -1902.658 (-3310.286-495.029) 0.009
Time from attack to sampling -56.20 (-81.27,-31.14) <0.001 1.711 (-19.48,22.90) 0.872
Degree of MRI enhancement 8546.90 (6882.68,10211.12) <0.001 6986.044 (4865.71,9106.38) <0.001
Length of spinal lesions 2191.23 (1376.10,3006.36) <0.001 861.077 (183.96,1538.20) 0.014

Delta EDSS score (EDSS at discharge minus EDSS at admission).
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RGMa level it P value

Relapse in ON (n=9) 19196.78+3871.84 2.942  0.007
Non ON relapse (n=19) 26588.45+7030.32

Relapse in myelitis (n=15) 29440.356+4123.50 7.078 <0.001
Non myelitis relapse (n=13) 18161.80+4298.86

Before IVMP (n=20) 23870.2+7769.62  3.993 0.02
After IVMP (n=20) 17545.2+5977.55

Delta EDSS after VMP 1.16+1.10 -6.788 <0.01
First episode (n=14) 26747.23+5306.56 1.6566  0.133
Non first episode (corticosteroid/ 22676.01+8514.95

immunosuppressive agent) (n=15)

A paired t-test was used for the two groups before and after IVMP treatment in the early
acute phase; A independent t-test was performed for the other two groups.
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NMOSD (N = 83) RGMa lower group (N = 41) RGMa higher group (N = 42) P value
Age (mean+Std) 38.94+15.30 41.97+15.48 35.98+14.70 0.074
Sex (Female, %) 63 (75.9) 32 (78.8) 31(78) 0.652
Time from attack to sampling (median, IQR, day) 10 (5,26) 25 (7.5,55) 6 (4,10) <0.001
Number of episodes (median, IQR) 2(2,3.5) 229 2.5(1.5,4) 0.009
EDSS at admission(mean=Std) 3.80+1.73 3.19+1.62 4.40+1.64 0.001
EDSS at discharge(mean+Std) 2.46+1.60 2.66+1.63 2.25+1.59 0.275
Delta EDSS -1.32+1.21 -0.65+0.86 -2.02+1.13 <0.001
Serum levels of RGMa (mean+Std, ng/mi) 18800.32+8279.17 11746.78+3362.01 27382.85+6181.19 0.001
Length of spinal cord lesions (mean+Std) 4.72+2.07 3.57+1.30 5.82+2.08 <0.001
Number of lesions on T2 (median, IQR) 2(26) 3(155) 45(37.5) 0.241

EDSS, Expanded Disability Status Scale; IQR, interquartile range;
Delta EDSS score (EDSS at discharge minus EDSS at admission).
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Gene

Forward (F) and reverse (R) oligonucleotides

GenBank acc. no.

Amplicon size

Actb-F
Actb-R
Clga-F
Clga-R
Clgb-F
Clgb-R
Ci1qc-F
C1qc-R
C3-F
C3-R
Cd68-F
Cd68-R
C-F
Ch-R
Gfap-F
Gfap-R
He-F
He-R
Ibal-F
Iba1-R
Masp2-F
Masp2-R
Poudf1-F
Pou4f1-R
Ppid-F
Ppid-R
Tom-F
Tob-R
Tmem119-F
Tmem119-R
Tnfa-F
Tnfa-R

The primer pairs listed in the table were used in RT-gPCR experiments. Actin (Actb) and Cyclophilin (Ppid) served as housekeeping genes. F, forward: R, reverse.

ctaaggccaaccgtgaaag
accagaggcatacagggaca
cgggtetcaaaggagagaga
tcctttaaaacctcggatacca
aggcactccagggataaagg
ggteccctttctctccaaac
atggtegttggacccagtt
gagtggtagggecagaagaa
accttacctcggeaagtttct
ttgtagagctgctggtcagg
tgatcttgctaggaccgetta
taacggcectttttgtgagga
ctcgaacctgcagatccac
tcaaagtcctgeggtegt
acagactttctccaacctccag
cottctgacacggatttggt
tgacaccaggcttcagaaagt
agttgcgcacagtcagctt
ggatttgcagggaggaaaa
tgggatcatcgaggaattg
ggeggctactattgetect
aacacctggcectgaacaaag
cteoctgagcacaagtacce
ctggcgaagaggttgcte
ttcttcataaccacaagtcaagace
tccaccteegtaccacate
aggaggtttataaaatcgacatgc
tgtaacaactgggcagacagttt
gtgtctaacaggecccagaa
agccacgtggtatcaaggag
ctgtagcccacgtcgtage
ttgagatccatgeogtty

NM_007393.5

NM_007572.2

NM_009777.3

NM_007574.2

NM_009778.3

NM_001291058.1

M57890.1

NM_010277.3

XM_017315669.2

D86382.1

NM_001003893.2

AY706205.1

M60456.1

XM_006497136.3

NM_146162.3

NM_013693.3

104 bp
71 bp
80 bp
75 bp
75 bp
66 bp
112 bp
63 bp
69 bp
92 bp
86 bp
98 bp
95 bp
65 bp
110 bp

97 bp
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One-vs.-rest classification ROC_AUC (95% CI) Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%) F1

Brain MRI as model inputs

MS vs. others 0.936 (0.855, 0.990) 88.9 78.6 925 786 925 0.786
AQP4+ NMOSD vs. others 0.940 (0.870, 0.986) 87.0 78.6 96.2 95.7 80.6 0.863
MOGAD vs. others 0.782 (0.606, 0.938) 85.2 58.3 929 70.0 88.6 0.636
Spinal cord MRI as model inputs

MS vs. others 0.724 (0.539, 0.897) 74.5 70.0 75.6 41.2 91.2 0.519
AQP4+ NMOSD vs. others 0.689 (0.520, 0.833) 70.6 71.9 68.4 79.3 59.1 0.780
MOGAD vs. others 0.714 (0.494, 0.919) 82.4 55.6 88.1 50.0 90.2 0.526
Combined brain and spinal cord MRI as model inputs

MS vs. others 0.933 (0.848, 0.991) 84.7 92.9 822 61.9 97.4 0.743
AQP4+ NMOSD vs. others 0.942 (0.879, 0.987) 88.1 87.9 885 90.6 85.2 0.892
MOGAD vs. others 0.8083 (0.629, 0.949) 72.9 83.3 70.2 M7 94.3 0.556

AQP4+ NMOSD, aquaporin 4 positive neuromyelitis optica spectrum disorders; AUC, area under curve; Cl, confidence interval; MOGAD, myelin oligodendrocyte glycoprotein antibody
associated disease; MS, multiple sclerosis; ROC, receiver operating characteristic curve.
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Development Set (n = 231)

Testing Set (n = 59)

MS AQP4+ MOGAD MS AQP4+ MOGAD p value*
NMOSD NMOSD

Clinical characteristics
No. of patients, n 53 129 49 14 33 12 -
Age, mean = SD, years 33.11+ 12.83 44.21 £ 1410 23.31 + 18.09 34.50 + 14.03 42.12+15.30 27.33 +15.74 >0.05
Aduits (>18 years), n (%) 50 (94.34%) 126 (97.67%) 22 (44.90%) 14 (100%)  31(93.94%) 7 (58.33%) =
Sex (male/female) 28/25 10/119 20/29 8/6 3/30 6/6 >0.05
Disease duration, mean + SD, months 31.74 £ 50.41 26.76 +51.80 14.15+37.74 46.96 +48.99 38.50+79.02 10.33 +24.11 >0.05
Onset times, mean + SD 1.96 + 0.88 1.90 + 1.34 1.47 £ 0.92 2.14 £ 0.66 1.73+1.21 1.17 £ 0.39 >0.05
First attack, n (%) 18(33.96%) 66 (51.16%) 36 (73.47%)  2(14.29%) 20(60.61%) 10 (83.33%) =
Second attack, n (%) 22 (41.51%)  35(27.13%)  6(12.24%) 8 (57.14%) 7(21.21%) 2 (16.67%) =
>3 attacks, n (%) 13(24.53%)  28(21.71%) 7 (1420%) 4 (28.57%) 6(18.18%) 0(0) -
EDSS score at the time of MRI, mean + SD 3.58+1.87 570 £2.22 2.45+1.28 414 +1.62 4.86 +1.99 2.54 +1.66 >0.05
Visual disturbance, n (%) 21 (39.62%) 48 (37.21%) 27 (55.10%) 4 (28.57%) 9 (27.27%) 5 (41.67%) >0.05
MRI scanning information
No. of MRI sequences 178 411 166 45 112 41 -
Brain + spinal cord, n (%) 39 (73.58%) 91 (70.54%) 36 (73.47%) 10(71.43%) 26 (78.79%) 9 (75.00%) i
Brain only, n (%) 13 (24.53%) 6 (4.65%) 12 (24.49%) 4 (28.57%) 1 (3.08%) 3(25.00%) =
Cervicothoracic and/or thoracolumbar spinal cord only, 1(1.89%) 32 (24.81%) 1(2.04%) 0(0) 6 (18.18%) 0(0) =
n (%)
MR scanner field strength
3.0 T scanners 12 50 28 2 13 3 =
1.5 T scanners 41 79 21 12 20 9 -

*Significant difference (p < 0.05) of each clinical variable in the MS, AQP4+ NMOSD, and MOGAD groups, respectively, between the development and testing datasets.
AQP4+ NMOSD, aquaporin 4 positive neuromyelitis optica spectrum disorders; EDSS, expanded disability status scale; MOGAD, myelin oligodendrocyte glycoprotein antibody
associated disease; MRI, magnetic resonance imaging; MS, multiple sclerosis; SD, standard deviation.
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Subject  Diagnosis

1 MOGAD
2 RRMS

3 HC

4 MOGAD
5 MOGAD
6 MOGAD
£ MOGAD
8 MOGAD
9 RRMS
10 RRMS
1 RRMS
12 RRMS
13 RRMS
14 HC

15 HC

16 HC

17 HC

18 HC

Sex

mnmMTmMzzTMZzMZANMTMZZNEZEZZ

Age (years)

53
37
38
22
20
49
50
33
a7
26
84
22
21
49
30
20
54
52

Race

Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese
Han Chinese

Presentation at acute phase

Encephalitis and epileptic seizure
Numbness and weakness of limbs
NA

Opic neuritis

Encephalitis and seizure

ADEM

Myeitis

Encephalitis

Left imb weakness

Cerebellar atexia

lower-extremity weakness

Left lower-fimb numbness and weakness
Diplopia and eye movement disorders
NA

NA

NA

NA

NA

MOG antibody titer (serum)

1:100
Negative
NA

1:10
1:1000
1:100
1:320
1:32
Negative
Negative
Negative
Negative
Negative
NA

NA

NA

NA

NA

Cell counts/ul

50
5
NA
9
29
10
36
32
10
2

4
4
8
NA
NA
NA
NA
NA

Protein, mg/di

44
23
NA
13
19
2
43
41
Y
18
38
17
21
NA
NA
NA
NA
NA

Analysis

scRNA-seq

soRNA-seq

SoRNA-seq

Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry

ADEM, acute disseminated encephalomyeltis; HC, healthy control; ON, optic neurits; OB, oligoclonal band; MOGAD, myelin oligodendrocyte glycoprotein (MOG) antibody-associated dissase; NA, not applicable; RRMS,
relapsing-remitting multiple sclerosis; scRNA-seq, single-cell RNA sequencing.
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Clinical Characteristics Pregnancies after NMOSD onset  Pregnancies without pregnancy-related P-

with PRA, n=24 attack, n=10 value
Age at conception, years, mean (SD) 27.88 (4.75) 28.02 (4.76) 0.945
Pregnancy outcome
Term delivery 13 g 0.467
Elective abortion 6 1 0.644
Premature delivery 4 2 1.000
Miscarriage 1 0 1.000
Preeclampsia 5 1 0.794
NLR at conception or within 1 year of the postpartum period (prior to 7.85(3.98) 3.98 (1.08) <0.001*
IS treatment), mean (SD)
EDSS score during conception or within 1 year of the postpartum 4.84 (1.94) 4.70 (1.23) 0.826
period, mean (SD)
EDSS score at 1 year after delivery, mean (SD) 5.95 (1.61) 4.95 (1.21) 0.086
Unhealthy newborn 1 2 0.201
Concomitant with autoimmune diseases/antibodies, n 15 3 0.134

*n < 0.05. NLR, neutrophil-to-lymphocyte ratio; NMOSD, neuromyelitis optica spectrum disorder; EDSS, Expanded Disability Status Scale.
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N
IFN-gamma
IL-1beta
IL-10
IL-13
IL-17A
IL-21
IL-6

IL-7

IL-8
NGF-beta
TNF
VEGF-A
APRIL
BAFF
CXCL13
G-CSF
MIF
IL-1RA
MMP-2
MMP-3
MMP-8
MMP-9

*n <0.05.

Low recurrence rate (range)

37
0.000
0.12 (0.00-4.69)
0.06 (0.00-1.98)
0.000
1.06 (0.00-5.78)
16.90 (0.00-474.73)
0.23 (0.00-8.65)
1.30 (0.06-1.62)
5.599 (0.00-168.43)
0.38 (0.00-14.15)
0.11 (0.00-3.94)
274.7 (17.64-1284.32)
2163 (0.00-9740.55)
0.28 (0.00-10.51)
51.82 (0.00-149.08)
8.09 (0.00-108.58)
80.32 (49.3-93.6)
26.48 (0.00-650.43)
96.15 (0.00-130)
174.7 (0.00-334)
7.76 (0.00-226.57)
100.00 (0.00-1340.75)

High recurrence rate (range)

9
0.000
0.000
0.000
0.000
0.45 (0.00-4.07)
6.41 (0.00-57.67)
0.000
1.20 (0.00-1.35)
0.93 (0.00-8.38)
0.000
0.000
235.7 (0.00-600.4)
3240 (0.00-9880.43)
0.00
78.88 (30.89-181.78)
1.91 (0.00-17.16)
73.79 (0.00-218.56)
0.00
61.04 (0.00-294.62)
208.13 (0.00-1053.88)
0.00
80.51 (0.00-244.47)

p-value

0.367
0.799

0.647
0.69
0.792
0.448
0.019*
0.357
0.124

0.355
0.686

0.572
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Low recurrence rate

High recurrence rate

p-value (P3 vs. P2)

N
Faecal sample
Female, n (%)
Age, years
BMI, kg/m?
Work (2), n (%)
High-oil diet, n (%)
High-salt diet, n (%)
Smoker, n (%)
Drink alcohol, n (%)
Sports frequency (1, 2) (%)
Sports strength (1, 2) (%)
AQP4-IgG, n (%)
ARR, mean
Course of disease, years
EDSS, mean
mRS, n (%)

0

1

2

3
Immunosuppressant
Azathioprine
Mycophenolate mofetil

ARR, annual recurrence rate; EDSS, Expanded Disability Status Scale; mRS, modified Rankin Scale.

49
46
93.9%
430
223
33 (84.6%)
5 (12.8%)
11 (38.3%)
2 (5.13%)
2 (5.13%)
26 (66.7%)
7 (17.9%)
49 (100%)
0.4
6
3.0
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9(23.1%)
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11 (22.4%)
23 (46.9%)

10
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100%
475
23.9
8 (80.0%)
1 (10.0%)
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10 (100%)
1.0
15
275

1 (10.0%)
7 (70.0%)
2 (20.0%)
0 (0.00%)

2 (20.0%)
7 (70.0%)

0.568
0.202
0.659
0.781
0.315

0.384
0.412

<0.001
0.023
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