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Abstract: Objective: T lymphocytes, complement, and immunoglobulin play an important role in
neuromyelitis optica spectrum disorders (NMOSD). As common clinical examination indicators,
they have been used as routine indicators in many hospitals, which is convenient for being carried
out in clinical work, but there are few articles of guiding significance for clinical practice. The pur-
pose of this study was to study the relationship between commonly used immune indicators and
clinical characteristics in patients with NMOSD. Methods: We compared clinical characteristics and
clinical immune indicators in 258 patients with NMOSD and 200 healthy controls (HCs). We used
multiple linear regression to study the relationship between immunotherapy, disease phase, sex,
age, AQP4-IgG, and immune indicators. In addition, lymphocyte subsets were compared before
and after immunotherapy in 24 of the 258 patients. We explored the influencing factors and predic-
tors of severe motor disability. Results: The percentages of CD3 ratio (71.4% vs. 73.8%, p = 0.013),
CD#4 ratio (38.8% vs. 42.2%, p < 0.001), and CD4/CDS8 ratio (1.43 vs. 1.66, p < 0.001) in NMOSD pa-
tients were significantly lower than those in the HC group. In addition, complement C4 (0.177 g/L
vs. 0.221 g/L, p < 0.001) and peripheral blood IgG (10.95 g/L vs. 11.80 g/L, p = 0.026) in NMOSD
patients were significantly lower than those in the HC group. CD3 percentage was correlated with
blood collection age and disease stage; CD8 percentage was correlated with blood collection age,
disease stage, and treatment; CD4/CD8 percentage was correlated with blood collection age and
treatment; complement C4 was correlated with blood collection age and sex; and IgG was correlated
with disease stage and treatment. Twenty-four patients before and after treatment showed that the
percentages of CD3 ratio (74.8% vs. 66.7%, p = 0.001) and CDS8 ratio (32.4% vs. 26.2%, p < 0.001) after
treatment in NMOSD patients were significantly increased, and the percentage of CD3 before treat-
ment was moderately negatively correlated with ARR (r =-0.507, p = 0.011). Binary logistic regres-
sion analysis showed that peripheral blood complement C3 is a serious influencing factor for severe
motor disability (EDSS score > 6 points). Peripheral blood complement C3 and C4 are predictors of
severe motor disability (p < 0.05). Conclusion: Our results suggest that peripheral blood T lympho-
cytes, C3, C4 and immunoglobulin are convenient and routine clinical indicators that are convenient
for implementation in clinical work. They have certain reference values for disease staging, recur-
rence, drug efficacy, and motor disability. They have improved our understanding of clinical im-
mune indicators for NMOSD patients, but whether they can be used as biomarkers for clinical prog-
nosis remains to be further studied.
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treatment; motor disability
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1. Introduction

Neuromyelitis optica spectrum disorders (NMOSD) is considered an autoimmune
and inflammatory disease of the central nervous system (CNS) that primarily attacks the
optic nerve and spinal cord [1,2]. In the past, most studies believed that NMOSD is a cen-
tral nervous system inflammation mainly mediated by B cells, but the role of T cells in
NMOSD has also received attention in recent years. Most patients with NMOSD produce
an IgGl-subclass [3] autoantibody called NMO-IgG against aquaporin-4 (AQP4-IgG) via
a T cell-dependent mechanism [4,5]. The binding of AQP4-IgG to astrocytic AQP4 results
in the activation of the classical complement cascade and infiltration of granulocytes and
lymphocytes that collectively damage neural tissue. Disruption of the blood—-brain barrier
(BBB) is the first critical step in the pathogenesis of NMOSD, allowing the influx of hu-
moral factors, including autoantibodies, through the dysfunctional barrier and infiltration
of inflammatory cells [6]. In these ways, T lymphocytes, complement, and immunoglobu-
lin play an important role in the occurrence and development of NMOSD.

T cells are the most numerous and most complex type of lymphocytes, and they are
mainly involved in cellular immunity and auxiliary humoral immunity. CD3 is an intrin-
sic molecule on the surface of mature T cells that binds to T cell surface receptors to form
a TCR-CD3 complex that participates in antigen recognition, and CD3+ T cells reflect the
immune function status of the human body. According to different functions and molec-
ular phenotypes, mature T cells can be divided into two subgroups: CD4+ T cells and
CD8+ T cells. The pathogenesis of NMOSD appears to involve Th1l and Th17 cells belong-
ing to the CD4+ subset of T cells [7-14]. Our previous research using flow cytometry tech-
nology found significantly reduced CD8+ TN and increased CD8+ TE/M in both NMOSD
and MS, while decreased CD8+ TMP was only observed in NMOSD. Patients treated with
immunotherapy were associated with increased CD8+ TN and decreased CD8+ TE/M in
NMOSD. These results have also implicated CD8+ T cell subsets in promoting the occur-
rence and development of the disease [15]. Different drug treatments have different effects
on T lymphocytes. It has been reported that peripheral blood T lymphocyte subsets de-
creased in NMOSD patients receiving rituximab for up to 3 months, while the levels were
similar to those at baseline after 4-6 months of rituximab therapy [16]. This shows that the
duration of immunotherapy can affect T lymphocyte subsets. A small number of studies have
reported the relationship between complement, immunoglobulin and disease activity, and
EDSS score [17-20]. However, the abovementioned detection methods are less convenient. We
hope that there will be indicators that can be found in clinical laboratory tests that can identify
changes in the patient’s condition and have a higher feasibility and lower prices.

Peripheral blood T lymphocyte subsets, complement, and immunoglobulin are com-
monly used immune indicators in most hospitals in China. The inspection methods are con-
venient and easy to widely carry out in clinical work. We retrospectively analyzed the immune
indicators of patients with NMOSD from our database and further explored their relationship
with clinical characteristics, which may provide references for follow-up clinical practice.

2. Methods
2.1. Patient Selection and Data Collection

We retrospectively collected patient data from January 2009 to January 2021 in our
database. The inclusion criteria were as follows: 1. Comply with the NMOSD diagnostic
criteria established by the IPND in 2015 [21]; 2. Complete clinical data (cases with com-
plete data in our database: complete collection of the annual recurrence rate of patients,
imaging examinations, patient treatment plans, disability progression score, etc.); 3. All
patients completed AQP4-IgG, MOG-IgGand T lymphocyte tests. We excluded patients
with positive myelin oligodendrocyte glycoprotein immunoglobulin G (MOG-IgG)-posi-
tive, lost to follow-up, incomplete clinical data, severe or infectious comorbidities, im-
mune-related indicators suggesting the coexistence of other autoimmune diseases, and
patients with no EDSS score assessed during the first blood collection. Among them, 24
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NMOSD patients had two blood samples in remission (before and after treatment). Two
hundred age- and sex-matched healthy controls (HCs) were matched for comparison. The
healthy controls were from the physical examination center of our hospital, and none of
them had chronic diseases such as other neurological diseases, other autoimmune dis-
eases, cardiovascular and cerebrovascular diseases, severe infections, tumors, or severe
liver and kidney insufficiency.

Clinical data were collected through the hospital electronic system and follow-up da-
tabase at our center. Data included sex, age, age at onset, annualized relapse rate (ARR)
by the time of peripheral blood collection, disease duration, initial onset syndromes, pro-
portion of T lymphocyte subsets in peripheral blood, complement C3 and complement C4
in peripheral blood, immunoglobulin G, treatment drugs, treatment time, EDSS score at
peripheral blood collection, and EDSS score at the last follow-up. We study the correlation
between the clinical data and immune indicators. Treatment drugs refer to long term im-
munosuppressive treatments or oral low doses of glucocorticoids (<1 mg/kg/d). Clinical relapse of
NMOSD was defined as the onset of new neurological symptoms within 30 days after the last
NMOSD episode, as long as the new symptoms lasted at least 24 h, were not related to fever
or infection, and were accompanied by new objective neurological signs or imaging evidence
[22]. Each patient was evaluated many times for the face-to-face follow-up EDSS score after
blood sample collection, and EDSS scores were evaluated by two neurologists.

Blood samples of all NMOSD patients were collected in the outpatient department of
our hospital or on the first day of hospitalization. A total of 58.1% of NMOSD patients
were enrolled after treatment, and 41.9% of NMOSD patients were enrolled before treat-
ment. Patients receiving treatment were defined as taking oral glucocorticoids within 1
month before blood collection or taking immunosuppressive agents within 3 months. In
addition, the effects of receiving different immunosuppressants on immune indicators
were compared. To eliminate the effect of high-dose corticosteroids on immune indicators,
we compared the T cells proportion, C3, C4, and IgG of 49 NMOSD patients who received
high-dose corticosteroids in the acute phase and 119 patients who did not receive high-
dose corticosteroids in the acute phase.

Patients were subgrouped according to whether they were in the acute phase of
NMOSD at the time of blood collection, defined as within one month of onset or recur-
rence of NMOSD [23], or in the remission phase, defined as disease that had remained
stable for more than one month before blood collection. We explored the influencing fac-
tors of severe motor disability and the diagnostic value of immune indicators for severe
motor disability. Severe motor disability was defined as an EDSS score 26 points. An EDSS
score of 6 was defined as walking without assistance (cane, crutch, or brace), walking dis-
tance less than 100 m or walking distance with unilateral assistance >50 m, or walking
distance with bilateral assistance >120 m.

The study was approved by the Medical Ethics Committee of the West China Hospital
of Sichuan University (2018-2-7). All participants signed a consent form allowing their blood
to be drawn for analysis and their anonymous data to be published for study purposes.

2.2. Laboratory Tests

Peripheral blood T lymphocyte subsets were detected by flow cytometry (FACSAria,
BD, San Jose, CA, USA). The CD3, CD4, and CD8 molecules on the surface of lymphocytes
were marked with fluorescent staining, and CD3+ T cells were identified. To further dis-
tinguish CD4+ T lymphocytes and CD8+ T lymphocytes, we counted the total number of
T lymphocytes, CD4+ T lymphocytes, and CD8+ T lymphocytes, from which we calculated
the CD4/CDS8 ratio. To address this issue about batch differences in the fluorescence-acti-
vating cell sorter, we used the same batch compensation and isotype controls.

All patients underwent an AQP4-IgG antibody test using a commercial cell-based
assay (EUROIMMUN, Luebeck, Germany). The human complement C3 and complement
C4 complex EFSIA kit (China Beijing 4A Biotechnology Co., Ltd., Beijing, China) were
used to detect complement C3 and C4 in the patient’s serum. The immunoturbidimetric
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assay kit was used to detect the peripheral blood immunoglobulin G (IgG) (China Nanjing
Jidan Biotechnology Co., Ltd., Nanjing, China). At the same time, various factors related
to the immune system or infection were checked to exclude the possibility of other auto-
immune diseases or infectious diseases.

2.3. Statistical Analysis

Continuous data were checked for normal distribution using the Kolmogorov—
Smirnov test. Categorical data are shown as numbers, and percentages and were com-
pared between the two groups using chi-squared or Fisher’s exact tests. Normally contin-
uous data were expressed as percentages (mean * SD) and compared between groups us-
ing Student’s t test. Skewed data were expressed as medians (interquartile range) and
compared between groups using the Mann—-Whitney test. One-way ANOVA was used to
compare multiple groups with Bonferroni correction. Multiple linear regression was used
to find clinical influencing factors of immune indicators.

A paired sample t test was used to compare T lymphocyte subsets before and after
treatment. Pearson correlation analysis or Spearman correlation analysis was used to eval-
uate the correlation between clinical immune indicators and ARR and EDSS scores. Binary
logistic regression analysis was used to determine the influencing factors of severe motor
disability. The best cut-off value of the ROC analysis immune index was drawn to diag-
nose severe motor disability in NMOSD patients.

All statistical analyses were performed using SPSS 23.0 (IBM, Chicago, IL, USA), and dif-
ferences associated with a two-tailed p < 0.05 were considered statistically significant. All fig-
ures were generated using GraphPad Prism 8.0 software for Windows (San Diego, CA, USA).

3. Results
3.1. General Clinical Characteristics

According to the inclusion and exclusion criteria, 258 patients were ultimately
screened from our database (Figure 1). Among them, there were 218 cases with peripheral
blood complement and immunoglobulin G blood specimens. Among the included pa-
tients, the peripheral blood of 24 patients was sampled before and after immunotherapy.
The average blood collection age of patients was 44.1 + 14.5 years; they were predomi-
nantly female (90.3%), and their median duration of disease was 1.42 (5.33) years. There
were 116 NMOSD patients with relapse after treatment, and 35 patients without relapse.
There was no significant difference in T cells, C3, C4, or IgG between the two groups (p >
0.05) (Table 1). General clinical characteristics are shown in Table 1.
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Criteria for inclusion:

« Comply with the
NMOSD diagnostic
criteria established by
the IPND in 2015

« Complete clinical Excluded (n=92):
+ Complete AQP4-1gG and * Incomplete clinical data
T lymphocyte tests (n=25)

Lost to follow-up (n=5)
Failure to cooperate
with follow-up (n=10)
lacks an EDSS score at
the time of blood
Patients (n=350) sampling(n=10)
Combined with other

autoimmune diseases
(n=34)
Combined with severe

infection (n=8)

.

.

Patients (n=258)

Healthy controls
(HC) (n=200)

I

Patients (n=218):
Patients have peripheral blood
complement and
immunoglobulin  samples at
the same time

Patients (n=24):
Patients have both peripheral
blood that was sampled before
and after immunotherapy.

Figure 1. Flowchart.

Table 1. Characteristics of all patients with NMOSD in the analysis.

Characteristic NMOSD (n = 258)
Age at the time of blood collection, years (mean + SD) 44.1+145
Female, n (%) 233 (90.3%)
Age at onset, years, (mean * SD) 402+14.7
AQP4-IgG positive, 1 (%) 221 (85.7%)
Disease duration, years, IQR 1.42 (5.33)
ARR, IQR 0.43 (1.09)
EDSS score at the time of blood collection, IQR 3.0 (4.0)
EDSS score at last follow-up, IQR 3.0 (3.0)
Follow-up time, months, IQR 24.5 (25.3)
Initial onset syndromes, 1 (%)
Optic neuritis 85 (32.9)
Transverse myelitis 105 (40.7)
Area postrema syndrome 11 (4.3)
Brain stem syndrome 7(27)
Cerebral syndrome 2(0.8)
ON+TM 18 (7.0)
Multifocal * 30 (11.6)
Disease staging, 1 (%)

Acute phase 168 (65.1%)
Remission phase 90 (34.9%)
Treatment, 1 (%)

No 107 (41.5%)
Yes 151 (58.5%)
Glucocorticoid only 63 (41.7%)
Immunosuppressant only 23 (15.2%)
Glucocorticoid and immunosuppressants 65 (43.0%)
Immunosuppressant, 1 (%)
MMF 62 (41.3%)
RTX 14 (9.3%)
AZA 11 (7.3%)
CTX 1 (0.7%)
Treatment time, months, IQR 6.5 (23.0)
Relapse after treatment, 1 (%)
Yes 116 (76.8%)
No 35 (23.2%)

Values are n (%), mean + SD, or median (interquartile range). NMOSD: neuromyelitis optica spectrum
disorders; ARR: annualized relapse rate; EDSS: expanded disability status scale; IQR: interquartile range;
SD: standard deviation; HCs: healthy controls; MMF: mycophenolate mofetil; AZA: azathioprine; RTX:
rituximab; CTX: cyclophosphamide. * Two or more initial clinical syndromes.
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3.2. Relationship between Immune Indicators and Clinical Characteristics

As shown in Table 2, the percentages of CD3 ratio (71.4% vs. 73.8%, p = 0.013), CD4
ratio (38.8% vs. 42.2%, p < 0.001), and CD4/CD8 ratio (1.43 vs. 1.66, p < 0.001) in NMOSD
patients were significantly lower than those in the HC group. In addition, complement C4
(0.177 g/L vs. 0.221 g/L, p < 0.001) and peripheral blood IgG (10.95 g/L vs. 11.80 g/L, p =
0.026) in NMOSD patients were significantly lower than those in the HC group.

Table 2. Comparison of T lymphocyte subsets, complement, and immunoglobulinbetween NMOSD
patients and HCs.

Characteristic NMOSD (n=258) HCs (n=200) p Value
Age at the time of blood collection, years (mean + SD) 44.1+145 39.6 £15.2 0.557
Female, 1 (%) 233 (90.3%) 168 (84.0%) 0.594
T lymphocyte subsets
CD3% 71.4 (13.8) 73.8 (9.5) 0.013 **
CD4% 38.8 (12.8) 422 (9.1)  <0.001 ***
CD8% 26.4 (11.6) 25.8 (9.7) 0.096
CD4/CD8 1.43 (0.87) 1.66 (0.86)  <0.001 ***
Complement C3 (g/L) 0.829 (0.215) 0.844 (0.187) 0.285
Complement C4 (g/L) 0.177 (0.094) 0.221 (0.084) <0.001 **
IgG (g/L) 10.95 (4.49) 11.80 (3.05)  0.026*

Values are n (%), mean * SD, or median (interquartile range). NMOSD: neuromyelitis optica spec-
trum disorders; SD: standard deviation; HCs: healthy controls; normal range of CD3 cell subset ra-
tio: 66.9-83.1%; normal range of CD4 cell subset ratio: 33.19-47.85%; normal range of CD8 cell subset
ratio: 20.4-34.7%; normal range of CD4/CD8 ratio: 0.97-2.31; C3: 0.785-1.520 g/L; normal range of
complement C4: 0.145-0.360 g/L; normal range of immunoglobulin: 8-15.5 g/L. * p <0.05; ** p <0.01;
**p <0.001.

To avoid interference between various factors, we used multiple linear regression to
control for confounding factors. We included sex, blood collection age, AQP4-IgG serum
antibody status, disease phase, and treatment as independent variables, and CD3 percent-
age, CD4 percentage, CD8 percentage, CD4/CDS8 ratio, C3, C4, and IgG as dependent var-
iables. Independent variables with p < 0.5 in the analysis were included in the multiple
linear regression (Table 3). A multiple regression model with CD3 percentage as the de-
pendent variable showed a correlation with blood collection age and disease phase, with
an R2 of 0.058 for the final model. A multiple regression model with CD8 percentage as
the dependent variable showed a correlation with blood collection age, disease phase, and
treatment, with an R2 of 0.091 for the final model. A multiple regression model with a
CD4/CDS8 percentage as the dependent variable showed a correlation with blood collec-
tion age and treatment, with an R2 of 0.075 for the final model. A multiple regression
model with C4 as the dependent variable showed a correlation with blood collection age
and sex, with an R2 of 0.038 for the final model. A multiple regression model with IgG as
the dependent variable shows a correlation with disease phase and treatment, with an R2
of 0.099 for the final model.
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Table 3. Multiple linear regression of immune indicators in NMOSD patients.
B Standard Error p Value
CD3% (R2=0.058)
Age at the time of blood collection, years -0.122 0.047 0.010
Disease stage 4.504 1.436 0.002
Acute phase
Remission phase 1
CD8% (R2=0.091)
Age at the time of blood collection, years -0.128 -0.037 0.001
Disease stage 3.300 1.128 0.004
Acute phase
Remission phase 1
Treatment 2361 1.092 0.032
No
Yes 1
CD4/CD8 (R2=0.075)
Age at the time of blood collection, years 0.011  0.003 0.000
Treatment -0.224 0.087 0.010
No
Yes 1
C4 (R2=0.038)
Gender -0.036 0.012 0.003
Male
Female 1
Age at the time of blood collection, years 0.001 0.000 0.012
IgG (R2=0.099)
Disease stage -1.981 0.604 0.001
Acute phase
Remission phase 1
Treatment -1.896 0.570 0.001
No
Yes 1

To evaluate the influence of patients’ drug treatment responses on immune indica-
tors, we compared T cells proportion, C3, C4, and IgG of the patients who had relapses
after treatment and the patients who had no relapses after treatment, and there was no
difference between the two groups (p > 0.05). In addition, we compared the T cells pro-
portion, C3, C4, and IgG of 499 NMOSD patients who received high-dose corticosteroids
in the acute phase and 119 patients who did not receive corticosteroids in the acute phase,

and there was no significant difference between the two groups (p > 0.05).

The percentage of CD3 and CD8 in patients treated with rituximab were significantly
higher than those treated with MMF (78.3% vs. 68.5%, p = 0.012; 28.3% vs. 26.0, p = 0.042)
(Table 4). The remaining immune indicators were not different among NMOSD patients

who received different immunosuppressive treatments. (Tables 4 and 5).
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Table 4. Comparison of T lymphocyte subgroups in NMOSD patients receiving different immuno-
suppressive treatments.

Treatment Drugs CD3% CD4% CD8% CD4/CDS8 Ratio
MMF (1 = 62) 68.5 (16.7) 35.7 (16.9) 26.0 (11.3) 1.30 (0.92)
RTX (n = 14) 783(9.0)¢  41.9(13.4) 28.3(12.2)® 1.36 (0.81)
AZA (n=11) 81.9 (22.0) 40.7 (16.5) 36.400 (14.7) 1.15 (0.81)
p value 0.004 0.107 0.049 0.667

a2 After Bonferroni adjustment, compared with the group receiving MMF, p = 0.012; ® After Bonfer-
roni adjustment, compared with the group receiving MMF, p = 0.042; MMF: mycophenolate mofetil;
AZA: azathioprine; RTX: rituximab.

Table 5. Comparison of complement and IgG in NMOSD patients receiving different immunosup-
pressive treatments.

Treatment Drugs Complement C3 (g/L) Complement C4 (g/L) IgG (g/L)
MMF (1 = 62) 0.837 (0.228) 0.189 (0.098) 10.35 (5.06)
RTX (n=14) 0.788 (0.324) 0.165 (0.068) 9.05 (3.16)
AZA (n=11) 0.760 (0.219) 0.158 (0.060) 9.98 (3.84)
p value 0.623 0.568 0.188

MMF: mycophenolate mofetil; AZA: azathioprine; RTX: rituximab.

Data from 24 patients were collected before and after treatment. The median treatment
time was 19.0 (17.4) months. Compared with before treatment, the percentages of CD3
and CD8 in NMOSD patients after treatment were significantly higher (74.8% vs. 66.7%,
p =0.001 and 32.4% vs. 26.2%, p < 0.001, respectively), and the percentage of CD4 and the
ratio of CD4/CD8 were not significantly different (p > 0.05) (Figure 2). The Pearson corre-
lation analysis showed that the percentage of CD3 before treatment in NMOSD patients
was moderately negatively correlated with ARR (r = -0.507, p = 0.011), and there was no
correlation between T lymphocytes and EDSS score (p > 0.05) (Figure 3).

60

CD4%

Before After

CD4/CD8

Before After Before After

Figure 2. Comparison of T lymphocyte subsets before and after treatment in 24 patients with
NMOSD (longitudinal) ** p < 0.01, *** p < 0.001. Blue circles represent T cells before immunosup-
pressive therapy. Red squares represent T cells after immunosuppressive therapy. (A) Comparison
of CD3 percentage before and after treatment in 24 patients with NMOSD. (B) Comparison of CD4
percentage before and after treatment in 24 patients with NMOSD. (C) Comparison of CD8 percent-
age before and after treatment in 24 patients with NMOSD. (D) Comparison of CD4/CD8 ratio be-
fore and after treatment in 24 patients with NMOSD.
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Untreated CD3%

ARR

Figure 3. Correlation analysis of CD3 percentage before treatment and ARR in 24 patients with
NMOSD.

There was a significant negative correlation between the percentage of CD3 and ARR
in 24 NMOSD patients before treatment (r =—0.507, p =0.011). Ir| > 0.7 indicates that there
is a strong correlation between variables; 0.3-0.7 indicates that there is a moderate corre-
lation between variables; and < 0.3 indicates that there is a weak correlation between var-
iables.

We used severe motor disability (Y) in NMOSD patients as the dependent variable.
Factors that may affect motor disability, such as sex, blood collection age, AQP4 antibody,
disease course, spinal cord involvement segment, T lymphocytes, complement C3, com-
plement C4, and IgG, were included in the univariate analysis. The variables with p <0.1
in the univariate analysis were included in the binary logistic regression model for analy-
sis. As shown in Table 5, blood collection age (OR [95% CI] = 1.080 [1.044-1.117], p = 0.000),
sex (OR [95% CI] = 0.170 [0.041-0.701], p = 0.014), spinal cord involvement segment > 3 (OR
[95% CI] =7.763 [2.202-27.370], p = 0.001), and complement C3 (OR [95% CI] =22.598 [2.532—
201.647], p = 0.005) were severe motor disability-influencing factors (Table 6).

Table 6. Binary logistic regression multivariate analysis of severe motor disability.

Variable OR (95% CI) p Value
Blood collection age 1.080 (1.044-1.117) 0.000
Gender
Female 1
Male 0.170 (0.041-0.701) 0.014
Involved segment of spinal cord
23 1
<3 7.763 (2.202-27.370) 0.001
Complement C3 22.598 (2.532-201.647) 0.005

OR: odds ratio; 95% CI: 95% confidence interval.

We used ROC curve analysis and included all immune indicators. The results
showed that peripheral blood complement C3 and C4 are predictors of severe motor dis-
ability (EDSS score > 6 points) (p < 0.05). The area under the curve (AUC) of peripheral
blood complement C3 for predicting severe motor disability was 0.6088, and the best cut-
off value was 0.9305 g/L. The sensitivity and specificity of complement C3 > 0.9305 g/L to
predict severe motor disability were 43.55% and 80.77%, respectively (Figure 4). The area
under the curve (AUC) of complement C4 for predicting the prognosis of severe motor
disability was 0.5895, and the best cut-off value was 0.2270 g/L. The sensitivity and
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specificity of complement C4 > 0.2270 g/L to predict severe motor disability were 43.55%
and 79.49%, respectively (Figure 5).

A B
2.0 100
fm . 80
2 1.5+ N
(] )
o £ 60
€ 2
o 1.04... :’;"
E 5 407 Sentivity=43.55%
2 .54 0 Specificity=80.77%
- 20 AUC=0.6088
S Cut-off=0.9305
P=0.0123
0.0- T L 0 T T T T
EDSS<6EDSS -6 0 20 40 60 80 100

100% - Specificity%

Figure 4. The ROC curve of serum complement C3 predicting severe motor disability in NMOSD
patients. (A) Comparison of complement C3 between two groups of people with EDSS score < 6 and
> 6. (B) The area under the curve (AUC) of peripheral blood complement C3 for predicting severe
motor disability was 0.6088, and the best cut-off value was 0.9305 g/L. The sensitivity and specificity of
complement C3 >0.9305 g/L to predict severe motor disability were 43.55% and 80.77%, respectively.
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Figure 5. The ROC curve of serum complement C4 predicting severe motor disability in NMOSD
patients. (A) Comparison of complement C4 between two groups of people with EDSS score < 6 and
> 6. (B) The area under the curve (AUC) of complement C4 for predicting the prognosis of severe
motor disability was 0.5895, and the best cut-off value was 0.2270 g/L. The sensitivity and specificity of
complement C4 > 0.2270 g/L. to predict severe motor disability were 43.55% and 79.49%, respectively.

4. Discussion

We found that immune indicators such as the CD3 percentage, CD4 percentage,
CD4/CDS8 ratio, complement C4, and IgG in NMOSD patients were lower than those in
healthy people, which shows that the immune function of NMOSD patients is reduced.
There is increasing evidence that different subgroups of T lymphocytes play important
roles in the occurrence and development of NMOSD [15,24,25]. We found a correlation
between T lymphocyte subsets and disease activity in patients with NMOSD in this study,
and we found that immunotherapy was associated with an increase in T lymphocyte sub-
sets. We also found evidence that CD3+ T cells before immunotherapy correlated with
ARR. Complement C3 and C4 have a weaker predictive value in predicting motor disa-
bility. Our results provide a reference for future clinical practice.

The development of autoimmunity in the CNS is triggered by autoreactive T cells,
which are activated and gain the ability to enter the CNS through the BBB [6]. Under nor-
mal circumstances, T lymphocytes maintain the body’s normal immunity by interacting
with B lymphocytes, and their different subgroups are also in dynamic equilibrium [26].
CD4+ T cells and CD8+ T cells are the most important subgroups of T lymphocytes, and
they are clinically significant in a variety of autoimmune diseases. In clinical work, the
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percentages and ratio of CD4+ T cells and CD8+ T cells can be used to determine whether
the body’s immune function is disordered.

There are conflicting results in the study of T cell subpopulations for NMOSD. One
study reported that the percentage of CD4 in 35 NMOSD patients was not different from
that in healthy controls [27], while another study found that both Th17 and Th22 were
higher in 21 NMOSD patients than in the control group [25], while some anti-inflamma-
tory cells, such as regulatory T cells (Tregs), were found to be reduced in NMOSD. We
speculate that anti-inflammatory cells may have a more obvious role in NMOSD patients.
Regarding the changes in CD8+ T cells, a previous study by our team found that compared
with healthy people, the proportion of naive CD8+ T cells in NMOSD patients was signif-
icantly reduced, and the proportion of effector/memory CD8+ T cells was significantly
increased [15]. Lucchinetti et al. previously reported that NMOSD patients had a small
amount of infiltration of CD3+ T and CD8+ T cells around the blood vessels [28]. However,
we did not find differences in the total CD8 percentage from healthy people, although
there were differences between subgroups. We speculate that the transfer of CD8+ T cells
may be related to disease activity and treatment. In addition, our study also found that
the peripheral blood CD3 percentage, CD4 percentage, and CD4/CD8 ratio of NMOSD
patients were lower than those of healthy controls. Previous studies have found that CD8+
T cells can independently induce mild central nervous system diseases, and CD4+ T cells
are the main driving force of CNS autoimmunity [29]. This result further confirmed that
the reduction in CD4+ T lymphocytes may be a factor that causes the body’s weakened
immunity. The apoptosis of CD4+ T lymphocytes in peripheral blood can lead to a decline
in the body’s immune function by inhibiting the proliferation and activation of T lympho-
cytes or B lymphocytes [30]. We speculate that the possible causes of the decrease in CD4+
T cells in the periphery of NMOSD are as follows: 1. It is consumed in the acute phase; 2.
The blood-brain barrier is destroyed and enters the central nervous system from the pe-
riphery; 3. The imbalance of peripheral lymphocytes [31].

Several studies have found that T lymphocytes are associated with disease activity.
Animal experiments have shown that the direct injection of AQP4 antibody into the brain
tissue of BBB-disrupted mice or rabbits does not cause destruction of astrocytes, but if
aquaporin 4-specific T cells are involved, it will cause tissue damage [32].This shows that
T cells have a strong correlation with the activation of diseases. Tth cells are a subpopula-
tion of CD4+ T cells, and Li et al. found that the number of Tfh cells in the acute phase of
NMOSD was greater than that in the remission phase [33]. However, another study found
that the proportion of IL-6* and IL-17+ Tth cell subsets was higher in NMOSD patients
than in healthy individuals and the frequency of both Tth cell subsets was directly associ-
ated with disease activity [34]; however, how Tth cells participate in the pathogenesis of
NMOSD remains to be studied. In previous studies, we did not find that CD8+ T cells are
correlated with disease activity [15]. In this research, we found that the percentages of
CD3 and CD8 were correlated with disease stage, and the percentages of CD3 and CD8
were higher in NMOSD patients in remission after eliminating the interference of drugs
on T cells. We speculate that CD3+ T and CD8+ T cells enter the central nervous system to
participate in the acute immune response. More accurate conclusions need to be con-
firmed by further studies.

Age is an important factor affecting the prognosis of disease, and some studies have
shown that naive CD4+ T cells are negatively correlated with age [35]. In our previous
study, we found that both phenotypes of CD8+ T cells in NMOSD patients decreased lin-
early with age. In this research, we also found that age was also correlated with the per-
centages of CD3 and CD8, with older NMOSD patients having lower CD3 and CD8 per-
centages. The number of lymphoid hematopoietic stem cells decreases with age, which in
turn leads to a decrease in the number of lymphocytes migrating to secondary lymphoid
tissues and peripheral circulation. In addition, due to the degeneration of the thymus and
the reduced function of mature lymphocytes in secondary lymphoid tissues, the
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production of primary lymphocytes is significantly reduced in elderly individuals [36,37],
which may explain the lower T lymphocytes in patients with NMOSD as they get older.

Previous studies have reported that AQP4-IgG-positive patients have more abnor-
mal CD4/CD8 ratios than AQP4-IgG-negative patients, and more of them have a lower
ratio [38], but our results did not show this phenomenon. The AQP4-specific antibody in
NMOSD serum requires the help of T cells. AQP4-specific CD4+ T cells participate in the
occurrence of this adaptive humoral response, and we detected that the proportion of T
lymphocytes is a total value. AQP4 autoreactive T cells account for only a small part of
the total value, which requires further study by enlarging the sample size.

The most significant effect of glucocorticoids on immune function, especially on T
cells, is an immunosuppressive effect. The change in the T lymphocyte ratio can reflect
the effect of drug therapy to a certain extent. The EAE model showed that after receiving
MMEF treatment, the proportion of CD8+ T cells in the peripheral blood increased, and the
proportion of CD4+ T cells and the ratio of CD4/CD8 decreased, which suggests that MMF
may produce immunosuppressive effects by increasing CD8+ T cells [39]. In addition, it
has been reported that the CD3+ T, CD4+ T, and CD8+ T lymphocytes of NMOSD patients
receiving rituximab treatment for 0-3 months decreased, but there was no significant
change after 4-6 months [16]. Previous studies in our center showed that naive CD8+ T
cells in peripheral blood increased and effector/memory CD8+ T cells decreased after im-
munotherapy [15].

In our cross-sectional study, we found an increased percentage of CD8 in NMOSD
patients after 6.5 months of immunotherapy. In addition, the percentages of CD3 and CD8
in NMOSD patients treated with rituximab were significantly higher than those in pa-
tients treated with MMF. Rituximab is a B cell-depleting agent. It is difficult to assess
whether rituximab inhibits B cells and thus increases the proportion of T cells, or whether
rituximab indirectly regulates T cell proliferation. To further explore the effect of immu-
notherapy on T lymphocyte subsets, we conducted a small longitudinal study. The 24 pa-
tients received immunotherapy for a median time of approximately 19 months, and it was
found that the percentages of CD3 and CDS8 increased after treatment. This is consistent
with the report of the EAE model and our cross-sectional study. There are many sub-
groups of CD8+ T lymphocytes, and there are differences between different subgroups.
Therefore, we speculate that immunotherapy may work by increasing the ratio of CD8+ T
cells or reducing the ratio of CD4+ T cells. Immunotherapy has a more significant effect
on the increase in CD8+ T cell subsets. The increase in the total CD3 and CDS8 percentages
after treatment also explains the increase in the CD3 and CDS8 percentages after drug treat-
ment in remission.

In addition, we also found that the CD3 percentage of patients before treatment was
negatively correlated with ARR. We speculated that there might be a correlation between
the percentage of CD3 before treatment and ARR. This is also matched with the increase
in the percentage of CD3 after immunotherapy and in the remission period. This can assist
clinical work in assessing disease prognosis. However, our sample size is small, and we
need to expand the sample for further prospective studies.

Immunoglobulin and complement components are deposited in the center of blood
vessels in NMOSD lesions [40]. Complement is considered to be an important mediator
of natural immune defense and inflammation. Complement activation is an important
mechanism for the pathogenesis of NMOSD. Serum immunoglobulin and complement
levels can be used as indicators to evaluate different stages and severities of NMOSD [17].
Studies have reported that the EDSS score is significantly positively correlated with IgG
[17]. Chen et al. found that in the acute phase (initial course < 1 month), NMOSD patients
had increased peripheral blood IgG, and AQP4-IgG-positive patients had a higher IgG
[17]. In this study, a higher IgG was also found in patients at the acute phase, indicating
that IgG was involved in the immune defense process at the acute phase, but no difference
was found between AQP4 antibody-negative and AQP4 antibody-positive IgG. AQP4-
IgG is closely related to immunoglobulin, and AQP4-IgG belongs to the IgG1 homotype
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and is the most effective immunoglobulin subclass to activate the complement system
[41]. This study showed that IgG was lower after immunotherapy and that immunother-
apy can inhibit IgG. It has been reported that elimination of IgG through plasma exchange
can effectively reduce the acute symptoms of patients with NMOSD [42]. Some studies
reported a positive correlation between serum C3 lysis product C3a and EDSS score [43].
Another study showed that CH50 is reduced in NMOSD patients, and there was no dif-
ference between C3 and C4 in disease stage and AQP4-IgG status. Other studies have re-
ported that serum total complement activity (CH50) levels increase in positive patients
during relapse [44]. One study showed that there was no correlation between serum C3
and C4 levels in NMOSD patients and EDSS scores [18]. As acute reactive proteins, C3
and C4 are synthesized in the acute phase and will activate and deplete complement in
the onset of NMOSD. There is a balance between the two. According to multiple factors,
we found in the regression model that age, sex, spinal cord-involved segment, and C3
were influencing factors for severe motor disability, while age, male sex, and spinal cord-
involved long segment had previously been proven to be risk factors for poor prognosis
[45,46]. It also confirmed previous studies that C3 is involved in the pathogenesis of
NMOSD.

Hakobyan et al. found that the combination of plasma Cl-inhibitor (C1 inh) and ter-
minal complement complex (TCC) had good predictive value in distinguishing NMOSD
from MS (AUC = 0.98), while Clinh and C5 can distinguish NMOSD from controls (AUC:
0.94) [47]. Qin et al. found that a serum C3 and C4 combined prediction model used to
distinguish AQP4-IgG-positive and MOG-IgG-positive patients has moderate predictabil-
ity (AUC =0.787) [48]. Previous studies have shown that complement is highly predictive
of NMOSD research. Our ROC curve analysis showed that the increase in peripheral
blood complement C3 and C4 was a reference index to predict the occurrence of severe
motor disability. Therefore, complement protein may be a diagnostic marker of NMOSD,
and complement C3 and C4 may contribute to the early detection of NMOSD patients
with severe motor disability, thereby improving the prognosis of these patients. However,
the predictive value is weak, and the sample size needs to be further expanded to continue
research.

This study has some limitations. First, this study is a retrospective study with certain
biases. Second, because it is a study of commonly used clinical hospitalization indicators,
there is no further classification study on the many subgroups of CD4+ T cells and CD8+
T cells. Third, there was no blood sample collection or immune indicator tracking for pa-
tients at multiple time points and larger sample sizes after treatment. Fourth, longitudinal
studies have a small sample size, and further expansion of the sample size is needed for
prospective follow-up studies.

5. Conclusions

This study demonstrates the role of peripheral blood T lymphocytes, complement,
and immunoglobulin in the inflammatory response, suggesting a correlation between
clinical immune indicators and disease activity, age, and immunotherapy. In addition,
age, sex, spinal cord involvement, and serum C3 are influencing factors for severe motor
disability. Peripheral blood C3 and C4 are the reference indicators for predicting severe
motor disability.

Peripheral blood T lymphocytes, complement, and immunoglobulin are convenient
and routine clinical indicators that are convenient for implementation in clinical work.
They have a certain reference value for disease staging, recurrence, drug efficacy, and mo-
tor disability and improve our understanding of clinical immune indicators in NMOSD
patients, but whether they can be used as biomarkers for clinical prognosis remains to be
further studied.



Brain Sci. 2022, 12, 372 14 of 16

Author Contributions: Conceptualization, L.C. and H.Z.; methodology, L.C.; software, L.C.; vali-
dation, L.C. and H.Z.; formal analysis, L.C. and Z.S.; investigation, L.C., Z.S.,, H.C.,, Q.D. Y.Z. Z.Z.
J.W., Y.L. and L.K; resources, L.C.; data curation, L.C., Z.S.,, H.C.,,Q.D.Y.Z., Z.Z.,,JW,, Y.L.and LK,;
writing —original draft preparation, L.C.; writing—review and editing, L.C. and H.Z.; visualization,
L.C,; supervision, L.C. and H.Z.; project administration, L.C., Z.S. and H.Z.; funding acquisition,
L.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Key Research and Development Program of China
(2017YFC0907704), Sichuan Cancer Hospital & Institute Tumor Immunological Program (YBR2009002),
and the Department of science and Technology of Sichuan Province (2018520388, 2020YFS0219).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics Committee of the West China Hospital of Sichuan
University (2018 trial No. 29).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the NMOSD patients at West China Hospital for their
participation and support.

Conflicts of Interest: The authors declare no potential conflict of interest with respect to the research
conducted, authorship, and/or publication of this article.

Abbreviations

annualized relapse rate ARR
aquaporin-4 AQP4-1gG
azathioprine AZA
central nervous system CNS
expanded disability status scale EDSS
follicular helper T cell Tth
healthy controls HCs
rituximab RTX
regulatory T cells Treg
mycophenolate mofetil MMEF

neuromyelitis optica spectrum disorders NMOSD

References

1.

10.

Correale, J.; Fiol, M. Activation of humoral immunity and eosinophils in neuromyelitis optica. Neurology 2004, 63, 2363-2370.
http://doi.org/10.1212/01.wnl.0000148481.80152.bf.

Wingerchuk, D.M. Evidence for humoral autoimmunity in neuromyelitis optica. Neurol. Res. 2006, 28, 348-353.
http://doi.org/10.1179/016164106X98260.

Lennon, V.A.; Kryzer, T.J.; Pittock, S.J.; Verkman, A.S.; Hinson, S.R. IgG marker of optic-spinal multiple sclerosis binds to the
aquaporin-4 water channel. . Exp. Med. 2005, 202, 473-477. http://doi.org/10.1084/jem.20050304.

Zamvil, S.S.; Spencer, C.M.; Baranzini, S.E.; Cree, B.A.C. The Gut Microbiome in Neuromyelitis Optica. Neurotherapeutics 2017,
15, 92-101. http://doi.org/10.1007/513311-017-0594-z.

Kleinschnitz, C.; Kalluri, S.R.; Rothhammer, V.; Staszewski, O.; Srivastava, R.; Petermann, F.; Prinz, M.; Hemmer, B.; Korn, T.
Functional Characterization of Aquaporin-4 Specific T Cells: Toward a Model for Neuromyelitis Optica. PLoS ONE 2011, 6,
€16083. http://doi.org/10.1371/journal.pone.0016083.

Takeshita, Y.; Fujikawa, S.; Serizawa, K.; Fujisawa, M.; Matsuo, K.; Nemoto, ].; Shimizu, F.; Sano, Y.; Tomizawa-Shinohara, H.;
et al. New BBB Model Reveals That IL-6 Blockade Suppressed the BBB Disorder, Preventing Onset of NMOSD. Neurol. Neuro-
immunol. Neuroinflamm. 2021, 8, e1076. http://doi.org/10.1212/NXI.0000000000000841.

Kira J. Neuromyelitis optica and opticospinal multiple sclerosis: Mechanisms and pathogenesis. Pathophysiology 2011, 18, 69-79.
http://doi.org/10.1016/j.pathophys.2010.04.008.

Wang, Z.; Yan, Y. Immunopathogenesis in Myasthenia Gravis and Neuromyelitis Optica. Front. Immunol. 2017, 8, 1785.
http://doi.org/10.3389/fimmu.2017.01785.

Uzawa, A.; Masahiro, M.; Kuwabara, S. Cytokines and Chemokines in Neuromyelitis Optica: Pathogenetic and Therapeutic
Implications. Brain Pathol. 2014, 24, 67-73. http://doi.org/10.1111/bpa.12097.

Chang, K.-H.; Ro, L.-S; Lyu, R.-K.; Chen, C.-M. Biomarkers for neuromyelitis optica. Clin. Chim. Acta 2015, 440, 64-71.
http://doi.org/10.1016/j.cca.2014.11.004.



Brain Sci. 2022, 12, 372 15 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Li, Y.; Wang, H.; Long, Y.; Lu, Z.; Hu, X. Increased memory Th17 cells in patients with neuromyelitis optica and multiple scle-
rosis. J. Neuroimmunol. 2011, 234, 155-160. http://doi.org/10.1016/j.jneuroim.2011.03.009.

Levy, M.; Wildemann, B.; Jarius, S.; Arellano, B.; Sasidharan, S.; Weber, M.S.; Stuve, O. Immunopathogenesis of Neuromyelitis
Optica. Adv Immunol. 2014, 121, 213-242. http://doi.org/10.1016/b978-0-12-800100-4.00006-4.

Jones, M.V.; Collongues, N.; de Seze, J.; Kinoshita, M.; Nakatsuji, Y.; Levy, M. Review of animal models of neuromyelitis optica.
Mult. Scler. Relat. Disord. 2012, 1, 174-179. http://doi.org/10.1016/j.msard.2012.06.003.

Dos Passos, G.R.; Sato, D.K.; Becker, J.; Fujihara, K. Th17 Cells Pathways in Multiple Sclerosis and Neuromyelitis Optica Spec-
trum Disorders: Pathophysiological and Therapeutic Implications. Mediat. Inflamm. 2016, 2016, 5314541.
http://doi.org/10.1155/2016/5314541.

Shi, Z.; Qiu, Y.; Zhao, Z.; Wen, D.; Chen, H.; Du, Q.; Zhang, Y.; Wang, ].; Yan, C.; Yang, M.; et al. CD8+ T cell subpopulations and
pro-inflammatory cytokines in neuromyelitis optica spectrum disorder. Ann. Clin. Transl. Neurol. 2020, 8, 43-53.
http://doi.org/10.1002/acn3.51241.

Graves, J.; Vinayagasundaram, U.; Mowry, E.M.; Matthews, L.R.; Marino, J.A.; Cheng, J.; Waubant, E. Effects of rituximab on
lymphocytes in multiple sclerosis and neuromyelitis optica. Mult. Scler. Relat. Disord. 2014, 3, 244-252.
http://doi.org/10.1016/j.msard.2013.10.003.

Chen, Y,; Li, R.; Wu, AM,; Shu, Y.Q.; Lu, Z.Q.; Hu, X.Q. The complement and immunoglobulin levels in NMO patients. Neurol.
Sci. 2013, 35, 215-220. http://doi.org/10.1007/s10072-013-1481-y.

Zhang, B.; Jiang, Y.; Yang, Y.; Peng, F.; Hu, X. Correlation between serum thyroxine and complements in patients with multiple
sclerosis and neuromyelitis optica. Neuro Endocrinol. Lett. 2008, 29, 256-260.

Tuzun, E.; Kurtuncu, M.; Turkoglu, R.; Icoz, S.; Pehlivan, M.; Birisik, O.; Eraksoy, M.; Akman-Demir, G. Enhanced complement
consumption in neuromyelitis optica and Behcet's disease patients. ] Neuroimmunol. 2011, 233, 211-215.
http://doi.org/10.1016/j.jneuroim.2010.11.010.

Kuroda, H.; Fujihara, K.; Takano, R.; Takai, Y.; Takahashi, T.; Misu, T.; Nakashima, I.; Sato, S.; Itoyama, Y.; Aoki, M. Increase of
complement fragment C5a in cerebrospinal fluid during exacerbation of neuromyelitis optica. . Neuroimmunol. 2013, 254, 178
182. http://doi.org/10.1016/j.jneuroim.2012.09.002.

Wingerchuk, D.M.B.B.; Bennett, J.L.; Cabre, P.; Carroll, W.; Chitnis, T.; de Seze, ].; Fujihara, K.; Greenberg, B.; Jacob, A.; Jarius,
S.; et al. International consensus diagnostic criteria for neuromyelitis optica spectrum disorders. Neurology 2015, 85, 177-189.
http://doi.org/10.1212/WNL.0000000000001729.

Sepulveda, M.; Delgado-Garcia, G.; Blanco, Y.; Sola-Valls, N.; Martinez-Lapiscina, E.H.; Armangué, T.; Montejo, C.; Pulido-Val-
deolivas, I.; Martinez-Hernandez, E.; Arifio, H.; et al. Late-onset neuromyelitis optica spectrum disorder: The importance of
autoantibody serostatus. Neurol. Neuroimmunol. Neuroinflamm. 2019, 6, e607. http://doi.org/10.1212/nxi.0000000000000607.
Uzawa, A.; Mori, M.; Hayakawa, S.; Masuda, S.; Nomura, F.; Kuwabara, S. Expression of chemokine receptors on peripheral
blood lymphocytes in multiple sclerosis and neuromyelitis optica. BMIC Neurol. 2010, 10, 113, http://dx.doi.org/10.1186/1471-
2377-10-113.

Wang, H.H.; Dai, Y.Q.; Qiu, W.; Lu, Z.Q.; Peng, F.H.; Wang, Y.G.; Bao, J.; Li, Y.; Hu, X.Q. Interleukin-17-secreting T cells in
neuromyelitis optica and multiple sclerosis during relapse. J. Clin. Neurosci. 2011, 18, 1313-1317.
http://doi.org/10.1016/j.jocn.2011.01.031.

Xu, W,; Li, R;; Dai, Y.; Wu, A.; Wang, H.; Cheng, C.; Qiu, W.; Lu, Z.; Zhong, X.; Shu, Y.; et al. IL-22 secreting CD4+ T cells in the
patients with neuromyelitis optica and multiple sclerosis. ]. Neuroimmunol. 2013, 261, 87-91. http://doi.org/10.1016/j.jneu-
roim.2013.04.021.

Strauss, L.; Patsoukis, N.; Boussiotis, V.A. Feeling stressed? It might be your T cells. Nat. Immunol. 2017, 18, 1281-1283.
http://doi.org/10.1038/ni.3872.

Li, Y.J.; Zhang, F.; Qi, Y.; Chang, G.Q.; Fu, Y.; Su, L.; Shen, Y.; Sun, N.; Borazanci, A.; Yang, C.; et al. Association of circulating
follicular helper T cells with disease course of NMO spectrum disorders. ]. Neuroimmunol. 2015, 278, 239-246.
http://doi.org/10.1016/j.jneuroim.2014.11.011.

Lucchinetti, C.F.; Guo, Y.; Popescu, B.F.G.; Fujihara, K.; Itoyama, Y.; Misu, T. The Pathology of an Autoimmune Astrocytopathy:
Lessons Learned from Neuromyelitis Optica. Brain Pathol. 2014, 24, 83-97. http://doi.org/10.1111/bpa.12099.

Anderson, A.C.; Chandwaskar, R.; Lee, D.H.; Sullivan, ].M.; Solomon, A.; Rodriguez-Manzanet, R.; Greve, B.; Sobel, R.A.;
Kuchroo, V.K. A transgenic model of central nervous system autoimmunity mediated by CD4+ and CD8+ T and B cells. J. Im-
munol. 2012, 188, 2084-2092. http://doi.org/10.4049/jimmunol.1102186.

Hotchkiss, R.S.; Swanson, P.E.; Cobb, J.P.; Jacobson, A.; Buchman, T.G.; Karl, LE. Apoptosis in lymphoid and parenchymal cells
during sepsis: Findings in normal and T- and B cell-deficient mice. Crit. Care Med. 1997, 25, 1298-1307.
http://doi.org/10.1097/00003246-199708000-00015.

Liang, S.; Qin, Q.; Tang, Y.; Liao, W.; Yang, Y.; He, J; Li, L. Impact of blood-brain barrier disruption on newly diagnosed neu-
romyelitis optica spectrum disorder symptoms and prognosis. Ann. Palliat. Med. 2020, 9, 324-330.
http://doi.org/10.21037/apm.2019.12.12.

Lopez, J.A.; Denkova, M.; Ramanathan, S.; Dale, R.C.; Brilot, F. Pathogenesis of autoimmune demyelination: From multiple
sclerosis to neuromyelitis optica spectrum disorders and myelin oligodendrocyte glycoprotein antibody-associated disease.
Clin. Transl. Immunol. 2021, 10, e1316. http://doi.org/10.1002/cti2.1316.

Ratelade, J.; Verkman, A.S. Neuromyelitis optica: Aquaporin-4 based pathogenesis mechanisms and new therapies. Int. ].



Brain Sci. 2022, 12, 372 16 of 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Biochem. Cell Biol. 2012, 44, 1519-1530. http://doi.org/10.1016/j.biocel.2012.06.013.

Monteiro, C.; Fernandes, G.; Kasahara, T.M.; Barros, P.O.; Dias, A.5.O.; Aratjo, A.C.R.A.; Ornelas, AM.M.; Aguiar, R.S.; Al-
varenga, R.; Bento, C.A.M. The expansion of circulating IL-6 and IL-17-secreting follicular helper T cells is associated with neu-
rological disabilities in neuromyelitis optica spectrum disorders. | Neuroimmunol. 2019, 330, 12-18. http://doi.org/10.1016/j.jneu-
roim.2019.01.015.

Chang, H.; Cong, H.; Wang, H.; Du, L.; Tian, D.C.; Ma, Y.; Xu, Y.; Wang, Y.; Yin, L.; Zhang, X. Thymic Involution and Altered
Naive CD4 T Cell Homeostasis in Neuromyelitis Optica Spectrum Disorder. Front. Immunol. 2021, 12, 645277.
http://doi.org/10.3389/fimmu.2021.645277.

Lynch, H.E.; Goldberg, G.L.; Chidgey, A.; Van den Brink, M.R.; Boyd, R.; Sempowski, G.D. Thymic involution and immune
reconstitution. Trends Immunol. 2009, 30, 366-373. http://doi.org/10.1016/j.it.2009.04.003.

Linton, P.J.; Dorshkind, K. Age-related changes in lymphocyte development and function. Nat. Immunol. 2004, 5, 133-139.
http://doi.org/10.1038/ni1033.

Liu, Y.; Zhao, G.; Yu, H,; Lyu, C; Li, Z.; Wu, Z. Differentiation of neuromyelitis optica from multiple sclerosis in a cohort from
the mainland of China. Chin. Med. |. 2014, 127, 3213-3218.

Zhu, Z.; You, W.; Xie, Z.; Wang, P.; Liu, Z.; Wang, C.; Bi, ]. Mycophenolate mofetil improves neurological function and alters
blood T-lymphocyte subsets in rats with experimental autoimmune encephalomyelitis. J. Inf. Med. Res. 2014, 42, 530-541.
http://doi.org/10.1177/0300060513505267.

Jarius, S.; Wildemann, B. AQP4 antibodies in neuromyelitis optica: Diagnostic and pathogenetic relevance. Nat. Rev. Neurol.
2010, 6, 383-392. http://doi.org/10.1038/nrneurol.2010.72.

Hinson, S.R.; Romero, M.F.; Popescu, B.F.; Lucchinetti, C.F.; Fryer, ].P.; Wolburg, H.; Fallier-Becker, P.; Noell, S.; Lennon, V.A.
Molecular outcomes of neuromyelitis optica (NMO)-IgG binding to aquaporin-4 in astrocytes. Proc. Natl. Acad. Sci. USA 2012,
109, 1245-1250. http://doi.org/10.1073/pnas.1109980108.

Keegan, M.; Pineda, A.A.; McClelland, R.L.; Darby, C.H.; Rodriguez, M.; Weinshenker, B.G. Plasma exchange for severe attacks
of CNS demyelination: Predictors of response. Neurology 2002, 58, 143-146. http://doi.org/10.1212/wnl.58.1.143.

Nytrova, P.; Potlukova, E.; Kemlink, D.; Woodhall, M.; Horakova, D.; Waters, P.; Havrdova, E.; Zivorova, D.; Vincent, A ;
Trendelenburg, M. Complement activation in patients with neuromyelitis optica. |. Neuroimmunol. 2014, 274, 185-191.
http://doi.org/10.1016/j.jneuroim.2014.07.001.

Kister, I. Rituximab in neuromyelitis optica: A review of literature. World ]. Neurol. 2015, 5, 39-46.

Cai, L.; Zhang, Q.; Zhang, Y.; Chen, H.; Shi, Z.; Du, Q.; Zhou, H Clinical characteristics of very late-onset neuromyelitis optica
spectrum disorder. Mult. Scler. Relat. Disord. 2020, 46, 102515. http://doi.org/10.1016/j.msard.2020.102515.

Kang, H.; Chen, T ; Li, H.; Xu, Q.; Cao, S.; Wei, S. Prognostic factors and disease course in aquaporin-4 antibody-positive Chinese
patients with acute optic neuritis. J. Neurol. 2017, 264, 2130-2140. http://doi.org/10.1007/s00415-017-8606-9.

Hakobyan, S.; Luppe, S.; Evans, D.R.; Harding, K.; Loveless, S.; Robertson, N.P.; Morgan, B.P. Plasma complement biomarkers
distinguish multiple sclerosis and neuromyelitis optica spectrum disorder. Mult. Scler. 2017, 23, 946-955. http://doi.org/10.1177/.
Qin, C; Chen, B.; Tao, R.; Chen, M.; Ma, X,; Shang, K.; Wu, L.].; Wang, W.; Bu, B.T.; Tian, D.S. The clinical value of complement
proteins in differentiating AQP4-IgG-positive from MOG-IgG-positive neuromyelitis optica spectrum disorders. Mult. Scler.
Relat. Disord. 2019, 35, 1-4. http://doi.org/10.1016/j.msard.2019.06.035.



