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Abstract. 
Astrocytic impairment is a pathologic feature of neuromyelitis optica spectrum disorder (NMOSD). S100B and glial fibrillary acidic protein (GFAP) are the two most commonly used astrocytic markers. The aim of this study was to evaluate whether CSF-S100B could serve as a marker of NMOSD. We enrolled 49 NMOSD patients [25 aquaporin-4 antibody (AQP4-Ab)–positive, 8 myelin-oligodendrocyte glycoprotein antibody (MOG-Ab)-positive, and 16 seronegative patients], 12 multiple sclerosis (MS) patients, and 15 other noninflammatory neurological diseases (OND) patients. The CSF levels of S100B and GFAP were measured by ELISA. Both CSF-S100B and GFAP levels significantly discriminated NMOSD from MS [area under curve (AUC) = 0.839 and 0.850, respectively] and OND (AUC = 0.839 and 0.850, respectively). The CSF-S100B levels differentiated AQP4-Ab–positive NMOSD from MOG-Ab–positive NMOSD with higher accuracy than the CSF-GFAP levels (AUC=0.865 and 0.772, respectively). The CSF-S100B levels also significantly discriminated MOG-Ab–positive patients from seronegative patients (AUC = 0.848). Both CSF-S100B and GFAP levels were correlated with the Expanded Disability Status Scale (EDSS) during remission. Only the CSF-S100B levels were correlated with the CSF WBC count and the EDSS during attack. The levels of CSF-S100B seemed to have a longer lasting time than the levels of CSF-GFAP, which may benefit patients who present late. As a result, CSF-S100B might be a potential candidate biomarker for NMOSD in discriminating, evaluating severity, and predicting disability.



1. Introduction
Neuromyelitis optica spectrum disorder (NMOSD) is a relapsing and often severely disabling autoimmune disease of the central nervous system (CNS), predominantly targeting the optic nerves and spinal cord [1]. More than half of the patients with NMOSD are positive for autoantibodies against the water channel aquaporin-4 (AQP4-Ab), which is mainly expressed in astrocytic foot processes [2, 3]. Astrocytic impairment associated with the loss of AQP4 is a pathologic feature of NMOSD, which is distinct from multiple sclerosis (MS) [4].
S100B and glial fibrillary acidic protein (GFAP) are two astrocytic markers often used to indicate astrocytic damage or dysfunction [5]. In the cerebrospinal fluid (CSF) of patients with neuromyelitis optica (NMO), the levels of S100B and GFAP are higher than those in the CSF of patients with MS and other noninflammatory neurological disorders (OND) and correlate with Expanded Disability Status Scale (EDSS) during attack and the length of spinal cord lesion [6, 7]. However, CSF-S100B is considered to be less astrocyte-specific than GFAP [8]. To clarify whether CSF-S100B could serve as a potential marker for NMOSD patients, in the present study, we compared the discriminating value of CSF-GFAP and S100B levels for NMOSD and its subtypes. In addition, the correlations of these markers with clinical and laboratory data have also been evaluated.
2. Methods
2.1. Patients
Patients with NMOSD and MS were recruited from the Beijing Tiantan Hospital between March 2016 and September 2017. The NMOSD and MS diagnoses were made according to 2015 Revised International Criteria [9] and 2010 McDonald’s Diagnostic Criteria [10], respectively. Patients who met the following three conditions were included: (1) the CSF samples were collected during the acute phase (within 30 days of the symptom onset; or for patients who experienced exacerbations within 3 weeks of onset, the CSF were collected within 30 days of the exacerbations) and before any immunotherapy; (2) there were no infectious or other autoimmune comorbidities at the time of sample collection; (3) clinical characteristics, including gender, age, routine CSF [white blood cell (WBC) count, protein level, IgG index] and MRI information, and the EDSS disability score during attack and remission were prospectively recorded. In addition, 15 patients with OND were enrolled (13 women and 2 men; mean age 40.2 years). The OND group included patients with benign intracranial hypertension (n=3), cluster headache (n=3), psychogenic movement disorders (n=3), normal pressure hydrocephalus (n=2), benign paroxysmal positional vertigo (n=2), sleep disturbance (n=1), and vitamin B12 deficiency (n=1).
The study was approved by the Ethics Committee of Beijing Tiantan Hospital affiliated with Capital Medical University, Beijing, China (No. KY2015-031-02), and written informed consent was obtained from all participants.
2.2. Biomarker Measurement
The CSF samples were centrifuged, and the supernatants were collected and stored at −80°C until analysis. Positivity for AQP4-Ab and MOG-Ab was determined using the cell-based assay (CBA) with live HEK-293 cells transiently transfected with full-length M23-AQP4 or the plasmid containing full-length human MOG, as described previously [11, 12]. The levels of CSF-S100B and GFAP were measured by ELISA: S100B (EZHS100B-33K, Milliplex Merck KGaA, Darmstadt, Germany), GFAP (NS830, Milliplex Merck KGaA, Darmstadt, Germany). The detection limit was 2.7 pg/ml for S100B and 1.5 ng/ml for GFAP. All samples were assayed in duplicate, and all testing was performed according to the manufacturer’s protocols and in a manner blinded to the diagnosis or clinical presentations.
2.3. Statistical Analysis
Statistical analysis was conducted using SPSS 22.0 (International Business Machines Corporation, Chicago, IL, USA). For comparison among groups, the categorical data were compared with Fisher’s exact test. Continuous data were compared with the nonparametric Mann–Whitney U test with Bonferroni correction. A two-tailed Spearman’s rank correlation coefficient was used to ascertain the associations. We judged correlations as strong when the correlation coefficients (r) were > 0.6. Receiver operating characteristic (ROC) curves were used to evaluate the discriminating values. The Youden index was calculated to determine the cutoff value. A two-tailed p value <0.05 was considered statistically significant.
3. Results
3.1. Clinical Demographics
Forty-nine patients with NMOSD and 12 patients with MS were included. Among the NMOSD patients, 51.0% (25/49) were positive for AQP4-Ab, 16.3% (8/49) were positive for MOG-Ab, and the remaining 32.7% (16/49) were seronegative for both MOG-Ab and AQP4-Ab. No patients were positive for both antibodies. The demographic and clinical features of the patients are summarized in Table 1. The EDSS score of all NMOSD patients was 6 (2-8.5) [median (range)], which was significantly higher than that of the MS patients (p < 0.001). Among the NMOSD patients, there was a significantly higher proportion of males in the MOG-Ab–positive group than the AQP4-Ab–positive group (p = 0.01), which was consistent with previous studies [13–15]. There were no significant differences in the sex ratio among the other groups. No significant differences were observed regarding the age or disease duration between NMOSD with MS or among subgroups of NMOSD.
Table 1: Clinical characteristics of patients with NMOSD and MS.
	

	Clinical characteristics	 NMOSD	MS
(n=12) 
	AQP4 Ab+
(n=25)	MOG Ab+
(n=8)	Seronegative 
(n=16)
	

	Sex ratio, F (%)	24(96.0)	3(37.5)	11(68.8)	9(75.0)
	Age, years, mean (SD)	44.7(17.0)	38.3(8.5)	42.1(11.4)	37.4(16.0)
	Disease duration, months, mean (SD)	18.9(8.8)	13.3(8.7)	16.0(10.4)	22.4(7.3)
	Site of the lesions, n (%)	 	 	 	 
	    Optic nerve	15(60.0)	3(37.5)	7(43.6)	3(25.0)
	    Spinal cord	25(100.0)	6(75.0)	14(87.5)	7(58.3)
	    Cerebrum	11(44.0)	7(87.5)	8(50.0)	6(50.0)
	    Brainstem	13(52.0)	5(62.5)	10(62.5)	4(33.3)
	EDSS, median (range)	6.5(2.0-8.5)	4.3(3.5-7.0)	6.3(2.5-8.0)	3.5(2.0-5.0)
	CSF analysis at attack	 	 	 	 
	    CSF WBC count, mean (SD), /ul	19.0(24.3)	32.0(47.8)	10.3(15.7)	9.7(10.7)
	    CSF protein level, mean (SD), mg/dl	47.8(26.8)	42.4(16.9)	39.0(20.0)	37.4(23.7)
	    CSF IgG index, mean (SD)	0.6(0.2)	1.1(1.6)	0.5(0.1)	0.6(0.3)
	    Positive oligoclonal bands, n (%)	15(60.0)	3(37.5)	9(56.3)	8(66.7)
	


Continuous variables are shown as the means (SD), and categorical variables are described as percentages. NMOSD, neuromyelitis optica spectrum disorder; AQP4 Ab+, aquaporin-4 antibody positive NMOSD; MOG-Ab+, myelin-oligodendrocyte glycoprotein antibody positive NMOSD; MS, multiple sclerosis; F, female; EDSS, Expanded Disability Status Scale; CSF, cerebrospinal fluid; WBC, white blood cell.


3.2. Discriminating Value of CSF-GFAP and CSF-S100B Levels for NMOSD, MS, and OND
The levels of S100B and GFAP in the CSF of NMOSD patients during the acute phase were higher than levels in the CSF of MS (both p<0.001) and OND patients (both p<0.001). No significant differences were found in the levels of S100B and GFAP between the MS and OND groups (p=0.683 and p=0.139, respectively) (Figures 1(a) and 1(b)). To assess the discriminating value of CSF-GFAP and CSF-S100B levels for NMOSD with MS and OND, we performed a ROC analysis (Table 2). The S100B and GFAP levels significantly discriminated NMOSD from MS [area under curve (AUC) = 0.839 and 0.850, respectively]. The optimal cutoff points for S100B and GFAP levels were 241.4 pg/ml and 2.3 ng/ml, respectively (Supplementary Figure  1a). The sensitivity (71.4%) and specificity (91.7%) were the same when using the optimal cutoff points for S100B and GFAP to discriminate NMOSD from MS. The S100B and GFAP levels could also significantly discriminate NMOSD from OND (AUC = 0.839 and 0.850, respectively) but failed to discriminate MS from OND (AUC = 0.450 and 0.669, respectively) (Supplementary Figures  1b, c).
Table 2: Discriminating value of CSF-GFAP and CSF-S100B levels for NMOSD, MS, OND, and NMOSD subgroups.
	

	Diseases	Biomarker	AUC	Sensitivity ()	Specificity ()	Cut-off 	95 CI	p-Value
	

	NMOSD vs MS	S100B	0.839	71.4	91.7	241.4 pg/ml	0.74-0.94	<0.001
	 	GFAP	0.850	71.4	91.7	2.3 ng/ml	0.75-0.95	<0.001
	NMOSD vs OND	S100B	0.823	65.3	100.0	300.2 pg/ml	0.72-0.92	<0.001
	 	GFAP	0.907	67.3	100.0	2.4 ng/ml	0.83-0.98	<0.001
	MS vs OND	S100B	0.450	50.0	60.0	76.5 pg/ml	0.12-0.66	0.661
	 	GFAP	0.669	41.7	86.7	2.3 ng/ml	0.11-0.14	0.137
	Subgroups of NMOSD patients
	AQP4 Ab+ vs MOG Ab+	S100B	0.865	84.0	100.0	282.5 pg/ml	0.74-0.99	0.002
	 	GFAP	0.772	72.0	100.0	6.2 ng/ml	0.61-0.93	0.022
	AQP4 Ab+ vs Seronegative	S100B	0.587	36.0	100.0	2148.3 pg/ml	0.41-0.76	0.350
	 	GFAP	0.646	68.0	62.5	10.9 ng/ml	0.48-0.81	0.118
	MOG Ab+ vs Seronegative	S100B	0.848	100.0	81.2	282.5 pg/ml	0.68-1.00	0.006
	 	GFAP	0.613	100.0	50.0	6.7 ng/ml	0.39-0.84	0.375
	


AUC, area under curve; CI, confidence interval; CSF, cerebrospinal fluid; GFAP, glial fibrillary acidic protein; NMOSD, neuromyelitis optica spectrum disorder; MS, multiple sclerosis; OND, noninflammatory neurological diseases; AQP4 Ab+, aquaporin-4 antibody positive NMOSD; MOG-Ab+, myelin-oligodendrocyte glycoprotein antibody positive NMOSD.
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Figure 1: CSF levels of S100B and glial fibrillary acidic protein (GFAP) in neuromyelitis optica spectrum disorder (NMOSD), multiple sclerosis (MS), other noninflammatory neurological diseases (OND), and NMOSD subgroups. (a) Patients with NMOSD had significantly higher levels of CSF-S100B than those with MS and OND. (b) NMOSD patients had significantly higher levels of CSF-GFAP than MS and OND patients. (c) The CSF-S100B levels in aquaporin-4 antibody-positive NMOSD [AQP4-Ab (+)] and seronegative NMOSD were significantly higher than those in myelin-oligodendrocyte glycoprotein antibody-positive NMOSD [MOG-Ab (+)]. (d) The CSF-GFAP levels were higher in AQP4-Ab (+) patients than those in MOG-Ab (+) patients but did not reach a significant difference. Each dot represents a biomarker level in a subject. Lines and whiskers represent mean values and standard deviation, respectively. p < 0.05 and p < 0.01 represent statistical significance in the Mann–Whitney U test with Bonferroni correction.


3.3. Discriminating Value of CSF-GFAP and CSF-S100B Levels for AQP4-Ab–Positive, MOG-Ab–Positive, and Seronegative NMOSD Patients
In NMOSD patients, the levels of CSF-S100B were significantly higher in AQP4-Ab–positive and seronegative patients than in MOG-Ab–positive patients (p < 0.01 and p < 0.05, respectively) (Figure 1(c)). The CSF-GFAP levels in AQP4-Ab–positive patients were higher than those in MOG-Ab–positive patients but did not reach a significant difference (p = 0.020 < 0.05/3). No significant differences were found in the CSF-GFAP levels between the seronegative and MOG-Ab–positive patients (Figure 1(d)).
We next determined the discriminating value of CSF-S100B and CSF-GFAP levels for different subtypes of NMOSD (Table 2) (Supplementary Figure  1). Both CSF-S100B and CSF-GFAP levels significantly differentiated patients with AQP4-Ab–positive NMOSD from those with MOG-Ab–positive NMOSD (AUC = 0.865 and 0.772, respectively). The CSF-S100B levels also significantly discriminated MOG-Ab–positive patients from seronegative patients (AUC = 0.848).
3.4. Correlations of CSF-GFAP and S100B Levels with Clinical and Laboratory Data in NMOSD Patients
In NMOSD patients, the CSF-S100B levels correlated with the CSF WBC count (r = 0.388, p = 0.006) and the EDSS during attack and during remission (r = 0.553, p < 0.001, and r = 0.671, p < 0.001, respectively) (Figure 2). The CSF-GFAP levels correlated with the EDSS during remission (r = 0.355, p = 0.012). No significant correlations of the CSF-S100B and GFAP levels with the changes in EDSS, CSF protein levels, IgG index, number of T2 lesions and gadolinium enhancing lesions in the brain and spinal cord were found in NMOSD patients.
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Figure 2: Positive correlations between the CSF-S100B or glial fibrillary acidic protein (GFAP) levels and clinical/laboratory findings in neuromyelitis optica spectrum disorder (NMOSD) patients. The CSF-S100B levels correlated with the CSF white blood cell (WBC) count (a), EDSS during attack (b), and during remission (c). The CSF-GFAP levels correlated with the EDSS during remission (d). Statistical testing was performed by using Spearman’s rank correlation analysis. r = Spearman’s rho.


In AQP4-Ab–positive NMOSD patients, the AQP4 titer did not correlate with the CSF-S100B or GFAP levels (r = -0.061, p = 0.772, and r = -0.156, p = 0.456, respectively).
Attack-related lesions were found in the spinal cord without concomitant cerebrum or brainstem lesions in six patients (2 AQP4-Ab–positive NMOSD, 1 MOG-Ab–positive NMOSD and 3 seronegative NMOSD). Because of the small sample size and different subgroups, we did not find correlations between the lengths of longitudinal spinal lesions and the CSF-S100B or GFAP levels (r =0.145, p = 0.784, and r = 0.145, p = 0.784, respectively) in these patients.
3.5. Correlations between the CSF-GFAP and S100B Levels in NMOSD, MS, and NMOSD Subgroups
First, we analyzed the correlations between CSF-GFAP and S100B levels in NMOSD and MS patients. In NMOSD patients, the CSF-S100B and GFAP levels strongly correlated with each other (r = 0.767, p < 0.001) (Figure 3(a)). In MS patients, the CSF-S100B levels did not correlate with the GFAP levels (r =0.060, p = 0.852) (Figure 3(b)). Among NMOSD subgroups, the CSF-S100B and GFAP levels were strongly correlated with each other in AQP4-Ab-positive NMOSD patients (r = 0.852, p < 0.001) (Figure 3(c)). However, in seronegative and MOG-Ab-positive NMOSD patients, the CSF-S100B levels did not correlate with the GFAP levels (r =0.439, p = 0.089, and r = -0.096, p = 0.821, respectively) (Figures 3(d) and 3(e)).
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Figure 3: Correlations between CSF-GFAP and S100B levels in NMOSD, MS, and NMOSD subgroups. In NMOSD patients, the CSF-S100B and GFAP levels were strongly correlated with each other (a). In MS patients, the CSF-S100B levels did not correlate with the GFAP levels (b). Among NMOSD subgroups, the CSF-S100B and GFAP levels strongly correlated with each other in AQP4-Ab-positive NMOSD [AQP4-Ab (+)] patients (c); in seronegative (d) and MOG-Ab-positive NMOSD [MOG-Ab (+)] patients (e), the CSF-S100B levels did not correlate with the GFAP levels. Statistical testing was performed by using Spearman’s rank correlation analysis. r = Spearman’s rho.


Second, we analyzed the correlations between CSF-GFAP and S100B levels in NMOSD patients with different levels of CSF-GFAP. We divided the NMOSD patients into two groups according to the median CSF-GFAP level (8.7 ng/ml). In the GFAP < 8.7 ng/ml group, the CSF-S100B levels did not correlate with the GFAP levels (r = 0.132, p = 0.538) (Figure 4(a)). However, in the GFAP > 8.7 ng/ml group, the CSF-S100B and GFAP levels were strongly correlated with each other (r = 0.709, p < 0.001) (Figure 4(b)).
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Figure 4: Correlation between CSF-S100B and glial fibrillary acidic protein (GFAP) levels in neuromyelitis optica spectrum disorder (NMOSD) patients. In the GFAP < 8.7 ng/ml group, the CSF-S100B levels did not correlate with the GFAP levels (a); in the GFAP > 8.7 ng/ml group, the CSF-S100B and GFAP levels strongly correlated with each other (b). Statistical testing was performed by using Spearman’s rank correlation analysis. r = Spearman’s rho.


3.6. Influence of Intervals between Attack Onsets and Lumbar Punctures on CSF-GFAP and CSF-S100B Levels in NMOSD Patients
The intervals between attacks and lumbar punctures (days, mean±SD) were 18.4±14.0 in AQP4-Ab–positive NMOSD, 23.6±12.0 in seronegative NMOSD, 19.0±11.0 in MOG-Ab–positive NMOSD, and 24.3±8.4 in MS. There was no significant difference among the patient groups. We further speculated the changing patterns of CSF-S100B and CSF-GFAP through analyzing the correlations of their levels and the intervals from symptom onset to CSF sample collection in different NMOSD patients (Figure 5). The CSF-S100B or CSF-GFAP levels were both significantly related to the intervals between attack onsets and lumbar punctures (r = -0.577, p < 0.001 and r = -0.661, p < 0.001, respectively). The CSF obtained earlier after attack onsets tended to have higher levels of both S100B and GFAP. However, the levels of CSF-S100B seemed to decrease more slowly than those of CSF-GFAP. At 27 days after attack onsets, the levels of CSF-GFAP in most patients became undetectable. However, many patients had relatively high levels of CSF-S100B, even at 40 days after symptom onset.
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(b)
Figure 5: Relation of CSF-S100B and CSF-glial fibrillary acidic protein (GFAP) levels with the intervals between relapse onset and lumbar puncture in neuromyelitis optica spectrum disorder (NMOSD) patients. The CSF-S100B (a) or CSF-GFAP (b) levels were both significantly related to the intervals between attack onsets and lumbar punctures. Statistical testing was performed by using Spearman’s rank correlation analysis. r = Spearman’s rho.


3.7. Influence of the Attack-Related Lesion Site on CSF-S100B and CSF-GFAP Levels in NMOSD Patients
In six patients with only spinal cord lesions and without concomitant cerebrum or brainstem lesions, the levels of CSF-S100B and GFAP [median (range)] were 684.1 (276.7-3124.3) pg/ml and 2.8 (2.3-88.3) ng/ml, respectively. Four patients had attack-related lesions in the cerebrum or brainstem without concomitant spinal cord lesions (2 MOG-Ab–positive NMOSD and 2 seronegative NMOSD). The levels of CSF-S100B and GFAP [median (range)] in these patients were 76.9 (65.1-100.3) pg/ml and 2.3 (2.3-2.4) ng/ml, respectively. The CSF-S100B and GFAP levels were higher in patients who had only spinal cord lesions than in those who had only cerebrum or brainstem lesions (p =0.010 and p =0.038, respectively). No patients had only optic nerve lesions in this series.
4. Discussion
GFAP is an intermediate filament protein, which is one of the key elements of the cytoskeleton of astrocytes [16, 17]. S100B, belonging to a family of calcium-binding proteins, is predominantly expressed in astrocytes [18, 19]. Both GFAP and S100B are common astrocytic markers. However, as an astrocytic damage biomarker, CSF-S100B is considered to be less specific than GFAP for the following reasons: (1) S100B is not only an astrocytic damage biomarker but also a glial modulator which constantly secreted from astrocytes, and implicated in intracellular and extracellular regulatory activities [18, 20]; (2) S100B is primarily an astrocytic protein, but it is also localized in many other neural cell types, such as oligodendrocytes, ependymal cells, and so on [8, 19]; and (3) the elevation of S100B levels is also found in malignant melanoma and other central nervous system tumors [21]. Therefore, CSF-S100B has many putative cellular sources. These reasons limit the application of S100B in clinical practice. In this small-scale study, we provided a new sight for clinical values of CSF-S100B, showing its advantages in differentiating subgroups of NMOSD patients and clinical relevance.
Recent studies have shown that the CSF levels of GFAP were higher in NMO patients than in MS and OND patients. CSF-S100B levels showed a trend similar to that of GFAP levels but were less remarkable [6, 7]. In line with previous studies, we also found that NMOSD patients exhibited significantly elevated levels of CSF-GFAP and S100B than MS and OND patients. In addition, we provide evidence that the CSF levels of both GFAP and S100B might represent useful markers for discriminating NMOSD patients from MS and OND patients with high accuracy. The discriminating accuracy of CSF-GFAP was slightly higher than that of CSF-S100B, but at the optimum cutoff points, these markers had the same or similar sensitivity and specificity. As a result, CSF-S100B could be a candidate marker for distinguishing NMOSD from MS and OND.
A total of 78-83% of NMOSD patients have AQP4-Ab [22]. Approximately 42% of AQP4-Ab-negative NMOSD patients are positive for MOG-Ab [23]. In addition to NMOSD, MOG-Ab is also identified in other demyelinating diseases, including some cases of acute disseminated encephalomyelitis (ADEM), multiphasic demyelinating encephalomyelitis, MS, optic neuritis (ON), and longitudinally extensive transverse myelitis [15, 24–28]. MOG-Ab-associated diseases and AQP4-Ab-positive NMOSD share some clinical phenotypes, but MOG-Ab-associated diseases do have some distinct clinical features from AQP4-Ab-positive NMOSD: a higher proportion of males, fewer relapses, better recovery, more bilateral simultaneous ON, more symptomatic brain disease appears manifest as seizures or encephalitis, and a wider spectrum of MRI features [13, 29–34]. In addition, the injuries induced by MOG-Ab and AQP4-Ab are different. The astrocytic impairment and increased permeability of the blood–brain barrier (BBB) by AQP4-Ab result in the leakage of GFAP in AQP4-Ab-positive NMOSD [4, 6, 35]. In MOG-Ab-positive NMOSD, MOG-Ab binds MOG and damages oligodendrocytes or myelin, leading to the release of myelin basic protein (MBP), but astrocyte injury with GFAP elevation is absent [27, 36, 37]. In accordance with this finding, our study also found that CSF-S100B and GFAP levels were higher in AQP4-Ab-positive NMOSD patients than those in MOG-Ab-positive NMOSD patients. Therefore, the term MOG-Ab-positive NMOSD represents a fundamental disconnect from our current understanding of NMO as an astrocytopathy and should be set apart from AQP4-Ab-positive NMOSD [31]. It is important to identify the role of MOG-Ab-associated diseases in idiopathic inflammatory demyelination, either as a subtype of other demyelinating diseases or as a separate disease entity, not only for further understanding of the pathogenesis but also has practical implications for therapy [31].
Furthermore, in this study, we demonstrated for the first time that seronegative NMOSD patients had middle levels of S100B and GFAP (Figures 1(c) and 1(d)). Although it is unclear whether seronegative NMOSD is the same autoimmune astrocytopathic disease as AQP4-Ab-positive NMOSD [38], the elevation of CSF-S100B and GFAP levels indicated the presence of astrocytic damage. As seronegative NMOSD patients could be heterogeneous, a subgroup of these individuals might be associated with other autoantibodies like AQP4-Ab, which targeted astrocytes and caused the leakage of S100B and GFAP [39, 40]. Because different subtypes of NMOSD had different degrees of astrocytic injury, we hypothesized that the astrocytic markers might discriminate between disease subtypes of NMOSD. In our study, both the levels of CSF-S100B and GFAP could differentiate AQP4-Ab-positive NMOSD from MOG-Ab-positive NMOSD with high accuracy. CSF-S100B could also differentiate seronegative NMOSD from MOG-Ab-positive NMOSD. However, both biomarkers failed to distinguish AQP4-Ab-positive NMOSD from seronegative NMOSD. The CSF-S100B levels showed advantages in differentiating MOG-Ab-positive NMOSD from the other subtypes of NMOSD. Therefore, we suggest that although the CSF-S100B level cannot distinguish all subtypes of NMOSD independently, it can be used as a supplementary marker for auxiliary diagnosis.
In terms of clinical relevance, the CSF-S100B levels showed a significant correlation with the CSF WBC count and the EDSS during attack and during remission. The CSF-GFAP levels were only weakly correlated with the EDSS during remission. This finding suggested that CSF-S100B might be a better tool than CSF-GFAP for assessing the inflammatory activity and clinical severity of NMOSD, which was different from a previous study by Takano et al. [6]. The differing results between Takano’s study and our study might be due to differences in patient characteristics. Takano’s study included only AQP4-Ab-positive NMOSD patients, while we also included AQP4-Ab-negative patients. Another possible reason might be the different intervals between relapse onset and lumbar puncture. In both studies, patients whose CSF obtained earlier during relapse tended to have higher levels of GFAP. In our study, the CSF levels of S100B were also related to the intervals between attack onsets and lumbar punctures but did not decline as rapidly as GFAP. The intervals in Takano’s study were shorter than those in our study. Approximately 27 days after attack onsets, the levels of CSF-GFAP in most patients became undetectable (Figure 5(b)). The strength of the correlations between CSF-GFAP and clinical data might be not as significant as before. The CSF-S100B levels decreased more slowly than the levels of CSF-GFAP probably because in addition to an astrocytic injury biomarker, S100B was also a modulator, which was one of the Danger/Damage Associated Molecular Pattern (DAMP) molecules. The secretion of S100B was increased during the glial response to brain injuries to trigger tissue reaction to damage [41–43]. S100B overproduction occurs in the early presymptomatic stage and during the whole course of the disease, which makes the elevation of CSF-S100B levels last longer than the elevation of CSF-GFAP levels. The elevation of CSF-S100B levels, both as an astrocytic biomarker or a modulator, can be used as a predictor of poor outcome. As a biomarker of astrocytic impairment, high levels of CSF-S100B indicate severe damage to astrocytes. As a modulator, S100B shows toxic/proinflammatory effects at high concentrations, leading to neuronal dysfunction or cell death because of an inflammatory response that stimulates astrocytes and microglia to recruit and produce proinflammatory cytokines with a subsequent increase of the extracellular levels of calcium and activation of nitric oxide [19, 44–47]. In both ex vivo demyelinating model and EAE-induced rats, the inhibition of S100B action using an anti-S100B neutralizing antibody has been shown to reduce demyelination, downregulate the expression of inflammatory molecules and improve the clinical course of the disease [48, 49]. A recent study showed that excessive S100B levels impaired oligodendrogenesis, resulting in reduced myelination [50]. The above data indicate that S100B plays a relevant role in the pathogenic mechanisms of demyelinating diseases. The elevation of the levels of CSF-S100B, both as an astrocytic biomarker or as a modulator, is of important value in monitoring the trend of the disorder and predicting clinical outcomes. Therefore, as CSF-GFAP declines rapidly to undetectable levels, the clinical correlations are weakened along with it, which may not be suitable for NMOSD patients who present late. In this case, the long-lasting CSF-S100B levels may be more appropriate than the GFAP levels for differentiating diseases, evaluating severity and predicting disability.
To our knowledge, limited studies have focused on the correlations between CSF-GFAP and S100B levels in NMOSD patients [6, 7], and few reports have analyzed their relation in subgroups or at different concentrations. In this study, we systemically investigated the correlations of CSF-S100B and GFAP levels in NMOSD subgroups and MS patients. We found that the correlations between CSF-S100B and GFAP levels were different among groups. The correlation of these proteins was stronger when the levels of CSF-GFAP were higher. The reason is probably because as an astrocytic protein, there is no actively secreted form of CSF-GFAP [17], but S100B is constantly released from astrocytes as a glial modulator implicated in the activity of a large number of targets [18, 20]. When astrocytes are severely damaged, large amounts of GFAP and S100B leak out. In this case, the leaking S100B becomes the main source of CSF-S100B. The CSF-S100B and GFAP levels reflect the degree of astrocytic injury and have a significant correlation with each other. However, when astrocytic injury is light, the leaking of S100B and GFAP decreases, and the proportion of leaking S100B in CSF-S100B decreases. As a result, the correlation between CSF-GFAP and S100B declines.
It was reported that the CSF-GFAP levels in NMOSD patients with only myelitis were higher than those in patients with only brain lesions [6]. As most of our NMOSD patients had combined lesions, very few patients were included in the analyses of influence by lesion site. However, we can still see a trend of higher levels of CSF-S100B in patients with myelitis than in patients with brain lesions, similar to CSF-GFAP. This is probably because a longer distance from the lesions to the puncture point and the majority of the CSF was reabsorbed before descending to the spinal subarachnoid space [51].
Some limitations in our study need to be addressed. First, our patient cohort was small, especially the MS group, and derived from a single university hospital. Second, very few patients in our study had monoregional lesions, and no patients had only optic lesions. Third, as not all patients had full data sets of neuroimaging, we did not analyze the lesion load, which may lead to bias in our results. As a result, further studies will be needed to validate our findings in larger cohorts. More patients with monoregional lesions, including ON, should be analyzed to investigate the influence of attack-related lesion sites on CSF-S100B and GFAP levels. The association between the lesion load and the CSF-S100B and GFAP levels should also be evaluated.
5. Conclusions
We present here for the first time a systematic comparative investigation of CSF-S100B and GFAP in NMOSD patients. Both the CSF-S100B and GFAP levels could discriminate NMOSD from MS and OND with high accuracy. However, the levels of CSF-S100B could distinguish AQP4-Ab–positive NMOSD from MOG-Ab–positive NMOSD with a higher accuracy than the GFAP levels and could also significantly discriminate MOG-Ab–positive patients from seronegative patients, while GFAP could not. Moreover, the CSF-S100B levels decreased more slowly and showed more clinical association than CSF-GFAP. Therefore, we suggest that although CSF-S100B lacks specificity compared with GFAP, it can still be used as a candidate tool for discriminating and evaluating NMOSD patients, especially for patients who present late after attack onsets.
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
The authors declare no conflicts of interests.
Acknowledgments
This work was supported by the Beijing Municipal Science & Technology Commission (No. Z141107002514124), the Beijing Natural Science Foundation (No. 7162208), the Beijing Health and Technical Personal of High-level Plan (No. 2014-3-052), and the Beijing Key Laboratory Project (No. TMCD201603). In addition, Yuzhen Wei especially wishes to thank her husband Ke Bai for support and encouragement during her M.D.
Supplementary Materials
Supplementary Figure 1: ROC curves of CSF-S100B and GFAP levels for NMOSD subgroups, MS, and OND. (Supplementary Materials)
References
	D. M. Wingerchuk, V. A. Lennon, C. F. Lucchinetti, S. J. Pittock, and B. G. Weinshenker, “The spectrum of neuromyelitis optica,” The Lancet Neurology, vol. 6, no. 9, pp. 805–815, 2007.
	V. A. Lennon, D. M. Wingerchuk, T. J. Kryzer et al., “A serum autoantibody marker of neuromyelitis optica: distinction from multiple sclerosis,” The Lancet, vol. 364, no. 9451, pp. 2106–2112, 2004.
	V. A. Lennon, T. J. Kryzer, S. J. Pittock, A. S. Verkman, and S. R. Hinson, “IgG marker of optic-spinal multiple sclerosis binds to the aquaporin-4 water channel,” The Journal of Experimental Medicine, vol. 202, no. 4, pp. 473–477, 2005.
	T. Misu, K. Fujihara, A. Kakita et al., “Loss of aquaporin 4 in lesions of neuromyelitis optica: distinction from multiple sclerosis,” Brain, vol. 130, no. 5, pp. 1224–1234, 2007.
	E. Melamed, M. Levy, P. J. Waters et al., “Update on biomarkers in neuromyelitis optica,” Neurology - Neuroimmunology Neuroinflammation, vol. 2, no. 4, p. e134, 2015.
	R. Takano, T. Misu, T. Takahashi, S. Sato, K. Fujihara, and Y. Itoyama, “Astrocytic damage is far more severe than demyelination in NMO: A clinical CSF biomarker study,” Neurology, vol. 75, no. 3, pp. 208–216, 2010.
	T. Misu, R. Takano, K. Fujihara, T. Takahashi, S. Sato, and Y. Itoyama, “Marked increase in cerebrospinal fluid glial fibrillar acidic protein in neuromyelitis optica: an astrocytic damage marker,” Journal of Neurology, Neurosurgery & Psychiatry, vol. 80, no. 5, pp. 575–577, 2009.
	J. Steiner, H. Bernstein, H. Bielau et al., “Evidence for a wide extra-astrocytic distribution of S100B in human brain,” BMC Neuroscience, vol. 8, article 2, pp. 1–10, 2007.
	D. M. Wingerchuk, B. Banwell, J. L. Bennett et al., “International consensus diagnostic criteria for neuromyelitis optica spectrum disorders,” Neurology, vol. 85, no. 2, pp. 177–189, 2015.
	W. I. McDonald, A. Compston, and G. Edan, “Recommended diagnostic criteria for multiple sclerosis: guidelines from the International Panel on the Diagnosis of Multiple Sclerosis,” Annals of Neurology, vol. 50, no. 1, pp. 121–127, 2001.
	S. Mader, V. Gredler, K. Schanda et al., “Complement activating antibodies to myelin oligodendrocyte glycoprotein in neuromyelitis optica and related disorders,” Journal of Neuroinflammation, vol. 8, p. 184, 2011.
	D. K. Sato, I. Nakashima, T. Takahashi et al., “Aquaporin-4 antibody-positive cases beyond current diagnostic criteria for NMO spectrum disorders,” Neurology, vol. 80, no. 24, pp. 2210–2216, 2013.
	J. Kitley, P. Waters, M. Woodhall et al., “Neuromyelitis optica spectrum disorders with aquaporin-4 and myelin-oligodendrocyte glycoprotein antibodies a comparative study,” JAMA Neurology, vol. 71, no. 3, pp. 276–283, 2014.
	S. Jarius, K. Ruprecht, I. Kleiter et al., “MOG-IgG in NMO and related disorders: A multicenter study of 50 patients. Part 1: Frequency, syndrome specificity, influence of disease activity, long-term course, association with AQP4-IgG, and origin,” Journal of Neuroinflammation, vol. 13, no. 1, p. 279, 2016.
	S. Jarius, I. Kleiter, K. Ruprecht et al., “MOG-IgG in NMO and related disorders: a multicenter study of 50 patients. Part 3: Brainstem involvement - frequency, presentation and outcome,” Journal of Neuroinflammation, vol. 13, no. 1, p. 280, 2016.
	J. Middeldorp and E. M. Hol, “GFAP in health and disease,” Progress in Neurobiology, vol. 93, no. 3, pp. 421–443, 2011.
	E. M. Hol and M. Pekny, “Glial fibrillary acidic protein (GFAP) and the astrocyte intermediate filament system in diseases of the central nervous system,” Current Opinion in Cell Biology, vol. 32, pp. 121–130, 2015.
	J. Sen and A. Belli, “S100B in neuropathologic states: the CRP of the brain?” Journal of Neuroscience Research, vol. 85, no. 7, pp. 1373–1380, 2007.
	F. Michetti, N. D'Ambrosi, A. Toesca et al., “The S100B story: From biomarker to active factor in neural injury,” Journal of Neurochemistry, 2018.
	H. Nishiyama, T. Knöpfel, S. Endo, and S. Itohara, “Glial protein S100B modulates long-term neuronal synaptic plasticity,” Proceedings of the National Acadamy of Sciences of the United States of America, vol. 99, no. 6, pp. 4037–4042, 2002.
	T. Gambichler, V. Brown, A. Steuke, L. Schmitz, E. Stockfleth, and L. Susok, “Baseline laboratory parameters predicting clinical outcome in melanoma patients treated with ipilimumab: a single-centre analysis,” Journal of the European Academy of Dermatology and Venereology, vol. 32, no. 6, pp. 972–977, 2018.
	A. Zekeridou and V. A. Lennon, “Aquaporin-4 autoimmunity,” Neurology - Neuroimmunology Neuroinflammation, vol. 2, no. 4, p. e110, 2015.
	S. H. M. Hamid, D. Whittam, K. Mutch et al., “What proportion of AQP4-IgG-negative NMO spectrum disorder patients are MOG-IgG positive? A cross sectional study of 132 patients,” Journal of Neurology, vol. 264, no. 10, pp. 2088–2094, 2017.
	K. C. O'Connor, K. A. McLaughlin, P. L. De Jager et al., “Self-antigen tetramers discriminate between myelin autoantibodies to native or denatured protein,” Nature Medicine, vol. 13, no. 2, pp. 211–217, 2007.
	M. Spadaro, L. A. Gerdes, M. Krumbholz et al., “Autoantibodies to MOG in a distinct subgroup of adult multiple sclerosis,” Neurology—Neuroimmunology Neuroinflammation, vol. 3, no. 5, p. e257, 2016.
	P. Waters, M. Woodhall, K. C. O'Connor et al., “MOG cell-based assay detects non-MS patients with inflammatory neurologic disease,” Neurology - Neuroimmunology Neuroinflammation, vol. 2, no. 3, p. e89, 2015.
	M. Reindl, F. Di Pauli, K. Rostásy, and T. Berger, “The spectrum of MOG autoantibody-associated demyelinating diseases,” Nature Reviews Neurology, vol. 9, no. 8, pp. 455–461, 2013.
	S. Ramanathan, R. C. Dale, and F. Brilot, “Anti-MOG antibody: The history, clinical phenotype, and pathogenicity of a serum biomarker for demyelination,” Autoimmunity Reviews, vol. 15, no. 4, pp. 307–324, 2016.
	D. K. Sato, D. Callegaro, and M. A. Lana-Peixoto, “Distinction between MOG antibody-positive and AQP4 antibody-positive NMO spectrum disorders,” Neurology, vol. 82, no. 6, pp. 474–481, 2014.
	R. Höftberger, M. Sepulveda, T. Armangue et al., “Antibodies to MOG and AQP4 in adults with neuromyelitis optica and suspected limited forms of the disease,” Multiple Sclerosis Journal, vol. 21, no. 7, pp. 866–874, 2015.
	S. S. Zamvil and A. J. Slavin, “Does MOG Ig-positive AQP4-seronegative opticospinal inflammatory disease justify a diagnosis of NMO spectrum disorder?” Neurology: Neuroimmunology and Neuroinflammation, vol. 2, no. 1, p. e62, 2015.
	M. Reindl and K. Rostasy, “MOG antibody-associated diseases,” Neurology Neuroimmunology & Neuroinflammation, vol. 2, p. e62, 2015.
	R. Narayan, A. Simpson, K. Fritsche et al., “MOG antibody disease: A review of MOG antibody seropositive neuromyelitis optica spectrum disorder,” Multiple Sclerosis and Related Disorders, vol. 25, pp. 66–72, 2018.
	R. Ogawa, I. Nakashima, T. Takahashi et al., “MOG antibody–positive, benign, unilateral, cerebral cortical encephalitis with epilepsy,” Neurology - Neuroimmunology Neuroinflammation, vol. 4, no. 2, p. e322, 2017.
	Y. Takeshita, B. Obermeier, A. C. Cotleur et al., “Effects of neuromyelitis optica–IgG at the blood–brain barrier in vitro,” Neurology - Neuroimmunology Neuroinflammation, vol. 4, no. 1, p. e311, 2016.
	K. Ikeda, N. Kiyota, H. Kuroda et al., “Severe demyelination but no astrocytopathy in clinically definite neuromyelitis optica with anti-myelin-oligodendrocyte glycoprotein antibody,” Multiple Sclerosis Journal, vol. 21, no. 5, pp. 656–659, 2015.
	K. Kaneko, D. K. Sato, I. Nakashima et al., “Myelin injury without astrocytopathy in neuroinflammatory disorders with MOG antibodies,” Journal of Neurology, Neurosurgery & Psychiatry, vol. 87, no. 11, pp. 1257–1259, 2016.
	K. Fujihara and M. I. Leite, “Seronegative NMO: A sensitive AQP4 antibody test clarifies clinical features and next challenges,” Neurology, vol. 80, no. 24, pp. 2176-2177, 2013.
	R. Marignier, R. Bernard-Valnet, P. Giraudon et al., “Aquaporin-4 antibody-negative neuromyelitis optica: Distinct assay sensitivity-dependent entity,” Neurology, vol. 80, no. 24, pp. 2194–2200, 2013.
	D. K. Sato, D. Callegaro, M. A. Lana-Peixoto, I. Nakashima, and K. Fujihara, “Seronegative neuromyelitis optica spectrum - The challenges on disease definition and pathogenesis,” Arquivos de Neuro-Psiquiatria, vol. 72, no. 6, pp. 445–450, 2014.
	M. Braun, K. Vaibhav, N. M. Saad et al., “White matter damage after traumatic brain injury: A role for damage associated molecular patterns,” Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease, vol. 1863, no. 10, pp. 2614–2626, 2017.
	R. Gerlach, G. Demel, H.-G. König et al., “Active secretion of S100B from astrocytes during metabolic stress,” Neuroscience, vol. 141, no. 4, pp. 1697–1701, 2006.
	R. Sandhir, G. Onyszchuk, and N. E. J. Berman, “Exacerbated glial response in the aged mouse hippocampus following controlled cortical impact injury,” Experimental Neurology, vol. 213, no. 2, pp. 372–380, 2008.
	T. Koppal, A. G. M. Lam, L. Guo, and L. J. Van Eldik, “S100B proteins that lack one or both cysteine residues can induce inflammatory responses in astrocytes and microglia,” Neurochemistry International, vol. 39, no. 5-6, pp. 401–407, 2001.
	A. G. M. Lam, T. Koppal, K. T. Akama et al., “Mechanism of glial activation by S100B: involvement of the transcription factor NFκB,” Neurobiology of Aging, vol. 22, no. 5, pp. 765–772, 2001.
	O. Piazza, E. Leggiero, G. De Benedictis et al., “S100B induces the release of pro-inflammatory cytokines in alveolar type I-like cells,” International Journal of Immunopathology and Pharmacology, vol. 26, no. 2, pp. 383–391, 2013.
	E. P. Thelin, D. W. Nelson, and B.-M. Bellander, “A review of the clinical utility of serum S100B protein levels in the assessment of traumatic brain injury,” Acta Neurochirurgica, vol. 159, no. 2, pp. 209–225, 2017.
	A. Barateiro, V. Afonso, G. Santos et al., “S100B as a Potential Biomarker and Therapeutic Target in Multiple Sclerosis,” Molecular Neurobiology, vol. 53, no. 6, pp. 3976–3991, 2016.
	K. K. Ganina, Y. L. Dugina, E. S. Zhavbert, I. A. Ertuzun, O. I. Epstein, and I. N. Abdurasulova, “Release-active antibodies to S100 protein are able to improve the experimental allergic encephalomyelitis,” Zhurnal Nevrologii i Psihiatrii imeni S.S. Korsakova, vol. 2015, no. 6, pp. 78–82, 2015.
	G. Santos, A. Barateiro, C. M. Gomes, D. Brites, and A. Fernandes, “Impaired oligodendrogenesis and myelination by elevated S100B levels during neurodevelopment,” Neuropharmacology, vol. 129, pp. 69–83, 2018.
	D. Greitz, “Cerebrospinal fluid circulation and associated intracranial dynamics. A radiologic investigation using MR imaging and radionuclide cisternography,” Acta Radiologica, vol. 386, pp. 1–23, 1993.


EPUB/Navigation/nav.xhtml


		

			

		  1. Introduction

		  2. Methods

		  3. Results

		  4. Discussion

		  5. Conclusions

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




